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ARTICLE INFO ABSTRACT

Keywords: COVID-19 is an infectious respiratory disease caused by SARS-CoV-2, a new beta coronavirus that emerged in
COVID-19 Wuhan, China. Being primarily a respiratory disease, it is highly transmissible through both direct and indirect
SARS-CoV-2

contacts. It displays a range of symptoms in different individuals and thus has been grouped into mild, moderate,
and severe diseases. The virus utilizes spike proteins present on its surface to recognize ACE-2 receptors present
on the host cells to enter the cell cytoplasm and replicate. The viral invasion of cells induces damage response,
pyroptosis, infiltration of immune cells, expression of pro-inflammatory cytokines (cytokine storm), and acti-
vation of the adaptive immune system. Depending on viral load and host factors like age and underlying medical
conditions, the immune responses mounted against SARS-CoV-2 may cause acute respiratory distress syndrome
(ARDS), multiple organ failure, and death. In this review, we specify and justify both viral and host therapeutic
targets that can be modulated to relieve the symptoms and treat the disease. Furthermore, we discuss vaccine
development in the time of pandemic and the most promising vaccine candidates by far, according to WHO
database. Finally, we discuss the conventional re-purposed drugs and potential alternative treatments as

Therapeutic targets
Re-purposed drugs
Vaccines

adjuvants.

1. Introduction

Coronavirus disease 2019 or COVID-19 pandemic has infected
58,900,547 individuals and claimed 1,393,305 lives in 216 countries or
territorial regions in approximately a year (WHO, 2020a). The pathogen
responsible for COVID-19 was initially isolated from individuals with
severe pneumonia of then-unknown cause in Wuhan city, Hubei Prov-
ince, China, the epicenter of the outbreak in December 2019 (Lu et al.,
2020a). The pathogen was identified as the seventh coronavirus that
could infect humans and was named as SARS-CoV-2 due to its similar-
ities with the sister virus, SARS-CoV (outbreak caused in 2003), (Gor-
balenya et al., 2020 and Wu et al., 2020a). Since the initial cases in
Wuhan were presented from and around the local seafood market or wet
market, which is also a hub for live animal trading, an animal to human
transmission of the virus was suggested (Singhal, 2020). Initially, the
origin of SARS-CoV-2 has been controversial. While natural evolution

from precursor viruses was a possibility, some scientists believed that it
was genetically engineered in a laboratory that was working on bat CoV-
RaTG13. However, the latter has been rejected since the nucleotide
difference between the two viruses is distributed throughout the genome
randomly instead of more targeted and logical insertions as would be
expected in synthetic constructs, making RatG13 unlikely a direct source
for SARS-Cov-2 (Liu et al., 2020). On a genomic level, SARS-CoV-2 is
more similar to RatG1l3 (96.2%) and pangolin-CoV (91.02%) than
SARS-CoV (70%), indicating both bats, and pangolins could be the
reservoir hosts Zhang et al., 2020a. The SARS-CoV-2 could have been
originated from a precursor that underwent natural selection in one of
the animal hosts like bats or pangolins under high population density.
Alternatively, it might have jumped to humans from the animal hosts
and evolved through human to human transmissions. Finally, a less
likely accidental laboratory release of a progenitor virus of SARS-CoV-2
or SARS-CoV-2 itself (Andersen et al., 2020) cannot be ruled out.
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Another debate that is uprising among the scientific community is the
number of strains present for SARS-CoV-2. Genome analysis of the viral
isolates from different countries report mutations in both coding and
non-coding regions of the virus genome. Based on SNPs genotyping of
103 sequences, two subtypes of SARS-CoV-2 have been proposed-the S
and the L subtype, where the L subtype has been evolved from S subtype
(Tang et al., 2020a). A mutation in the spike protein D614G has been
deemed to be of vital concern as the researchers claim it furnished high
transmissibility to SARS-CoV-2 (Bhattacharyya et al., 2020). Neverthe-
less, the more important question is if these and many other mutations
reported, give rise to different clinical manifestations as claimed on the
basis of which we validate the presence of diverse strains of SARS-CoV-2.

SARS-CoV-2 is a 65-125 nm spherical enveloped virus composed of
spike (S), membrane (M), envelope (E), and nucleocapsid (N) structural
proteins. The N protein binds to the positive single-stranded RNA
genome of the virus and forms nucleocapsid. The heavily phosphory-
lated nature of N protein not only enhances the affinity for viral RNA but
also plays an essential role in virus replication. The M protein interacts
with the nucleocapsid to give the virus its spherical shape and form an
internal core. The E protein associates with the envelope and assists in
the maturation and release of the virus. Finally, the spike (S) protein, a
transmembrane glycoprotein of ~150 kDa protrudes from the surface of
the virus, and aid viral entry into the host (Ashour et al., 2020) via
Angiotensin-Converting Enzyme 2 (ACE 2) receptors. Spike is assembled
as a homotrimeric surface protein and cleaved by the host cell protease
into two subunits, viz., S1 and S2. The S1 head contains the
receptor-binding domain (RBD), which provides cellular tropism while
the S2 stalk mediates membrane fusion (Letko et al., 2020) of the
transmitting host cells. Because alveolar type II cells in the lung abun-
dantly express ACE2 receptors, SARS-CoV-2 infection primarily mani-
fests pulmonary disease (Hamming et al., 2004). The modulation of the
ACE2 expression on the epithelial cells due to underlying conditions like
COPD and cigarette smoking may affect the susceptibility of an indi-
vidual to SARS-CoV-2 infection (Lippi and Henry, 2020) (Brake et al.,
2020)., Another imperative factor that influences viral entry is the
presence of host proteolytic enzymes like TMPRSS2 and furin. Furin
makes the first proteolytic cleavage at the S1/S2 interface followed by a
second cleavage mediated by transmembrane protease type II
(TMPRSS2) to activate S protein for effective membrane fusion (Hoff-
mann et al., 2020a). Once the virus-cell membrane fuse to the host’s
Hofmann and Pohlmann, 2004), the RNA strand is injected into the
cytoplasm of the host cell, where it hijacks the host’s cellular machinery
to make copies of the viral genome and translate viral proteins. Viral
RNA dependent RNA polymerase (RdRp) is among the pioneer proteins
to be translated for replicating viral genome and transcribing sub-
genomic mRNAs, which in turn code for structural and non-structural
proteins. These proteins are then processed in the ER-Golgi apparatus
and finally appropriately assembled with the viral RNA-nucleocapsid
complex to bud out of the infected cell by exocytosis and invade the
neighboring tissue (Shang et al., 2020a).

Virus particles (ssRNA, dsRNA, DNA, proteins) in the infected cells
are recognized as pathogen-associated molecular patterns (PAMPs) by
soluble pattern recognition receptors (PRRs) like NLRP3 inflammasome
(da Costa et al., 2019). NLRP3 inflammasome is a multi-protein complex
that once assembled and activated cleaves pro-caspase-1 into caspase 1,
which in turn cleaves pro-IL-f, pro-IL-8 and pyroptotic factor gasdermin
D (GSDMD) into their active form (Tang et al., 2020b). GDSMD makes
the cell membrane porous inducing pyroptosis, an inflammatory pro-
grammed cell death, releasing PAMPS, DAMPS (Damage associated
molecular patterns), IL-18, IL-f. These molecules are further recognized
by toll-like receptors (TLRs), particularly TLR 3, 7, 8, and 9, present on
the immune cells like - DCs, NKs, neutrophils, macrophages, T cells and
B cells leading to their activation. Following this, these immune cells
produce type 1 Interferon (IFN-1) and other pro-inflammatory cytokines
(Prompetchara et al., 2020). The type of cytokines and chemokines
released indicate the type of immune cells that are activated by the virus
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and the underlying disease mechanism. A recent meta-analysis study
revealed that the levels of most cytokines- IL-1, IL-1Ra, IL-2, IL-2Ra,
IL-4, IL-5, IL-6, IL-7, IL-8 (CXCLS8), IL-9, IL-10, IL-12 (p70), IL-13, IL-15,
IL-17, TNF-a, IFN-y, IP-10 (CXCL10), GCSF, MIP-1a (CCL3), M-CSF,
CTACK, GM-CSF, MCP-1 (CCL2), FGF basic, RANTES (CCL5), and
Eotaxinin were elevated in COVID-19 patients when compared to
healthy individuals. Among these, IL-1Ra, IL-2, IL-2Ra, IL-6, IL-8
(CXCL8), IL-10, G-CSF, HGF, MCP-3, and MIG were further elevated in
severe infections whereas TNF-a was higher in patients in ICU care
(Ramezani et al., 2020). Certain clinical reports have noted the
increased concentration of TFH (follicular helper T Cells) cells, activated
CD4" and CD8" T cells and antibody-secreting cells in COVID-19 pa-
tients (Thevarajan et al., 2020), (Xu et al., 2020a). In patients with se-
vere infection, macrophages recruited neutrophils, and monocytic cells
induce local inflammation while in moderate infections, macrophages
induce T-cell proliferation was evident (Liao et al., 2020), (Merad and
Martin, 2020). The extent of activation of these immune cells and the
production of pro-inflammatory cytokines measures the severity of the
disease pathology; a cytokine storm marks disease escalation. These
cytokines are responsible for symptoms associated with COVID-19-
fever, coughing, sneezing, chills, fatigue, pneumonia, haemoptysis,
lymphopenia (systemic), ground-glass opacities in lungs and, in severe
cases acute respiratory distress syndrome (ARDS) and multiple organ
failure which are the cause of most mortalities (Rothan and Byrareddy,
2020) (Coperchini et al., 2020)., The respiratory droplets produced by
infected individuals while coughing, sneezing and wheezing, direct, and
indirect contact with the infected individuals are the primary source of
transmission among individuals (World Health Organization, 2020)
(Fig. 1).

