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SARS-CoV-2, the virus responsible for the COVID-19 pandemic, has been confirmed to be a new

coronavirus having 79% and 50% similarity with SARS-CoV and MERS-CoV, respectively. For a better

understanding of the features of the new virus SARS-CoV-2, we have discussed a possible correlation

between some unique features of the genome of SARS-CoV-2 in relation to pathogenesis. We have also

reviewed structural druggable viral and host targets for possible clinical application if any, as cases of

reinfection and compromised protection have been noticed due to the emergence of new variants with

increased infectivity even after vaccination. We have also discussed the types of vaccines that are being

developed against SARS-CoV-2. In this review, we have tried to give a brief overview of the fundamental

factors of COVID-19 research like basic virology, virus variants and the newly emerging techniques that

can be applied to develop advanced treatment strategies for the management of COVID-19 disease.

1. Introduction

In the last twenty years, coronaviruses have caused several
viral pandemics like severe acute respiratory syndrome (SARS)
caused by SARS-CoV in 2002–2003 and Middle East
respiratory syndrome (MERS) caused by MERS-CoV in 2012.1

In December 2019, several cases of some unknown type of
pneumonia were first observed in patients who were
admitted to a hospital of Wuhan city in Hubei province of
China.2 Later it was diagnosed that an unknown virus of the
coronavirus family was responsible for the disease.3 Further
analysis revealed that the virus is 79% identical to SARS CoV

and 50% identical to MERS CoV.5 In February 2020, the
coronavirus study group (CSG) of the International
Committee on Taxonomy of Viruses checked the novelty of
the virus and preliminarily named it as 2019 nCov. Finally,
after the further study based on taxonomy and phylogeny,
the novel coronavirus got its official name as SARS-CoV-2.6

The symptoms of COVID-19 or coronavirus disease 2019
are similar to the symptoms of common flu like sore throat,
fever, cough and fatigue. In some cases, these symptoms are
coupled with diarrhoea and vomiting. Around 260 million
people have been affected by this pandemic disease and
more than 5 million deaths have been reported worldwide to
date (https://www.worldometers.info/coronavirus/?utm_
campaign=homeAdvegas1?%22%20%5Cl%22countries).
Statistical data revealed that males are more prone to COVID-
19 infection than females7 and people of older age groups
(>55 years) with8 or without7 co-morbidities showed the
highest infection fatality ratio. In addition to the common
flu-like and respiratory distress symptoms, COVID-19 is now
proven to induce cellular immune deficiency, coagulation
activation, cardiac injury, hepatic injury, renal dysfunction
and multiorgan failure.8 Europe, Italy and Spain were severely
affected in early 2020. An epidemic peak started in the
middle of February 2020, which rapidly evolved into a global
pandemic.4 It has been reported that quite a large number of
infected persons showed varied manifestations, whereas
some showed no symptoms at all.6 A large majority of certain
patients' sub-groups predominantly experienced severe
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respiratory syndrome with interstitial pneumonia in both
lungs and acute respiratory distress.9,10 In such hospitalized
conditions with respiratory failure states, patients required
early and prolonged supply of mechanized ventilation.11 The
second wave of COVID-19 has been already affecting most of
the world. In India, the situation has become very harsh as
compared to the first wave. Starting in February, India
confirmed 10k to 20k new cases per day which have risen
exponentially to 300k to 400k cases per day (https://www.
worldometers.info/coronavirus/country/india/).

2. Taxonomy of SARS-CoV-2 and
disease spectrum

The coronavirus study group has identified the SARS-CoV-2
virus on the basis of phylogeny and taxonomy and confirmed
the virus as a descendent of the severe acute respiratory
syndrome coronavirus. (The taxonomic classification of SARS-
CoV-2 being the order: Nidovirus, family: Coronaviridae, sub-
family: Orthocoronaviridae, genus: Betacoronavirus and sub-
genus: Serbecovirus).12

SARS-CoV-2 has an incubation period of about 14 days
with a median of 4–5 days,13 whereas SARS-CoV has an
incubation period of 2 to 7 days with a median incubation
period of 4 days14 (Fig. 1).