Nonetheless, the fecal-oral route of transmission is becoming more
evident after a study wherein patients’ rectum swabs were positive for
the virus even when their nasopharyngeal swabs were negative, making
viral shedding from the digestive tract a potential route of transmission
(Hindson 2020). Airborne transmission is uncommon as all the studies
that have detected an RNA virus from air samples do not point to a viable
transmissible virus. However, it is common in healthcare facilities dur-
ing procedures that generate aerosols droplets of less than 5 pm in
diameter (Wilson et al., 2020). The use of Personal Protective Equip-
ment and surveillance of local infection and transmission is necessary for
these healthcare settings. While social distancing, respiratory etiquette,
maintaining self-hygiene, and environmental disinfection remain the
WHO recommended preventive measures, an effective therapeutic
measure is scarce. Herein, we review potential therapeutic targets and
strategies, both conventional and alternative, along with vaccine can-
didates in clinical trials against COVID-19.

2. Viral and host therapeutic targets

The outbreak of the novel COVID-19 infection has put immense
pressure on the research and clinical communities across the world for
the development of therapeutics to combat the ever-growing pandemic.
However, successful completion of drug development may require
several years with no guarantee. Alternatively, the already established
drugs can be repurposed to treat the COVID-19 infection. Whether it is
the development of new drugs/vaccines or repurposing of commercial
medications, precise information of the potential target(s) is required.
These targets can be of two different types; they can be either of SARS-
CoV-2 origin or can belong to the human immune system (Sanders et al.,
2020). Sequencing of the viral genome and various computational
methods has led (Wu et al., 2020b) to the identification of 18 viral
proteins as a potential target for therapeutic intervention. These proteins
can be distributed under the functions they perform 1) RNA synthesis
and replication: 3CLpro(Mpro), PLpro, RdRp, helicase, Nsp3b, Nsp3e,
Nsp7_Nsp8 complex, Nsp9-Nspl0, Nspl4-Nspl6, Nspl5, C-terminal
RNA binding domain (CRBD) and N-terminal RNA binding domain
(NRBD); 2) structural proteins: spike, TMPRSSS2, E-channel; 3)
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Fig. 1. Exclusive Features of COVID-19: SARS-CoV-2, the causative agent of COVID-19, is transmitted via direct, like coughing or indirect contact. SARS-CoV-2
invades the lung alveolar cells via ACE-2 receptors, wherein it replicates and assembles more virus particles, which then invade neighboring cells. Host immu-
nity surveillance recognize the viral particles and mount an immune response that may be overdriven to cause ARDS, multi-system organ failure and death (Created
with BioRender.com).

virulence factors: Nsp1, Nsp3c, ORF7a. In another study, a different viral
protein called 2'-O-ribose methyltransferases, which also aids in repli-
cation by methylating the viral genome, was identified as a potential
target for drug repurposing, (Kadioglu et al., 2020) (Sharma et al.,
2020). The genetic material of SARS-CoV-2 has also been proposed as a
potential target in a novel and efficient approach that employs
CRISPR/Cas13 d system (Nguyen et al., 2020). The system uses three
guide RNAs that target the ORFlab and S sequences, separated by spacer
sequences and Cas13 d, an RNA-cleaving enzyme, concisely delivered in
an all-in-one adeno-associated virus (AAV) delivery.

Alternatively, the host factors that are involved in the pathological
pathways could serve as potential drug targets. Affinity purification and
mass-spectroscopy identified 67 human proteins that can be therapeu-
tically targeted (O'Meara et al., 2020). Some of these proteins, for
example, acyl-transferase complex, HDAC2, TRMT1, ANK-binding ki-
nase 1 (TBK1), TANK-binding kinase 1-binding protein 1
(TBKBP1/SINTBAD), E3 ubiquitin ligases, IkB kinase, NF-KB signaling
molecules, Tom70, NUP98-RAEI, etc. Can be either inhibited or stim-
ulated to fight the SARS-CoV-2 infection. Because SARS-CoV-2 interacts
with the ACE-2 receptor, it has become a significant therapeutic target to
fight COVID-19 infection Zhang et al., 2020b. The components of the
immune system have also been proposed as a therapeutic target; for

instance, modulation of TLR5 has been shown to strike-off SARS-CoV-2
infection (Golonka et al., 2020), (Wang et al., 2020a).

Moreover, components of inflammatory pathways involved in the
pathophysiology of COVID-19 are significant therapeutic targets
(Channappanavar et al., 2016). For instance, high mobility group box 1
(HMGBI1) protein induces inflammation and has been projected as a
therapeutic target (Street 2020). A systematic analysis is necessary to

evaluate the feasibility of these therapeutic targets by screening for the
potential treatments available.

3. Lead candidates for vaccine

Conventionally, the development of a vaccine is a linear multi-step
process that takes years to identify a vaccine candidate and many
more years to accomplish multiple efficacy and safety checks, validation
of the process, and large-scale manufacturing. However, during a
pandemic, the linear steps are overlapped, and the system works in a
parallel manner, making the potentialvaccine candidate less viable and
the manufacturers at possible financial risk (Lurie et al., 2020). The
current situation calls for strong international ties and coordinated ef-
forts for the development of vaccines, policies, funding, manufacturing,

and distribution. Given the urgent need for a vaccine to fight an infec-
tious disease like COVID-19, already established platforms are being
utilized for the development of vaccination by early 2021 (Le et al.,
2020). According to WHO, currently, there are 180 vaccine candidates
out of which 36 candidates are in the clinical trial (Table 1), while 145
are in pre-clinical investigations (WHO 2020c).
Moderna, a Boston based company and researchers at the University
of Oxford, published the results of their eagerly anticipated clinical
trials, (Jackson et al., 2020) (Phillips et al., 2020). The Moderna
mRNA-1273 is an mRNA-based vaccine that codes for a complete pre-
fusion stabilized spike (S) protein of SARS-CoV-2 encapsulated in a
novel lipid nanoparticle (LNP). Moderna trial included 45 healthy
adults, 18-55 years of age. Individuals received two vaccinations, 28
days apart with dose ranging from 25 to 200 mg. The mRNA-1273
vaccine-elicited anti-SARS-CoV-2 immune response in all participants
without any safety concern. Importantly, the 100 pg dose was found to
induce a high neutralizing response. Unlike mRNA-1273, the oxford
candidate vaccine (AZD1222) has been adapted from chimpanzee’s
adenovirus-vectored vaccine (ChAdOx1 nCoV-19) expressing the
SARS-CoV-2 spike protein (Van Doremalen et al., 2020). Healthy adults
aged 18-55 years randomly assigned (1:1) to receive ChAdOx1 nCoV-19
at a dose of 5 x 10%° viral particles or control meningococcal conjugate
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Table 1
Lead vaccine candidates in clinical trials.

Types of Vaccine

(NonReplicating Viral Vector)

Nucleic Acid

Inactivated

Protein Subunit

Others

ChAdOx1-S (Chimpanzee
Adenovirus Vectored Vaccine
Oxford 1 encoding S protein)
University of Oxford/
AstraZeneca
Phase III

Adenovirus Type 5 Vector
CanSino Biological Inc./
Beijing Institute of
Biotechnology
Phase III

Gam-COVID-Vac
Adeno Vector
Gamaleya Research Institute of
Epidemiology and
Microbiology, Russia
Phase III

Ad26COVS1
Janssen Pharmaceutical
Companies
Phase III

Research Institute for Biological
Safety Problems, Rep of
Kazakhstan
Phase I/11

Adenoviral Vector based vaccine
ReiThera (Rome)/
LEUKOCARE (Munich)/
Univercells (Brussels)

Phase I

VXA-CoV2-1
Ad5 adjuvanted Oral Vaccine
platform
Vaxart
Phase I

MVA-SARS-2-S
Ludwig-Maximilians -
University of Munich
German Center for Infection
Research
Philipps University Marburg
Medical Center
Phase I

Ad5-nCoV
CanSino Biological Inc/
Institute of Biotechnology,
Academy of Military
Medical Sciences, PLA of China
Phase I

mRNA-1273

LNP encapsulated mRNA
Moderna/NIAID

Phase IIT

BNT162

LNP-mRNAs

BioNTech/Fosun Pharma/Pfizer
Phase III

DNA plasmid vaccine with
electroporation

Inovio Pharmaceuticals
Phase I/11

LNP-nCoVsaRNA saRNA
Imperial College London
Phase I

CVnCoV mRNA
CureVac
Phase II

DNA Plasmid Vaccine
Zydus Cadila Healthcare Limited, India
Phase I/11

GX-19

DNA Vaccine
Genexine
Phase I/Ila

DNA Plasmid + Adjuvant

Takara Bio Inc., Japan with Osaka
University and AnGes, Japan
Phase I/1I

Arcovax mRNA

People’s Liberation Army (PLA)
Academy of Military Sciences, Suzhou
Abogen Biosciences and Walvax
Biotechnology Co., Ltd

Phase I

ARCT-021 mRNA-based

Arcturus Therapeuticsinc.

Phase 1/11

Wuhan Institute of
Biological Products/
Sinopharm

Phase III

Beijing Institute of
Biological Products/
Sinopharm

Phase III

Inactivated + Alum
Sinovac
Phase III

Inactivated

Institute of Medical
Biology and Chinese
Academy of Medical
Sciences

Phase 1/11

COVAXIN

Bharat Biotech and Indian
Council of Medical
Research

Phase 1/11

Inactivated SARS-CoV-2
Beijing Minhai
Biotechnology Co., Ltd.,
China.

Phase I

NVX-CoV2373

Nanoparticle-based SARS CoV-2 spike
protein vaccine with adjuvant
Novavax

Phase IIb

S-Trimer subunit vaccine candidate
(SCB-2019)

Dynavax Technologies Corporation,
and Clover Biopharmaceuticals, a
China

Phase I

COVAX-19 recombinant SARS-CoV-2
spike protein + polysaccharide-based
adjuvant platform, Advax

Vaxine, Australia and Medytox, South
Korea

Phase I

Adjuvanted recombinant protein
(RBD-Dimer)

Anhui Zhifei Longcom
Biopharmaceutical/Institute of
Microbiology, Chinese Academy of
Sciences

Phase II

KBP-201

RBD-Based

Kentucky BioProcessing, Inc.

Phase I/11

Adjuvanted recombinant protein-
based vaccine

Sanofi Pasteur/GSK

Phase 1/11

Spike protein with MF59 adjuvant
stabilized with molecular clamp

University of Queensland/CSL/Seqirus

Phase I

S-2P protein + CpG 1018
Medigen Vaccine Biologics Corp +
NIAID + Dynavax

Phase I

Receptor Binding Domain + Adjuvant
Instituto Finlay de Vacunas, Cuba
Phase I

Peptide

FBRI SRC VB VECTOR,
Rospotrebnadzor, Koltsovo
Phase I

Receptor Binding Domain
West China Hospital, Sichuan
University

Phase I

SARS-CoV-2 HLA-DR peptides
University Hospital Tuebingen
Phase I

UB-612

S1-RBD-protein

COVAXX

Phase I

Plant-based- viral
particle (VPL)

Medicago and Université
Laval, Quebec, Canada
Phase I

Replicating Measles
based Vector

Institute Pasteur/
Themis/Univ. of
Pittsburg CVR/Merck
Sharp & Dohme

Phase I

Intranasal flu-based-RBD
Replicating vector
Beijing Wantai Biological
Pharmacy/Xiamen
University

Phase I

RBD-HBsAg VLPs (Virus
like Particle)

SpyBiotech and Serum
Institute of India

Phase 1/11
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vaccine (MenACWY) as a single intramuscular injection. Neutralizing
antibody responses against SARS-CoV-2 were detected in 35 (100%)
participants when measured in PRNT50. Importantly, Neutralizing
antibody responses correlated strongly with antibody levels measured
by ELISA (R? = 0.67 by Marburg VN; P < 0.001). Both candidate vac-
cines are now in the process of Phase II/III clinical trial.

Interestingly, a multi-center randomized, double-blind, placebo-
controlled, phase 2 trial of the Ad5-vectored COVID-19 vaccine was
conducted in Wuhan, China (Zhu et al., 2020). Healthy 508 adults aged
18 years or older randomly received the vaccine (1 x 10*! viral particles
n = 253;5 x 10 viral particles n = 129) or placebo (n = 126). Both
doses of the vaccine-induced significant neutralizing antibody responses
against SARS-CoV-2. Severe adverse reactions were reported by 24 (9%)
participants in the 1 x 10'! viral particles dose group and one (1%)
participant in the 5 x 10% viral particles dose group. The authors
claimed that the Ad5-vectored COVID-19 vaccine at 5 x 10'° viral
particles is safe and induced significant immune responses in the ma-
jority of recipients after a single immunization. Recently,
Gam-COVID-Vac (NCT04436471, NCT04437875) (clinicaltrials.gov,
2020a) (clinicaltrials.gov, 2020b), an adeno-based vaccine candidate
carrying the SARS-CoV-2 gene for spike protein manufactured by
Gamaleya Research Institute of Epidemiology and Microbiology, Russia
was declared safe and effective in eliciting an immune response by
Russian officials. The corresponding two-stage, non-randomized clinical
trials have recruited 38 participants in total; in the first stage, 18 par-
ticipants will receive the drug with two different adenovirus
components-rAd26 and rAd5. The vaccine is expected to enter phase III
in August. In a global consortium involving BioNTech, Fosun Pharma,
and Pfizer, four vaccine candidates were developed with different RNA
formats with Lipid nanoparticle formulation: BNT162al, BNT162b1,
BNT162b2, and BNT162b3. Two of these candidates use modified
mRNA (modRNA), while the third and fourth candidates are based on
uridine RNA (uRNA) and self-amplifying RNA (saRNA). Three of these
candidates- BNT162b1, BNT162b2, and BNT162b3 have now advanced
to a randomized combined phase I/II/III clinical trial (NCT04368728)
(clinicaltrials.gov, 2020c). The trial aims at evaluating the safety,
tolerability, efficacy, and dosing of the three vaccine candidates with
placebo control in 32000 volunteers distributed among three age groups
(18-55, 65-85 and 18-85 years). Recently it was reported that the
vaccine candidate- BNT162b2 was more than 90% effective in an initial
phase three study (pfizer.com, 2020). A DNA vaccine candidate,
INO-4800 that encodes for S protein, was developed and evaluated in
pre-clinical trials by INOVIO Pharmaceuticals, USA, Wistar Institute,
Philadelphia, USA, Public Health England, UK, Advaccine, China and
University of Texas, USA (Smith et al., 2020). INO-4800 shows vigorous
T-cell response and antibody neutralization to block binding of Spike
protein to ACE2 receptor in mice and guinea pigs. The phase I trial
concluded that the candidate was safe and well-tolerated among 40
participants with no adverse effects. Imperial College of London has
successfully developed a saRNA based candidate vaccine encapsulated
in a lipid-based nanoparticle; the vaccines candidate has moved from the
initial phase to next where larger cohorts will be dosed
(ISRCTN17072692) (clinicaltrials.gov, 2020d). CVnCoV, another
mRNA-based vaccine candidate manufactured by CureVac has entered
clinical trials44 (Le et al., 2020).

Sinopharm, China, has collaborated with Wuhan Institute of Bio-
logical Products and Beijing Institute of Biological, separately to develop
and evaluate inactivated vaccine candidate that is currently being
evaluated in phase III of clinical trials (ChiCTR2000034780) in Abu
Dhabi, UAE in 5000 individuals aged 18-60 years (chictr.org.cn,
2020a). Sinovac Biotech Ltd has manufactured purified inactivated
SARS-CoV-2 virus plus alum vaccine candidate (PicoVacc), which is
currently being tested in Phase I/1I clinical trials in healthy adults aged
18-59 years (NCT04352608) and in healthy adults aged > 60 years
(NCT04383574), (clinicaltrials.gov, 2020e) (clinicaltrials.gov, 2020f).
In pre-clinical studies, Picovac was found to have broader neutralization
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against ten different strains of SARS-CoV-2 without inducing enhance-
ment of infection (Gao et al., 2020). The Institute of Medical Biology at
the Chinese Academy of Medical Sciences, China, has produced another
inactivated candidate vaccine that has recently entered Phase II for
clinical trials (clinicaltrials.gov, 2020g).

In another approach, Novavax, USA, has successfully manufactured a
protein subunit vaccine candidate, NVX-CoV2373- nanoparticle-based
prefusion, stable recombinant SARS-CoV-2 spike protein with Novavax’
proprietary Matrix-M as an adjuvant. The candidate is currently in Phase
I of clinical trials being tested for safety and immunogenicity with or
without the adjuvant in healthy subjects (clinicaltrials.gov, 2020h). In a
collaboration tie, Clover Biopharmaceuticals, China, and Dynavax
Technologies, California, USA, have begun Phase I clinical trials for their
vaccine candidate, which is a spike-trimer protein of SARS-CoV2 along
with a toll-like receptor 9 (TLR9) agonist adjuvant (dynavax.com,
2020). New viral candidates are being developed in different parts of the
world, and an up-to-date brief summary of such candidates that have
advanced to clinical trials can be found in Table 1.