The impact of an epidemic relies on some factors like the
number of infected persons, transmissibility of the infection
and spectrum of clinical severity. To control an epidemic or
pandemic, some of the factors need to be taken into
consideration: [i] the full spectrum of disease severity which
ranges from asymptomatic to symptomatic-but-mild, to severe

requiring hospitalization and to fatal, [ii] transmission of the
virus, [iii] identification of infectors, age, illness severity, and
risk of transmission to others particularly the role played by
the asymptomatic or pre-symptomatic individual in
transmission and [iv] the duration of virus presence in
respiratory secretions, with severe illness and death.15

3. Structure of SARS-CoV-2

In 1965, June Almeida and David Tyrrell first used the name
‘corona’ to name coronaviruses, which means ‘crown’ or
‘wreath’ in Latin due to the presence of crown-shaped spike
protein. Like other coronaviruses, SARS-CoV-2 viral particles
are spherical in shape ranging from 50 to 200 nm in
diameter.16,17 Coronaviruses are protected by a lipid bilayer
envelope, to which the envelope proteins, membrane proteins
and spike proteins are anchored,18 whereas the nucleocapsid
proteins (SARS-CoV-2) bind with the virion19 RNA (Fig. 2).

3.1 Genome

Coronaviruses have the largest genomes of all known RNA
viruses that incorporate ∼30 kb genomes inside the
enveloped capsid. These viruses have variations among the
genome due to significant alterations in the structure and
morphology of the nucleocapsids of virions.16 RNA viruses
are those viruses that use RNA (ribonucleic acid) as their
genetic material.19 The genetic material of RNA viruses is
mostly single-stranded RNA (ssRNA) but in some cases,
double-stranded RNA (dsRNA) is also present.20 According to
sense or polarity, RNA viruses are mainly of two types,
negative-sense and positive-sense. The viral RNA of positive-

Fig. 1 Taxonomical and epidemiological comparison of SARS-CoV-2, MERS CoV and SARS CoV.
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sense RNA viruses is similar to mRNA and thus can be easily
translated by the host cell, whereas the viral RNA of negative-
sense RNA viruses is complementary to mRNA and for
translation, the negative-sense RNA firstly needs to be
converted to positive-sense RNA by the RNA-dependent RNA
polymerase (RdRp). Ambisense RNA viruses contain at least
one ambisense segment in their RNA and can translate genes
from both the positive and negative strand.21

SARS-CoV-2 is a positive-sense single-stranded RNA virus22

of subgenus sarbecovirus (beta-CoV lineage B).23 Among the
known beta coronaviruses, SARS-CoV-2 is unique in the
aspect of the presence of a polybasic cleavage site, which is
responsible for its severe transmissibility.24,25 From all the
available data, it is now confirmed that the genome size of
SARS-CoV-2 varies from 29.8 kb to 29.9 kb and its genome
structure is similar to the specific gene characteristics of
known CoVs; the 5′ region contains 5′ cap, leader sequence,
UTR, a replicase gene which is more than two-thirds of the
genome comprising ORF1ab that encodes ORF1ab
polyprotein, while the 3′ possesses genes for structural
proteins including spike (S), envelope (E), membrane (M),
and nucleocapsid N proteins and accessory protein, 3′ UTR,
and a poly-A tail26 (Fig. 2). Replicase polyprotein 1ab is a
multifunctional protein, which is involved in the
transcription as well as replication of viral RNAs. It contains

the proteinases responsible for the cleavages of the
polyprotein.

3.2 Proteins

Viral proteins are usually classified into 3 groups according
to their functions i.e., structural proteins, non-structural
proteins, regulatory proteins and/or accessory proteins.27

3.2.1 Structural proteins. The viral structural proteins
make up the envelope or the protection of the virus. Most of
the viruses have a protein capsid protecting the nucleic acid
genome, but some viruses have an additional outer layer with
glycoprotein spikes.

3.2.1.1 Spike glycoprotein. SARS-CoV-2 spike protein has
two subunits, S1 and S2, that are non-covalently joined and
form surface homotrimers. Subunit S1 binds to the host cell
membrane by interacting with human ACE2 and CLEC4M/
DC-SIGNR receptor.28 S2 mediates the viral entry by fusion of
the viral membrane and host cell membrane by acting as a
class I viral fusion protein.29 The most important
characteristic of spike protein is that it has a functional
polybasic (furin) cleavage site at the S1–S2 by the
incorporation of 12 nucleotides.25 Spike protein forms three
conformational states during host cell entry: native state,
hairpin intermediate state, and post-fusion hairpin state.

Fig. 2 Structure of SARS-CoV-2 and organisation of the important genes in its genome.
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Spike protein is cleaved and activated by TMPRSS2, which is
a transmembrane serine protease present in the host cell.30

Spike glycoproteins of SARS-CoV-2 possess some new
glycosylation sites such as NGTK, NFTI, NLTT, and NTSN
compared to SARS CoV. They also found that the SARS CoV
and SARS-CoV-2 spike glycoproteins also share some
common glycosylation sites such as NITN, NGTI, NITN,
NFSQ, NESL, NCTF and NNTV.30 The spike protein of both
strains of coronaviruses has 346 amino acid residues and
76% sequence identity.31 Glycan parts on S protein have been
reported to help in escaping from the host immune response
by masking “nonself” viral peptides with “self-glycans”, and
glycosylation of S protein is also important for virus–receptor
interactions, and in antibody production, as well as
indications for vaccine development.32

3.2.1.2 Envelope protein. Envelope proteins of CoVs play
multiple roles in virus pathogenesis,33 assembly,34,35 and
viral release.36 It establishes an ion transport channel by self-
assembling in host membranes and forming pentameric
protein-lipid pores.37 SARS CoV and SARS CoV-2 envelope
proteins have a sequence identity of 94.7%.31

3.2.1.3 Membrane protein. The main importance of viral
membrane protein is its active participation in viral
assembly.38 The M protein interacts with many viral proteins
like the N protein to encapsulate the RNA genome.39 The
SARS-CoV-2 M protein has 222 amino acids which have one
amino acid more compared to the SARS CoV M protein. Both
proteins have 90.5% sequence identity.31

3.2.1.4 Nucleocapsid proteins. Coronavirus nucleocapsid (N)
proteins directly bind to the viral RNA. The N protein of
coronaviruses plays a fundamental role in virion assembly by
interacting with the viral genome and the membrane
protein.40 An N protein plays an important role in packaging
the viral RNA into a helical ribonucleocapsid protein (RNP)
and enhances the efficiency of viral genomic replication. The
nucleocapsid protein of SARS CoV was also found to inhibit
the activity of the cyclin-dependent kinase (CDK) complex.41

SARS-CoV-2 N protein has 419 amino acid residues which are
three amino acids less than the N protein of SARS CoV. The
N proteins from SARS CoV and SARS CoV-2 have 90.5%
sequence identity.31

3.2.2 Non-structural proteins. Recently, efforts have been
made to consider non-structural proteins of SARS-CoV-2 as
targets through repurposing drugs.42 Apart from the
structural proteins, the SARS-CoV-2 genome expresses several
nsps (non-structural proteins) (Fig. 2). Viral nsps are encoded
by the genome of the virus but are not assembled in the
virion; they are expressed in the infected cells. The nsps of
SARS-CoV-2 play various vital roles in the life cycle of SARS-
CoV-2.32 The nsps include various enzymes and transcription
factors that the virus uses to replicate itself, such as a viral
protease (Mpro or nsp 5), RNA, or other template-directed
polymerases (RdRp or nsp 12). Other nsps like nsp1 interact
with the 40S ribosome to degrade host mRNA, whereas nsp2
interacts with host prohibitin 1 (PHB1) and prohibitin 2
(PHB2) (prohibitin 1 and prohibitin 2 are highly expressed in