4. Re-purposed small molecule drugs for COVID-19

Undoubtedly, the development and manufacturing of a vaccine are
crucial in preventing the COVID-19 pandemic. However, even under
extreme pressure of a pandemic and with rigorous efforts being made,
the development of a safe and effective vaccine is time-consuming. The
repurposing of existing drugs against SARS, MERS, HIV/AIDS, and
malaria has proven to be an effective alternate strategy for the treatment
of COVID-19 (Li and De Clercq, 2020). Drug repurposing strategy can
potentially shorten the time and as well as reduce the cost compared to
develop novel drugs (N. Kumar et al., 2020). In this section, we have
classified and discussed some frontline re-purposed drugs based on their
mode of action against SARS-COV-2 (see (Fig. 2 and 11)(Table 2).

4.1. Inhibition of SARS-CoV-2 fusion (ENTRY inhibitors)

The endocytic entry of coronavirus involves complexation of trans-
membrane spike (S) glycoprotein of the virus with angiotensin-
converting enzyme 2 (ACE2) and TMPRSS2 (De Savi et al., 2020).
Hence, targeting these interactions and blocking the endolysosomal
pathway can lead to a potential treatment for SARS-CoV-2. Here, we
describe the re-purposed drugs that can potentially target the fusion of
SARS-CoV-2 into the host cells.

4.1.1. Hydroxychloroquine & chloroquine

For decades, Hydroxychloroquine (HCQ) and Chloroquine (CQ) (Fig.
3) have been well-known drugs to treat malaria. HCQ is also able to treat
rheumatoid arthritis and systemic lupus erythematosus (Savarino et al.,
2003). However, HCQ and CQ have some side effects as well, for
instance, headache, dizziness, diarrhea, stomach cramps, and vomiting.

In malaria, CQ and HCQ affect heme polymerase process by the
accumulation of cytotoxic heme that kills the parasite. Although the
exact mechanism is not known, it is believed that these drugs enhance
endosomal pH, thereby affecting the fusion of SARS-CoV-2 into host
cells (Vincent et al., 2005). In addition, HCQ and CQ can also diminish

Classification of some frontline Re-purposed Drug candidate for Covid-19

Inhibition of SARS-CoV-2
Fusion (ENTRY
Inhibitors)

Hydroxychloroquine,
Chloroquine, Camostat mesylate,
Nafamostat, Baricltinb,

RNA polymerase inhibitors Inhibition of interleukin

(IL)-6 pathway

Remdesivir,
Favipiravir, Ribavirin

Lopinavir/ritonavir, Darunavir,
+hACE2, Rusolitinib, Cobicistat, Ivermectin s
Unmifenovir (Arbidol)

Tocilizumab (Actemra),

Fig. 2. Classification of some frontline repurposed drug candidates based on
their mechanism of action against SARS-CoV-2.
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Table 2
Selected therapeutic drugs and their combinations for COVID-19 in clinical trials.
Drug/Combination Administration route/ Proposed Trial Common Repercussions References
Posological data Mechanism of Action against SARS CoV-2  Phase
Acalabrutinib with Oral route/NA Bruton’s tyrosine kinase inhibitor I headache, diarrhea clinicaltrials.
supportive care gov (20200)
Arbidol (Umifenovir) Oral route/2 tables per time, 3 Antiviral v Drug sensitization in children clinicaltrials.
times a day for 14-20 days gov (2020p)
Umifenovir, Anti-viral v NA clinicaltrials.
Interferon- 1a, Lopinavir/ gov (2020q)
Ritonavir,
Single Dose of
Hydroxychloroquine,
Standards of Care
Atorvastatin Oral route/40 mg Competitive inhibitor of HMG-CoA I diarrhea, heartburn, muscle Clinicaltrials.
reductase pains, gov (2020r)
Atzanavir NA Protease inhibitor 1II Gastrointestinal upset, nausea clinicaltrials.
gov (2020s)
Nitazoxanide and atazanavir/  Oral/tablets Protease inhibitor I Gastrointestinal upset, nausea clinicaltrials.
ritonavir gov (2020t)
Avipatadil 67 pg (nebulized) inhibit IL6, and TNF-a production I Alteration in blood pressure, ECG  clinicaltrials.
or heart rate gov (2020u)
Azithromycin Oral route Prevents translation of mRNA binding v diarrhea, nausea, abdominal pain,  clinicaltrials.
with the bacterial ribosome and vomiting gov (2020v)
Atovaquone/Azithromycin Oral route Antiprotozoal Agents I clinicaltrials.
Antiparasitic Agents gov (2020w)
Ivermectin, Oral route Antihelmintic NA clinicaltrials.
Azithromycin, gov (2020x)
Cholecalciferol
Baricitinib 1LV/2 mg Janus Kinase inhibitor 111 fever, sweating, muscle aches, clinicaltrials.
gov (2020y)
BDB-001 Injection/NA Toll-like receptor (TLR) against, I Nystagmus, dizziness clinicaltrials.
Immunostimular gov (2020z)
BLD-2660 Oral route/NA Antiviral, Calpains inhibitor I diarrhea, nausea, vomiting (clinicaltrials.
gov, 2020a’)
Canakinumab 1.V infusion/750 mg (max dose) Anti-human-IL-1p monoclonal antibody, 111 Fever, sweating, stomach pain, (clinicaltrials.
Prevent IL-6 release diarrhea, gov, 2020b’)
CD24Fc 1.V./Single dose at Day 1, Immunomodulator, suppress the I Safe (clinicaltrials.
CD24Fc, 480 mg, diluted to 100 expression of inflammatory cytokines gov, 2020c¢’)
ml
Chlorhexidine, povidone- Oral and nasal rinse/5 cc + 20 cc  Antiseptic, binds with the anionic cell wall ~ 1I Deafness, ARDS Kidney problem, clinicaltrials.
iodine, saline water. of nasal rinses + oral gargles, for  of bacteria this, at high concentration high blood sodium, metabolic gov, 2020d’
7 days- 4 times each day (or all causes membrane disruption and cell acidosis
three) death
Chloroquine Oral Route/500 mg TID for 7 Antimalarial, lower endosomal PH, I mental problems, clinicaltrials.
days prevent glycosylation of ACE2 enzyme abdominal cramps, headache, gov, 2020e’
diarrhea, etc.
Chloroquine, telemedicine Oral route/NA v clinicaltrials.
gov, 2020f
CHLORPROMAZINE (CPZ), Oral route/50 mg Antipsychotics 111 Drowsiness, dizziness, dry mouth clinicaltrials.
Standard of Care (SOC) 1L gov, 2020g’
Chlorpromazine clinicaltrials.
gov, 2020h’
Clevudine Oral route/120 mg once aday for ~ Antiviral, causes early viral DNA chain I May cause mitochondrial toxicity,  clinicaltrials.
14 days termination gov, 2020i’
Corticosteroids Oral route/40 mg q12 h for 5 Immunosuppressiveanti-inflammatory, NA Hypertension, psychosis, (clinicaltrials.
days anti-proliferative hyperkalemia, gov, 2020j")
Deferoxamine LV/NA Iron chelator I Fever, vomiting, hearing loss (clinicaltrials.
gov, 2020k’)
Dexamethasone 1.V/1 mg/kg/day ivgtt for 7 days  Anti-inflammatory 11 Cataracts, bone loss, bruising, clinicaltrials.
thrush gov, 20201’
Ebastine NA Antihistamine, 2nd generation H1 I Headache, dry mouth and chictr.org.cn
receptor agoinst drowsiness (2020b)
EIDD-2801 Oral route/200 mg Antiviral I No severe side effects clinicaltrials.
gov, 2020m’
Favipiravir Oral route/NA Inhibit viral RdRp v Harm babies in pregnant women clinicaltrials.
gov, 2020n’
Hydroxychloroquine (HCQ) Oral route/400 mg Lower endosomal PH I Nausea, vomiting, heart damage. clinicaltrials.
gov, 20200’
HCQ, Oseltamivir, Oral route/200 mg; 75 mg; 500 111 clinicaltrials.
Azithromycin mg gov, 2020p°
HCQ and Nitazoxanide Oral route/200 mg; 500 mg I clinicaltrials.
gov, 2020q’
HCQ vs. Azithromycin Oral route/400 mg; 500 mg I clinicaltrials.
gov, 2020r’
HCQ and favipiravir NA I clinicaltrials.
gov, 2020s’