mitochondrial function dependent cells). These two proteins
assemble at the mitochondrial inner membrane to form a
supra-macromolecular structure that regulates mitochondrial
metabolism finally determining the lifespan of a cell43 and
disrupts the host cell environment by playing a role in host
cell survival signaling. Some of these non-structural proteins
like nsp3 or PLpro, nsp4 and nsp6 are known to play a key
role in the assembly process of membrane vesicles that are
essential for viral replication. Several nsps like nsp7, nsp8
and nsp12 or RdRp form a complex that is responsible for
nucleotide polymerization in SARS-CoV-2. Another important
nsp i.e., nsp 13 possesses helicase activity that is essential for
translation and splicing of mRNA. nsps also function in
immunomodulation and transactivation of encoding genes of
viral structural protein.26

3.2.3 Accessory proteins. Viral regulatory and accessory
proteins are a broad category of viral proteins that indirectly
affects the function, biological processes and activities of a
virus.27 Many of the proteins in this category serve multiple
functions like regulating the expression of viral genes and
modification of host cell functions. The SARS-CoV-2 genome
(Fig. 2) expresses 9 accessory proteins, encoded by the
ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF14,
and ORF10 gene. In a recent study, it has been observed that
ORF6, ORF8 and ORF3b can inhibit the IFN β and NF-κB
interferon signaling pathway, which benefits the viral
replication in the early stages of SARS-CoV-2 infection by
delaying the IFN release.44 ORF 3a of SARS-CoV-2 has been
found to induce apoptosis in the host.45

4. SARS CoV-2 variants

It is already evident that a mutation, i.e., D614G, increases
the ability of the SARS-CoV-2 virus to spread more quickly
than the wild-type one.46,47 The D614G mutation, i.e., aspartic
acid to glycine substitution at the 614th position within the
spike protein, disrupts the hydrogen bond interaction with
T859, which not only weakens the stability of the spike
protein trimer but also shortens the distance between the
backbone amino acid residue at the 614th position and the
backbone carbonyl group of the residue at the 647th position
that stabilizes the C terminal domain of the protein. This
change leads to an open conformation of the spike protein
and increases the availability of the spike trimer in the
conformation that promotes the efficiency of the spike
protein to bind with ACE 2.48 Recent studies confirmed that
the D614G mutation has become dominant in the COVID-19
pandemic since Aug 2020.46,48,49 The WHO Virus Evolution
Working Group (VEWG) has detected potential SARS-CoV-2
variants and marked them as variants of concern (VOC) that
are already found to decrease the effectiveness of available
diagnostics, therapeutics, vaccines, etc. and variants of
interest (VOI) that are suspected to be responsible for
community transmission or multiple COVID-19 cases/clusters
or have been spread to multiple countries (tps://www.who.int/

RSC Medicinal ChemistryReview

http://www.who.int/docs/default-source/coronaviruse/risk-comms-updates/update60_nomenclature-variants.pdf?sfvrsn=27fc6fa_4


RSC Med. Chem., 2022, 13, 647–675 | 651This journal is © The Royal Society of Chemistry 2022

docs/default-source/coronaviruse/risk-comms-updates/
update60_nomenclature-variants.pdf?sfvrsn=27fc6fa_4).

4.1 Alpha variant or B.1.1.7

This variant first emerged in the UK in September 2020 and
has already invaded the USA, Canada and some other
countries (https://www.who.int/csr/don/21-december-2020-
sars-cov2-variant-united-kingdom/en). The variant has eight
novel mutations i.e., HV 69-70del, Y144del, N501Y, A570D,
P681H, T7161, S982A, and D1118H. The 69/70 deletion leads
to a conformational change in spike protein. The P681H
mutation near the furin cleavage site may have an impact on
its enhanced transmissibility. Besides all these mutations,
another mutation in the 27th position of ORF8 i.e., Q27stop
was also observed in this variant.50 The variant showed
increased, more efficient and rapid transmission than the
wild type although there is no evidence of any impact on the
severity of the disease or vaccine efficacy.51 However, in a
recent study, Wu et al. showed that sera from the phase 1
participants of the mRNA-1273 vaccine were able to
neutralize the B.1.1.7 variant to the same level as the D614G
variant.52 Reduction in the neutralization titers was observed
against B.1.1.7 by convalescent sera generated in early
variants of SARS-CoV-2 and sera from Pfizer–BioNTech and
Oxford-AstraZeneca vaccinated individuals.53

4.2 Beta variant or B.1.351

This variant was first identified at Nelson Mandela Bay,
South Africa in October 2020 and became the predominant
variant till now.54 Like the B.1.1.7 variant, this variant also
possesses N501Y mutation but not 69/70 deletion. The eight
mutations that the variant carries are L18F, D80A, D215G,
R246I, K417N, E484K, N501Y, and A701V, in addition to the
D614G mutation.55 It has been observed that the E484K
mutation may affect the neutralization by some polyclonal
and monoclonal antibodies56,57 and showed a 5-to-10-fold
reduction in neutralization with sera from NHPs, immunized
by mRNA-1273.58 In another study, Edara et al. observed that
sera from previously infected and convalescent COVID-19
patients can reduce by 3-fold the binding affinity of antibody
titers to the B.1.351 variant receptor-binding domain of the
spike protein and can also reduce by 3.5-fold the
neutralization of antibody titers against the SARS-CoV-2
B.1.351 variant compared to the B.1 variant.59 B.1.351 was
found to be more resistant to neutralization by convalescent
plasma (9.4-fold) and sera from vaccinated individuals (10.3–
12.4-fold).60

4.3 Gamma variant or P.1

The SARS-CoV-2 epidemic in Brazil is dominated by two
lineages, designated as B.1.1.33 and B.1.1.28. But a new
variant that has recently circulated in Brazil is B.1.1.248 or
P.1 which is a sub-variant of the B.1.1.28 lineage61 and is
being known as the or gamma variant or Brazilian variant.
The gamma variant has 17 unique mutations, 10 of which

are in the spike protein (L18F, T20N, P26S, D138Y, R190S,
K417T, E484K, N501Y, H655Y, and T1027I).61 A recent study
showed that this variant is capable of reinfecting the
individuals of Manaus city in the Amazon region and
Salvador, Bahia state of northeast Brazil, who were already
recovered from COVID-19 pre-infection. This case of re-
infection is raising the concern about the neutralizing ability
of already developed vaccines against this variant.62 A lower
neutralizing capacity (8·6 times) with plasma from
individuals previously infected with SARS-CoV-2 and
inefficient neutralization with plasma samples collected from
CoronaVac vaccinated individuals against the P.1 isolates
were observed.

4.4 Epsilon variant or CAL.20C or B.1.429 and B.1.427

The SARS-CoV-2 epsilon variant or CAL.20C or B.1.429 and
B.1.427 was first identified in July 2020, in Southern
California contemporaneously with the local surge in cases.
This variant is defined by 3 mutations in the S protein unlike
the clade 20G, which is the main reported clade in North
America. This variant is defined by 5 mutations, 2 in ORFs
(I4205V at ORF1a and D1183Y at ORF1b) and 3 in spike
protein (S13I, W152C, and L452R). The prevalence of this
variant has increased in the state of California. The L452R
mutation in S protein is within a known receptor binding
domain that has been found to be resistant to certain spike
(S) protein monoclonal antibodies. Reduced neutralization by
convalescent sera and BNT2b2, mRNA1273 vaccine-elicited
sera was observed when compared to non-VOC/VOI
variants.63

4.5 Delta variant or B.1.617.2 and Delta+ variant or
B.1.617.2.1

The delta variant was first found in India and has T19R,
(G142D), 156del, 157del, R158G, L452R, T478K, D614G,
P681R, and D950N mutations in spike protein. The variant
has now spread in 54 countries including the UK and USA.
B.1.617.2 has now become the most dominant VOC of SARS-
CoV-2 in England, having a presence of over 90% of all new
cases. This variant has shown a 64% increase in
transmissibility as compared to variant B.1.1.7.64,65 This VOC
also showed reduced neutralization by post-vaccination sera
and monoclonal antibody treatments.66