(continued on next page)
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Drug/Combination Administration route/ Proposed Trial Common Repercussions References
Posological data Mechanism of Action against SARS CoV-2  Phase
Ifenprodil Oral route/20 mg TID Anti-inflammatory I Can cause lung injury clinicaltrials.
gov, 2020t
IFX-1 with Best supportive LV/NA Targets pro-inflammatory III acute severe infusion reactions clinicaltrials.
care gov, 2020u’
Isotretinoin Oral route/0.5 mg/kg/day Down regulator of ACE2 receptor, PLpro I Dry skin, itching, psychiatric clinicaltrials.
inhibitor, increase CD4 count disorders gov, 2020v°
Ivermectin Oral route/a Single dose (3 mg) Ivermectin activates glutamate-gated 11 Stomach pain, headache, itching, clinicaltrials.
of Ivermectin chloride channels; vomiting, fever gov, 2020w’
Ivermectin, Nitazoxanide Oral route/200mcg/kg of Ivermectin activates glutamate-gated 11 Stomach pain, headache, itching, clinicaltrials.
Ivermectin chloride channels; nitazoxanide interfere vomiting, fever gov, 2020x’
enzyme-dependent electron transfer
Lenalidomide Oral route/25 mg Antiangiogenic agent, interact with the v Vomiting, itching, joint pain, clinicaltrials.
ubiquitin E3 ligase cereblon and target thrombosis, pulmonary embolus, gov, 2020y°
this enzyme to degrade the Ikaros hepatotoxicity, bone marrow
transcription factors IKZF1, IKZF3 toxicity etc.
Lopinavir/ritonavir Oral route/200 mg lopinavir, 50 Bind viral proteases I Diarrhea, nausea, vomiting, clinicaltrials.
mg ritonavir stomach pain gov, 2020z’
Oral route/200 mg and 400 mg
respectively
Lopinavir/ritonavir, Oral/Lopinavir/Ritonavir 400/ 111 clinicaltrials.
Emtricitabine/tenofovir, 100 mg gov, 2020a™
raltegravir (RAL)
Lopinavir/rit., Ribavirin and 1 & 2 oral route, 3 S.C injection/ 1II clinicaltrials.
Interferon beta-1b 400mg/100 mg, 400 mg’ 0.25 mg gov, 2020b>’
respectively
Lopinavir/ritonavir, and HCQ 1.V infusion,/200 mg; oral route/ il clinicaltrials.

Losartan
NA-831
NA-831,
Atazanavir,
Dexamethasone
Olokizumab
Piclidenoson
Prazosin
Remdesivir
Remicade
Ruxolitinib
Sildenafil citrate

TAK 981

Telmisartan

Tocilizumab

Tocilizumab, Dexamethasone
Tranexamic acid

Vazegepant (BHV-3500)
Vitamin-C (ascorbic acid)
Vitamin-D (cholecalciferol)

XAV-19

400 mg lopinavir and 100 mg
ritonavir; S.C injection, and 44
pg; 400 mg oral route
respectively

Oral route/50 mg daily

Oral route/30 mg
Oral route/30 mg, 200 mg, 4 mg
respectively

Oral route/64 mg
Oral route/

Oral route

L.V infusion/NA
NA

Oral route/5 mg

Oral route/0.1 g per day for 14
days

Intravenous/60 min infusion (60
mg)

Oral route/40 mg

Oral route/80 mg twice daily

LV injection/8 mg/kg (max
800mg/dose)

Oral route/Tocilizumab: 8 mg/
kg, Dexamethasone: 10 mg
Oral route/1300 mg p.o. 3 times/
day for 5 days

Intranasal/10 mg intranasal for
14 days

Infusion/12 g twice a day for 7
days

Oral route/400,000 IU

Infusion/0.5 mg per kg

Angiotensin receptor blocker

NA

NA

Block IL-6

A3 adenosine receptor against, deregulate
Wnt/p-catenin pathway

prevent cytokine storm, Alpha-blocker
It mimics adenosine and interferes with
RdRp

TNF-« inhibitor

Kinase inhibitor

Phosphodiesterase inhibitor

a selective inhibitor of SUMOlysation

enzymatic cascade,
Angiotensin receptor blocker

Immunosuppressive

Imunosuppressive

Antifibrinolytics

Anti-inflammatory antagonist
Anti-inflammatory,

Immunomodulatory; induces secretion of
antimicrobial peptides

Heterologous glyco-humanized polyclonal

antibody (GH-pAb) raised in swine binds
spike protein of SARS-CoV-2

gov, 2020c”’

I Diarrhea, insomnia, muscle pain, clinicaltrials.
fetal death gov, 20204’

I Safer clinicaltrials.
111 Safer gov, 2020e”
11 side effect due to antimicrobial clinicaltrials.
activity of IL-6 gov, 2020

I No severe side effects clinicaltrials.
gov, 2020g”’

I Headache, nausea, blurredness clinicaltrials.
gov, 2020h™

I Hypertriglyceridemia, clinicaltrials.
gov, 2020i”’

I Sinus infections clinicaltrials.
gov, 20205

I Pancytopenia, thrombocytopenia,  clinicaltrials.
anemia, neutropenia gov, 2020k™

111 Headache, flushing, upset clinicaltrials.
stomach gov, 20201

I Potential liver toxicity clinicaltrials.

gov, 2020m”’

I Tachycardia, bardycardia, clinicaltrials.
hypotension gov, 2020n”’

v clinicaltrials.
gov, 20200’

II Urinary tract infection, acute clinicaltrials.
pyelonephritis gov, 2020p™’

I Urinary tract infection, acute clinicaltrials.
pyelonephritis gov, 2020q”’

II Rare clinicaltrials.
gov, 20201’

111 Safer clinicaltrials.
gov, 2020s”’

I Nausea, abdominal cramps clinicaltrials.
gov, 2020t”

1II Increase in urination and thirst clinicaltrials.
gov, 2020u”’

I Blood transfusion-related risks clinicaltrials.
gov, 2020v”’
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Fig. 3. Chemical structure of Chloroquine and Hydroxychloroquine.

the cytokine storm by interfering with the IL-6 pathway. There are over
77 clinical trials that have been registered on HCQ by various companies
and institutions. The combination therapy of these two drugs with azi-
thromycin and zinc have also been proposed but led to some severe side
effects such as fatal arrhythmia (Gautret et al., 2020). On June 5, 2020,
RECOVERY trial recommended that there are no significant improve-
ments in hospitalized COVID-19 patients after treating with HCQ
(recoverytrial.net, 2020a). A randomized study was conducted on 1542
patients, and compared with 3132 patients with standard care, it was
observed that there was no substantial difference in the 28-day mortality
endpoint (25.7% HCQ vs. 23.5% standard care; p = 0.10). As on June
15, 2020, FDA revoked the emergency use of hydroxychloroquine and
chloroquine to treat patients with COVID-19, considering the emerging
cases of side effects associated with these two drugs (fda.gov, 2020a).
However, in a clinical trial involving 2541 patients, treated with HCQ or
azithromycin or a combination of two showed encouraging results and It
was concluded that when controlling for COVID-19 risk factors, treat-
ment with the only HCQ and along with azithromycin was associated
with a reduction in COVID-19 associated mortality (Arshad et al., 2020).

4.1.2. Umifenovir (arbidol)

Arbidol (Fig. 4) is a promising antiviral agent currently being used in
Russia and China for the treatment of COVID-19 based on its previous
studies. It is an indole-based antiviral drug with no significant side ef-
fects. It is established in numerous in-vitro and in-vivo studies (Blaising
et al., 2014) that arbidol has a broad-spectrum activity against the
various infectious disease, which makes arbidol a potential drug
candidate against SARS-CoV-2. Arbidol targets the interactions of spike
glycoprotein (S) of coronavirus and ACE2 and inhibits the membrane
fusion of the viral envelope (Kadam and Wilson, 2017). Currently, five
clinical trials have been registered, which involve arbidol. In March
2020, a study conducted in China observed that 69 COVID-19 patients
who were given arbidol showed lower mortality rates and higher
discharge rates in a median duration of 9 days (Wang et al., 2020b). The
efficacy of arbidol is also being evaluated in combination with Brom-
hexine Hydrochloride tablets and recombinant human interferon-a 2 b
(clinicaltrials.gov, 2020i). In June 2020, DCGI, Government of India
gave its approval to CSIR-Central Drug Research Institute (CDRI)
Lucknow, to commence randomized, placebo, and double-blind phase III
clinical trial to authenticate efficacy and safety of arbidol (csir.res.in.,
2020) (CSIR, 2020). Arbidol hydrochloride is currently in randomized
phase IV clinical trials in the USA, wherein 380 COVID-19 patients will
be given a dose of 200 mg arbidol orally every 8 h to evaluate efficacy
and safety of this drug (NCT04260594) (clinicaltrial.gov, 2020j). The
requirement of a large number of doses to achieve peak plasma con-
centration and therapeutic efficacy is one of the major drawbacks of the
drug.

Fig. 4. Chemical structure of Umifenovir (Arbidol).
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4.1.3. Camostat & nafamostat

Camostat (Fig. 5) is a serine protease inhibitor manufactured by Ono
Pharmaceutical Co. Ltd in 1977. The current form of the drug is also
valuable in the treatment of cancer (Okuno et al., 2002) and some viral
infections (Hsieh and Hsu., 2007). Nafamostat mesylate(Fig. 5), another
serine protease inhibitor, is commonly used as an anticoagulant
(Al-Horani and Desai, 2014), and also as an antiviral and anticancer
drug (Chen et al., 2019).