The Delta Plus, which first emerged in India, has now
spread to more than 20 countries including the United States,
England and Japan. This variant has unique mutation
profiles, compared to the delta variant. Besides the signature
mutations in spike (G142D, A222V, and T95I), three
mutations in spike (K417N, V70F, and W258L) were
exclusively found in the Delta Plus variant. Structural
analyses showed that another five key mutations (T95I,
A222V, G142D, R158G, and K417N) are more frequent in the
Delta Plus variant. These mutations may alter the
interactions with antibodies and strengthen the structural
conformation of the virus. The delta variant is found to be
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less sensitive to sera from naturally immunized individuals,
whereas humoral immune response above the threshold of
neutralization was observed with sera from vaccinated pre-
infected individuals. Vaccines from Pfizer and AstraZeneca
showed three to five-fold lower potency compared to the
alpha variant.66

4.6 Omicron variant or B.1.1.529

Very recently, another most divergent variant has changed
the trajectory of the pandemic after its first identification
on 24th November 2021. The WHO designated the new
variant as Omicron (or B.1.1.529), on the advice of the
WHO's Technical Advisory Group on Virus Evolution. The
variant possesses a very high number of mutations in the
spike protein resulting in 30 amino acid changes in the
spike protein and out of which, 15 are located in the RBD
domain. In addition, there are three deletions and three
insertions in the N-terminal domain of the spike protein.
There is considerable uncertainty about its transmission
ability, pathogenesis and the efficacy of the existing
vaccines in place. Based on the mutation profile, it is not
unlikely that the Omicron may be linked to immune escape
(Fig. 3) (https://covdb.stanford.edu/page/mutation-viewer/
#omicron). The original variant of SARS-Cov-2 has a R0 of
2.5, while the same for the delta variant (B1.617.2) is
around 7 and Omicron's R0 could be as high as 10 (R0 is a
mathematical term that indicates how contagious an
infectious disease is and is also referred to as the
reproduction number). R0 describes the average number of
people (who were previously free of infection and have not
been vaccinated) who are going to contract a contagious
disease from one person with that disease. As Omicron has
a R0 value of 10, a person who has the disease will
transmit the disease to an average of 10 other people.67

While there is still much to be observed about the
transmissibility of Omicron, available data suggest that this
variant is significantly more transmissible than the delta
variant and also capable of significant immune evasion.
However, in a recent study, Zhao et al. found that the
replication and fusion activity of the Omicron variant is
much less dependent on TMPRSS2, compared to the delta

variant which suggests that the Omicron variant may have
poor replication activity in the lungs.68 In addition to
multiple mutations in the receptor-binding domain (RBD),
Omicron also exhibits mutations at the N-terminal domain
that are associated with increased infectivity, more efficient
cell entry and immune evasion. In the Omicron variant, the
SAg motif of SARS-COV-2 has two mutations, N679K and
P681H (Fig. 3). Thus the sequence of Omicron-SAg becomes
(678)TKSHRRARSVASQ(690). This would significantly alter
the polar characteristics and plausibly its interactions with
others. But to scrutinize its possible impact on the SAg
characteristics, more work in this direction would be
required. Although the information is still emerging, it now
appears certain that Omicron maybe 2 to 3 times more
transmissible than delta.69 Recent studies on the ability of
RBD neutralizing antibodies (NAbs) to escape the mutation
profile of 247 human anti-RBD Nabs have shown that 85%
of the tested NAbs were escaped by Omicron.70 The World
Health Organization (WHO) has said that this variant has
now spread in 57 countries. The WHO is coordinating with
researchers around the world to assess its transmissibility,
the severity of infection (including symptoms), the
performance of vaccines and diagnostic tests, and the
effectiveness of the treatments.

4.7 Other variants of interest

In addition to these variants, there are some other variants
of SARS-CoV-2 that are circulating, have some unique
mutations and have increased transmissibility compared to
the wild-type variant of SARS-CoV-2. The WHO labeled
these variants as zeta or P.2, eta or B.1.525, iota or B.1.526,
kappa or B.1.617.1 and Mu or B.1.621 and B.1.621.1
(Table 1).