Both Camostat and Nafamostat mesylate are reported to block the
entry of the virus through inhibiting the host serine protease TMPRSS2
Hoffmann et al., 2020b. Camostat confirmed to partly block SARS-CoV
by inhibiting the TMPRSS2 in HeLa cell lines (Kawase et al., 2012).
Recently, a study reported that camostat could block SARS-CoV-2 in a
mouse model at a concentration that is tolerated in humans (clin-
icaltrials.gov, 2020k). These studies make this drug a suitable candidate
to treat patients infected with SARS-CoV-2. Currently, there are six
clinical trials registered to substantiate the efficacy of Camostat for
COVID-19 in Germany, Netherland, Denmark, and Japan (clinicaltrials.
gov, 20201).

4.1.4. Baricitinib

Baricitinib (Fig. 6), a Janus kinase (JAK) inhibitor, is currently sold
for the treatment of rheumatoid arthritis (RA) (fda.gov, 2020b). It
selectively and reversibly binds JAK receptors and is successful in
inhibiting JAK1/2 subtype. It effectively disrupts the cytokine-mediated
signal transduction through JAKs and discourages the development of
inflammatory response (Genovese et al., 2016).

Baricitinib also prevents the fusion of the virus into the host cells by
inhibiting the AAK1 receptor, a member of the kinase family, and one of
the regulators of endocytosis (Lu et al., 2020b). Thus, Baricitinib may be
a potential option to treat Covid-19. It has been reported that 2-4 mg of
Baricitinib is suitable for inhibiting the AAK1 receptor and may be useful
in the treatment of COVID patients (Favalli et al., 2020a). Pharmaco-
kinetic studies suggest that there is 79% oral bioavailability in humans,
and approximately 1hr is sufficient to reach peak plasma concentration.
Some of the side effects associated with this drug are malignancy and
thrombosis (Kuriya et al., 2017). There are sixteen clinical trials regis-
tered by various organizations to determine the efficacy of this drug in
different combinations such as hydroxychloroquine, ritonavir (clin-
icaltrials.gov, 2020m), and remdesivir (nih.gov, 2020) against
COVID-19.

4.2. Inhibition of Polypeptide translation into protein components
(protease inhibitors)

Upon the fusion of viral and host cell membranes, SARS-CoV-2 in-
jects the positive-sense single-stranded RNA (+SSRNA) into the cyto-
plasm. The RNA binds to the ribosomes for translation of polyproteins,
which in turn give rise to structural and non-structural proteins. Among
these, 3-chymotrypsin-like protease (3CLpro) and papain-like protease
(PLpro) play an essential role in the virus’ life cycle since they cleave the
polyproteins (PP1A and PP1AB) into functional viral proteins, making
them a suitable therapeutic target (Chen et al., 2020). Computer-aided
drug design has been employed to annotate the potential inhibitors for
proteases (bD. Kumar et al., 2020).

4.2.1. Lopinavir/ritonavir (Kaletra, LPV/r)

Lopinavir/ritonavir (LPV/r) (Fig. 7), a fixed-dose combination of two
protease inhibitors-lopinavir and ritonavir is sold under the trade name
Kaletra for the treatment and prevention of HIV/AIDS.

During the 2003 SARS outbreak, LPV/r was shown to be effective
against inhibiting SARS-CoV replication by inhibiting protease function
(Chu et al., 2004). Moreover, triple combination therapy with LPV/r,
ribavirin, and IFN-a has produced impressive results against MERS (Kim
etal., 2016). Despite the fact that HIV and SARS-COV-2 proteases belong
to a different family (Hsu et al., 2004), a combinational therapy of
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Fig. 5. Chemical structure of Camostat and Nafamostat mesylate.
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Fig. 6. Chemical structure of Baricitinib.

Chinese medicine, LPV, interferon, RTV, and corticosteroids (3-5 days)
has shown excellent results in the treatment of 50 patients in China
(Jian-ya, 2020). An older adult was successfully cured with LPV and RTV
(LPV 200 mg/RTV50 mg) in South Korea (Lu et al., 2020). Cao group has
reported promising results of LPV/r monotherapy in 199 patients in
Wuhan (Cao et al., 2020). However, it has been concluded in a new
study that the LPV combination should be retained until the completion
of the WHO SOLIDARITY trial (Dalerba et al., 2020). On June 25, 2020,
the RECOVERY trial concluded that there are no significant improve-
ments in hospitalized COVID-19 patients after treating with LPV/r
(recoverytrial.net, 2020Db) (see ).

4.3. RNA polymerase inhibitors

RNA dependent RNA polymerase (RdRp) is a multisubunit protein
that plays a critical role in the replication and transcription of the viral
genome; therefore, RARp emerges as a primary target to disrupt viral
infection. Essentially there are two types of polymerase inhibitors based
on their mode of action-nucleos(t)ide inhibitors (NIs) and non-
nucleoside inhibitors (NNIs). NIS when get phosphorylated bind the
polymerase at its active site and inhibit chain elongation. Despite their
excellent efficacy, they implicate toxic side effects-hepatotoxicity,
nephrotoxicity, reproductive toxicity and thus their use is discouraged
in pregnant women and babies. Nevertheless, certain studies published
on the use of remdesivir in pregnant COVID-19 patients did not cause an
adverse site effect (Igbinosa et al., 2020). On the other hand, NNIs bind
the polymerase at its allosteric site, modifying the conformation and
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thus the polymerase activity is halted with low toxicity and side effects.
Nucleotide analogs have been used as successful antiviral agents as they
can effectively block RdRp activity and inhibit viral replication. In this
section, we have discussed the potential use of RARp inhibitors, such as
remdesivir and favipiravir.

4.3.1. Remdesivir

Remdesivir (RDV) (Fig. 8), previously known as GS-5734, is one of
the frontline drug candidates for SARS-CoV-2. Remdesivir is an analog of
1’-cyano-substituted adenosine triphosphate nucleoside and is effective
against a broad spectrum for viral infections. Moreover, it is a phos-
phoramidate prodrug, which gets metabolized into the body as GS-
441524, a ribonucleotide analog. Gilead Sciences developed remdesi-
vir as a potential drug for Ebola and Marburg virus disease in 2005
(Scavone et al., 2020). Soon after, in-vivo studies of remdesivir
demonstrated efficacy against SARS-CoV and MERS-CoV (Sheahan et al.,
2017). Some of the side effects associated with this drug are low blood
pressure, inflammation in the liver, and sweating (ema.europa.eu, 2020)
ema.europa.eu, 2020.

In April 2020, remdesivir was considered a potential candidate drug
and included in clinical trials by SOLIDARITY and European Discovery
trial to establish efficacy against COVID-19 (Karki, 2020), (inserm.fr.,
2020). Wang et al. reported promising in-vitro studies of remdesivir on
human cell lines against SARS-CoV-2 infection40 (Wang et al., 2020a).
In January 2020, the first US COVID-19 infected patient (35-year-old
man) recovered after intravenous administration of remdesivir without
any adverse side effects (Holshue et al., 2020). According to the recent
clinical trials, the current dose for the infected patient is 200 mg on day
one, followed by 100 mg daily intravenously administration of remde-
sivir for 5-10 days (clinicaltrials.gov, 2020n). Currently, 19 clinical
trials are underway to evaluate the efficacy of remdesivir. As of June 1,
2020, Gilead Sciences announced Phase III trial results of remdesivir in
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Fig. 8. Chemical structure of Remdesivir (GS-5734) & Active form GS-441524.

Fig. 7. Chemical structure of Lopinavir & ritonavir.
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patients with moderate to severe COVID-19. It is reported that moderate
cases of COVID-19 patients show 65% of clinical improvement on a
5-day dose of remdesivir than patients who had standard care of 11 days
(P = 0.077) (gilead.com, 2020). Also, in another published report, 64%
and 54% of severe COVID-19 patients who were treated with five and a
10-day course of remdesivir, respectively, have shown clinical
improvement by day 14 compared to those who received standard care
(Goldman et al., 2020). Though the results are not statistically signifi-
cant, remdesivir has emerged as a leading drug for the SARS-CoV-2. The
US, India, Singapore, and Japan approved remdesivir for emergency
treatment of hospitalized patients with severe Covid-19. However, On
October 15, 2020, WHO concluded in their solidarity trials that
Remdesivir have little or no effect on hospitalized COVID Patients (Pan
et al., 2020).

The administration of the Remdesivir in the patients has been a
major problem since the drug gets largely metabolized by the body in
the oral delivery and does not affect the viral infection site effectively.
Recently, to enhance the absorption rate and efficacy of the Remdesivir,
a research group in University of Texas has developed inhaled form of
Remdesivir (dry powder) using thin film freezing (TFF) (Sahakijpijarn
et al., 2020). It was observed in the in-vivo studies that only 10 mg/kg
dose of dry powder form of Remdesivir achieved necessary EC50 value
to inhibit the viral infection. On July 8, 2020, Gilead Sciences has also
initiated randomized, placebo-controlled Phase la clinical trials of
inhaled solution of Remdesivir to evaluate safety, pharmacokinetics and
tolerability of the drug in the non-hospitalized patients (Gilead.com,
2020).