5. Viral entry

The entry of SARS-CoV-2 is mediated by its spike protein.
Like many other coronaviruses, the S glycoprotein of SARS-
CoV-2 is cleaved into two subunits S1 and S2 but only when
they reach the host cell, whereas the entry glycoprotein of
some viruses like HIV-1 and influenza is cleaved into two
subunits during their biosynthesis or before the release of

Fig. 3 Mutations in the spike glycoprotein, Omicron variant B.1.1.529 (Source: Stanford University Coronavirus Database).
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the newly formed virus from the host cell. The spike protein
of SARS-CoV-2 consists of two subunits, S1 and S2. The S1
subunit binds to ACE 2, whereas the S2 subunit attaches the
spike protein to the membrane. Viral entry by glycoproteins
engaging receptors needs additional processes that bring
some conformational changes in the glycoprotein which
helps to form fusion pores by bringing the viral and cellular
membranes together. In the case of SARS-CoV-2, the ACE 2
and S protein engagement facilitates the cleavage of an
additional site i.e., the S2′ site is internalized to the S2
subunit of S protein71 (Fig. 4). The cleavage of the S2′ site is
mediated by TMPRSS2 at the cell surface or cathepsin L in

the endosomal compartment ensuring the ACE 2 mediated
endocytosis, followed by the release of the fusion peptide
composed of 20–25 residues initiating the fusion pore
formation. As this pore forms and expands, the viral genome
can access the host cell cytoplasm to initiate the process to
replicate further.72 Recent studies have shown that there are
several additional molecules other than ACE 2 which have
been suggested to serve as alternative receptors for SARS-
CoV-2. CD147, a transmembrane glycoprotein that is
expressed in epithelial and immune cells, has been proposed
to be an alternative receptor for SARS-CoV-2 infection.73

Another factor neuropilin 1 (NRP1) has been shown to

Table 1 SARS-CoV-2 variants and their characteristics

WHO
label of
variants Pango lineage

First
reported
site

First
reported
time

Notable major
mutation site

Transmissibility
compared to
non-VOC/VOI

Neutralizing antibody activity compared to
non-VOC/VOI

Alpha B.1.1.7, B.1.1.7
with E484K
mutation and Q
lineages

UK September
2020

D614G, 69–70
del, N501Y,
P681H and
E484K

+29% Reduction in the neutralization titers against
B.1.1.7 by convalescent sera generated in early
strains of SARS-CoV-2 and sera from Pfizer–-
BioNtech, Moderna, and Oxford-AstraZeneca
vaccines

Beta B.1.351 South
Africa

December
2020

K417N, E484K,
N501Y

+25% B.1.351 is markedly more resistant to
neutralization by convalescent plasma (9.4-fold)
and sera from individuals who have been
vaccinated (10.3–12.4-fold)

Gamma P.1 Brazil December
2020

K417T, E484K,
N501Y

+38% Plasma from individuals previously infected with
SARS-CoV-2 had an 8·6 times lower neutralizing
capacity against the P.1 isolates and inefficient
neutralization of P.1 isolates was seen with
plasma samples collected from individuals
vaccinated with doses of CoronaVac

Delta
and
Delta+

B.1.617.2 (Delta) India October
2020

L452R, T478K,
P681R

+97% Less sensitive to sera from naturally immunized
individuals, whereas sera from vaccinated
pre-infected individuals boosted the humoral
immune response to well above the threshold of
neutralization. Pfizer and AstraZeneca vaccines
showed three- to five-fold lower potency compared
to the alpha variant

B.1.617.2.1 or
AY.1 (Delta+)

K417N, V70F,
L452R, T478K
and W258L

Epsilon B.1.429 and
B.1.427

California,
USA

July 2020 S13I, W152C,
L452R

+19–+24% Reduced neutralization by convalescent sera and
BNT2b2, mRNA1273 vaccine-elicited sera