4.3.2. Favipiravir

Favipiravir (FPV) (Fig. 9), sold under the brand name Aviga® is an
antiviral agent developed for the treatment of influenza ABC viruses in
Japan (Du, and Chen, 2020). Favipiravir is an analog of pyrazine car-
boxamide. Once administered, its rapid phosphorylation generates
pharmacologically active form favipiravir-RTP (ribofuranosyl-5'--
triphosphate). The FPV-RTP serves as a substrate for RARp, which results
in the termination of the nascent RNA chain and inhibition of virus
replication (Furuta et al., 2005). It has shown efficacy against a broad
spectrum of viruses such as Ebola, arenavirus, HIN1, filovirus, and
bunyaviruses, (Delang et al., 2018) (Sissoko et al., 2016).

Recently, In-vitro studies of favipiravir in Vero E6 cells established
EC50 of 61.88 pMol and showed efficacy against SARS-CoV-2 (Wang
et al., 2020a). Also, in another recent clinical trial in China reported
promising results in chest imaging in the favipiravir arm (91.43%/62%)
(Cai et al., 2020). However, several clinical trials are underway to
evaluate the efficacy of favipiravir against SARS-CoV-2. Currently,
Japan and the USA have commenced phase 3 and phase 2 clinical trials,
respectively (reuters.com, 2020). Russian Ministry of Health has also
recommended the use of favipiravir (rdif.ru, 2020) after observing the
efficacy of favipiravir >80% in COVID-19 patients. As of June 19, 2020,
the Government of India has given regulatory approval to the Glenmark
Pharmaceutical company for oral antiviral drug Favipiravir (under the
brand name FabiFlu® to treat mild to moderate COVID-19 patients in
India after promising results of phase 3 clinical trials (glenmarkpharma.
com, 2020a). Glenmark recommended 1800 mg dose twice daily on day
one, followed by 800 mg twice daily up to day 14 (glenmarkpharma.
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Fig. 9. Chemical structure of Favipiravir.
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com, 2020b). Glenmark has also commenced clinical trials of favipiravir
and umifenovir as a combination therapy in India (clinicaltrialsarena.
com, 2020).

4.4. Inhibition of interleukin (IL)-6 pathway

The most striking clinical feature of COVID-19 is the presence of
elevated pro-inflammatory cytokines in the sera of COVID-19 patients.
Severe cases display even higher levels of cytokines giving rise to
“cytokine storm,” which further increases disease severity leading to
ARDS, multiple organ failure, and death. Therefore, targeting cytokine
production could be a potential therapeutic option for severely infected
patients with COVID-19 (Coperchini et al., 2020). The elevated level of
IL-6 has been linked to the severity of the disease and as a prognostic
marker for the negative outcome. Tocilizumab and sarilumab are some
of the repurposed drugs, which can inhibit the IL-6+ receptor and
downstream signaling cascade.

4.4.1. Tocilizumab (Actemra)

Tocilizumab (Fig. 10) is an immunosuppressant drug that is sold
under the brand name Actemra® and was developed by Hoffmann-La
Roche and Chugai (Venkiteshwaran, 2009). It is a recombinant hu-
manized monoclonal antibody of IgG1 subclass, which targets IL-6R,
both membrane-bound and soluble forms. Binding of tocilizumab to
IL-6R prevents its dimerization and interaction with GP130 trans-
membrane receptor leading to inhibition of downstream JAK-STAT or
MAPK signaling pathways and attenuation of inflammatory responses.
Tocilizumab is approved in the EU to treat rheumatoid arthritis (Oldfield
et al., 2009), and is administered intravenously (dose-8 mg/kg) in
combination with methotrexate. Tocilizumab follows both linear and
nonlinear pharmacokinetics with a half-life of 11hr for 4kmg/kg dose. In
China, out of 21 COVID-19 patients who were treated with tocilizumab
(400 mg per day), 20 recovered within two weeks without any side ef-
fects associated with tocilizumab (Xu et al., 2020b). A recent study has
reported promising results of intravenous tocilizumab in severely
infected patients (Guaraldi et al., 2020). Treatment with tocilizumab
reduced excessive use of ventilation and reduced the death count with
an adjusted hazard ratio of 0-61, 95% CI 0-40-0-92; P = 0-020. In order
to evaluate the efficacy and safety of tocilizumab and remdesivir, Gen-
entech has initiated a Phase III, randomized, double-blind, multicenter
study (REMDACTA) (gene.com, 2020).

5. Corticosteroids

Corticosteroids are broad-spectrum drugs, known to attenuate
inflammation. They are used for the treatment of autoimmune and in-
flammatory diseases, including inflammatory bowel disease, asthma,
rheumatoid arthritis, and allergy (Schacke et al., 2002). Their use is
controversial due to the side effects associated with their use, such as
Cushing’s syndrome, diabetes, hypertension, and skin atrophy, which
questions the safety and effectiveness of the drug (Becker 2013). Some of
the previous clinical trials using corticosteroids for the treatment of
SARS, MERS, and HIN1 were limited due to the suppression of host
immune responses (Arabi et al., 2018) (Han et al., 2011) (Stockman
et al., 2006). Nevertheless, reduced mortality rates and lesser hospital

Fig. 10. Chemical structure of dexamethasone.
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stays of 401 patients infected with SARS (Chen et al., 2006) were re-
ported. A recent study involving 10 COVID-19 patients, administered
with a dose of 190 mg/day of corticosteroid and a dose of 20 g/day of
immunoglobulin, showed improved results without any adverse side
effects (Zhou et al., 2020). However, in a separate study of 416
COVID-19 patients, it was observed that improved results by adminis-
tering corticosteroid and gamma globulin are associated with low
lymphocyte counts in patients (Shang et al., 2020b).

Corticosteroids are currently administered in the systematic and
inhaled form. Administration of inhaled corticosteroids (ICS) is still in
the shadow of uncertainty, since a study of OpenSAFELY group sug-
gested that ICS in 966,461 patients with asthma and chronic disease did
not show good results (Schultze et al., 2020). Nonetheless, ICS has been
proven to be effective in reducing 50% ARDS in high risk patients
(Ortiz-Diaz et al., 2011). In-vitro studies in infected epithelial cells also
support role of ICS in inhibiting replication step of coronavirus (Yamaya
et al., 2020). Inhaled Ciclesonide has also been reported effective in
blocking SARS-CoV-2 replication in vitro studies with EC90 0.55 pM
(Matsuyama et al., 2020). Inhaled Ciclesonide has also successfully
treated three mild cases of covid patients in Hong Kong in low dose of
drug, however efficacy of this drug cannot be established in such small
sample (Iwabuchi et al., 2020).

5.1. Dexamethasone

Dexamethasone, cheaply available corticosteroids, was approved for
the treatment of inflammatory diseases (Fischer and Ganellin, 2010). On
June 16, 2020, researchers from Oxford University announced a major
breakthrough in a clinical trial of severely ill COVID-19 patients. It was
observed that the administration of dexamethasone significantly
reduced the deaths of patients (ox.ac.uk, 2020) ox.ac.uk, 2020.

This trial commenced in March 2020 under the randomized RE-
COVERY program in which 2104 patients were given 6 mg per day dose
of dexamethasone (oral/intravenous) for ten days compared to 4321
patients who received standard care treatment. It was observed that
dexamethasone significantly reduced deaths by one-third (p = 0.0003)
and one-fifth (p = 0.0021) in patients receiving ventilators support and
supplemental oxygen, respectively in the 28-days mortality endpoint.
However, no benefits were observed in mild to moderate patients who
did not require any respiratory care.
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On September 2, 2020, based on the findings WHO, it was recom-
mended that 6 mg of dexamethasone orally or intravenously daily for
7-10 days in patients with severe COVID-19 (WHO, 2020d).

6. Convalescent Plasma therapy

Convalescent plasma therapy (CPT) is a passive immunization
initially used against Diptheria in 1890 (Behring, 1890). Convalescent
Plasma is obtained from recovered patients, who developed humoral
immunity. Convalescent Plasma consists of neutralizing antibodies
(Nabs) as a critical component that reduces viremia. Additional com-
ponents include non-neutralizing antibodies (Non-Nabs), antith-
rombotic factors, immunoglobulin, and anti-inflammatory cytokine,
which may be immunomodulatory in effect (Pandey et al., 2020).
Convalescent plasma therapy has been effective in treating SARS-1 and
MERS patients and has shown immediate but temporary immunity in
COVID-19 patients (Duan et al., 2020). Hence, in the absence of any
effective therapeutic strategy against SARS-CoV-2, CPT may turn out to
be an important tool for treating COVID-19 patients. On March 24,
2020, FDA approved Convalescent plasma therapy and allowed emer-
gency use of investigational new drug (IND) pathway to access CP (fda.
gov, 2020c).

To test the effectiveness of CP, a pilot study involving ten critically ill
COVID-19 patients, median aged 52.5 years, was conducted. It was
established that each patient developed high NAbDs titre with significant
viral shedding and improved clinical symptoms (fever, trouble breath-
ing, cough, etc.) within three days of 200 ml CP infusion. Alongside
elevated oxyhaemoglobin, improvement in lung lesions and lymphocyte
numbers, and decreased inflammation was observed (Bloch et al., 2020).
In a second study, five critically ill COVID-19 patients, aged 18-60 were
subjected to CP transfusion with a nCoV-2019 specific antibody (IgG)
and neutralizing antibody. Within a few days of CP transfusion, a decline
in the SARS CoV-2 RNA load and improved clinical conditions were
observed (Shen et al., 2020). An open-label clinical study demonstrated
that 80% of CP recipients developed appreciably high antibody titer
three days post-infusion of 400 ml CP dose, irrespective of donor anti-
body titer. Moreover, repeat administration of CP dose in one patient
was well tolerated, and CPT did not result in any adverse effects
(Madariaga et al., 2020).

In the first randomized controlled clinical trial in 103 patients, 52


http://BioRender.com

H. Chugh et al.

were administered with CP along with standard care, while 51 received
standard care only. The results indicate that the use of CP failed to
accomplish clinical improvements in critically ill patients. However,
clinical symptoms improved in severely ill patients within 28 days of
symptom onset. The study suggests that viral elimination and inflam-
mation reduction might occur before clinical benefits. Therefore, the
right phase and right time for CP injection is a must for its replete
therapeutic utilization (Zeng et al., 2020). CPT may have a synergistic
effect in treating COVID-19 in combination with antiviral drugs such as
remdesivir (Casadevall and Scharff, 1995).

Although initial CPT studies have shown promising results, further
clinical trials and multi-center studies are required for ensuring the
reliability of CPT against novel coronavirus. Donor criteria, optimum
dose, and serological assay (to determine SARS CoV-2 in serum) are still
needed to be precisely ascertained.

7. Alternative medicines: Traditional Chinese Medicine (TCM) &
ayurveda

The lack of an effective therapeutic strategy against COVID-19 has
prompted scientists to investigate the use of alternative medicines in the
fight against coronavirus infection. China initiated this approach,
wherein it dexterously utilized its concept of Traditional Chinese Med-
icine (TCM). An in-silico study yielded 13 molecular compounds found
in 230 medicinal herbs used in TCM, to target SARS-CoV-2 associated
factors such as the spike protein, 3CLpro, and PLpro. By screening for
herbs that contain more than one of these 13 compounds, and have been
used as a part of TCM to treat respiratory viral infections, 26 medicinal
herbs were identified against COVID-19 infection (Zhang et al., 2020c).
According to the seventh trial version of “Diagnosis and Treatment
Protocol for Novel Coronavirus Pneumonia” published by the National
Health Commission of the People’s Republic of China on March 3, 2020,
TCM remedies namely Huoxiang Zhenggi capsules, Jinhua Qinggan
granules, Lianhua Qingwen capsules, Shufeng Jiedu capsules, and
Qingfei Paidu are recommended for various levels of clinical manifes-
tations. Among these, Qingfei Paidu decoction (QFPD) has gained much
attention after curing 99.28% of the infected individuals in 66 major
Chinese cities (satcm.gov.cn, 2020). An in silico that Ma Xing Shi Gan
component of QFPD inhibits the inflammatory response by interfering
with the Toll-like receptor signaling pathway, and eventually amelio-
rating the symptoms of cytokine storm that leads to ARDS (Yang et al.,
2020).

Ayurveda, an alternative medicine rooted in India, has also been
suggested to be an effective therapeutic intervention against COVID-19
(Pandey et al., 2013). Ayurveda broadly comprises of three types of
therapeutic interventions, which act as its three pillars: Rasayana, local
and systemic prophylaxis (Tillu et al., 2020). Local and systematic
prophylaxis include warm water gargling, nasal oil application, etc., and
meditation, diet, and other good lifestyle measures, respectively, to
block physically viral infection and improve immunity. In silico methods
have shown that active compounds in Ashwagandha and Amritaballi
block the viral entry by destabilizing the ACE-2-S interactions. In
addition, there are basic remedies and regimens that in previous studies
have shown to induce both T cell-mediated and B cell-mediated immune
response in other infections (Gayatri et al., 2020). In a case study
recently reported, a COVID-19 patient was cured within a short duration
of time depending entirely on Ayurvedic intervention and diet regula-
tion, demonstrating, Ayurvedic as a potential mainstream treatment
option (Girija and Sivan, 2020). However, such studies are one of its
kind; absence of mechanistic insights of these herbs, robust clinical tri-
als, and Ayurveda induced toxicity (hepatotoxicity) makes the use of
Ayurvedic intervention alone debatable. To regulate the use of Ayurveda
during COVID-19 pandemic, Ministry of Ayush, Government of India has
issued guidelines and protocols for Ayurveda practitioners in the fight
against COVID-19 (ayush.gov.in, 2020a) and self-care guidelines the
general public ayush. gov.in, 2020b().
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8. Global response to COVID-19 epidemic

The current SARS-CoV-2 epidemic crushed healthcare in-
frastructures globally. With no effective pharmaceutical treatments
available at present, most nations have adopted preventive measures,
including social distancing measures, contact tracing, quarantine, and
nation-wide lockdowns to control the spread of coronavirus. After the
initial outbreak in China, the epicenter of the coronavirus has now
shifted to the USA and Brazil. Countries like China and South Korea took
aggressive preventive measures to contain the rapid spread of the virus.

Report by Eurasia Group indicates that countries like New Zealand,
Taiwan, South Korea, and Australia handled the current pandemic better
than the rest of the world in terms of healthcare management, financial
policy response, and political response (time.com, 2020). In the initial
days of COVID-19, Taiwan and Singapore were expected to become next
epicenter since they share borders and undertake huge export-import
trade business with China, respectively. However, these two countries
learned from the previous SARS attack and took proactive measures
such as; aggressive contact-tracing, widespread testing, closing borders,
and banning the export of healthcare facilities. It is reported that strict
travel restrictions imposed by the countries have reduced at least 50%
transmission of the coronavirus (Chinazzi et al., 2020). In June, New
Zealand lifted all the COVID restrictions and declared itself a
COVID-19-free country. Some of the countries like Greece, UAE,
Argentina, Iceland, Germany, and Canada also handled the current
pandemic reasonably well. Mitigation strategies by governments and
sudden lockdowns triggered a massive economic crisis in most of the
countries. It is expected that the global economy may fall between 6%
and 7.6% in 2020. To combat these future outcomes, governments
around the globe took essential measures (thompsonphine.com, 2020)
such as (a) Health & Safety Measures, (b) Labor & Employment Mea-
sures, (c) Economic Measures, (d) Export/Import Measures. They
announced big budget packages, tax deferments, loans, and financial
Stimulus to support their citizens among financial crises triggered by
strict preventive measures. The new President elect of the USA, Joe
Biden has formulated a task force of healthcare experts and physicians to
take scientific studies and facts into consideration for shaping guidelines
and policies to curb the surge in COVID-19 cases.

As the temperature of northern hemisphere would drop in the month
of November, the 2nd wave of coronavirus is expected to affect countries
like Belgium, Canada, China, France, Germany, India, Japan, Mexico,
Russia, Spain, Sweden, Switzerland, and United Kingdom. However, in
the opinion of the Chinese Center for Disease Control and Prevention
(CDC), the 2nd wave of the coronavirus would be less worrying because
of the prior strict preventive measures taken by the countries around the
globe. This may be true for the COVID-19 cases in China which, suc-
cessfully managed 2nd wave of the coronavirus by mass testing and
contact tracing. Unfortunately, the second wave of the coronavirus has
already struck European countries dangerously. France, Italy and Spain
are recording more than 15,000 cases on the daily basis in the month of
October. Situation may get worse if effective measures are not taken
sooner. To this end, Spain and France are imposing partial and planned
lockdowns instead of complete shutdown to contain the virus, which
could be an effective approach to combat the virus.

9. Conclusion

The current coronavirus pandemic is unprecedented and requires
extraordinary efforts from the scientific community across the globe.
Incidentally, SARS, and MERS outbreaks have provided important in-
sights to understand SARS-CoV-2 pathogenesis and execute effective
therapeutic strategies to combat COVID-19. However, rigorous research
and human clinical trials of repurposed drugs and future vaccines are
required to authenticate the efficacy and safety of proposed treatment
options. Repurposed drugs such as Remdesivir, Favipiravir, and Dexa-
methasone, reportedly decreased fatality rates and improved recovery
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rates in several human clinical trials. Nonetheless, the development and
distribution of a safe and effective vaccine is a crucial preventive
strategy to limit the COVID-19 pandemic. In the meantime, preventive
measures imposed by governments and public corporations are proving
to be successful in containing the spread of SARS-CoV-2.
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