Zeta P.2 Rio de
Janeiro,
Brazil

April and
November
2020

E484K, but not
the N501Y and
K417T

Not defined Decreased neutralisation of 5.8-fold for
Pfizer–BioNTech COVID-19 vaccine (BNT162b2)
and 2.9-fold for Moderna COVID-19 vaccine
(mRNA-1273)

Eta B.1.525 UK December
2020

E484K and
F888L

+29% BNT162b2 vaccine-elicited antibodies showed a
similar neutralization effect on B.1.1.7

Iota B.1.526 New York,
USA

November
2020

E484K, S477N,
N501Y

+35% This variant is partially or completely resistant to
two therapeutic monoclonal antibodies in clinical
use and less susceptible to neutralization by
convalescent plasma or vaccine sera

Kappa B.1.617.1 India October
2020

L452R, D614G,
P681R, E484Q

+48% Showed similar neutralization with the alpha
variant against B.1.617.1 with sera of vaccinated
individuals by Covaxin or Covid 19 recovered
cases

Mu B.1.621 and
B.1.621.1

Colombo,
Sri Lanka

January
2021

E484K, N501Y,
P681H, K417,
R346K and
D950N

Not defined Mu variant is highly resistant to sera from
COVID-19 convalescents and
BNT162b2-vaccinated individuals

Omicron B.1.1.529 South
Africa

November
2021

E484A, Q493R,
T478k, N501Y,
Q498R

2–3 times more
transmissible
than other
variants

Recent studies on the ability of RBD neutralizing
antibodies (NAbs) of 247 human anti-RBD NAbs
have shown that 85% of the tested NAbs were
escaped by Omicron
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promote S1 shedding through the furin-cleavage site and
expose the S2′ site to TMPRSS2.74 BOAT 1, a natural amino
acid transporter, has also shown some possibility to
contribute to SARS-CoV-2 infection, although additional
studies are needed to confirm its role.75 Other factors like
C-type lectins, CD209 (DC-SIGN) and CD209 L (L SIGN) also
promote the entry of SARS-CoV-2 in the host cell.76,77

6. Pathogenesis of host immune
response in COVID-19 patients
6.1 Super antigenic entity and cytokine storm

A hyperinflammatory syndrome reminiscent of toxic shock
syndrome (TSS) was observed in severe COVID-19 patients
and Multisystem Inflammatory Syndrome in children (MIS-
C). TSS is typically caused by pathogenic superantigens,78,79

stimulating excessive activation of the adaptive immune
system. There are two types of superantigens that can be
observed, bacterial or viral. Bacterial superantigens like
staphylococcal enterotoxins B and H can bind to major
histocompatibility complex (MHC) class II (MHCII) molecules
and T cell receptors (TCRs) of both CD4+ and CD8+ T cells
separately or together. The characteristics of nonspecific

binding of the superantigens with TCRs enable large-scale T
cell activation and proliferation which results in huge
production of IFNγ, TNFα, and IL-2 from T cells, and IL-1
and TNFα from antigen-presenting cells, leading to a
cytokine storm and toxic shock.83,86 It has been reported that
SARS-CoV-2 spike(s) glycoprotein contains a sequence and
structure motifs highly similar to those of bacterial
superantigens Staphylococcus enterotoxins and direct T cell
receptors. This interaction between the virus and human T
cells could be strengthened by a rare mutation (D839Y/N/E)
obtained from a European strain of SARS-CoV. It was
hypothesized that the skewed T cell receptor repertoire in
COVID-19 patients with severe hyper inflammation may be
associated with such a super antigenic effect. Notably, the
super antigenic motif is not present in other SARS
coronavirus families, which may explain the unique potential
of SARS-CoV-2 to cause both MIS-C and the cytokine storm
observed in adult COVID-19 patients with an important
implication for the development of therapeutic approaches.

6.2 Search for an additional super antigenic motif

Cheng et al.79 identified the superantigenic motif (SAg) in the
spike protein of SARS-CoV-2 as a stretch of residues that has

Fig. 4 Structural features and host cell entry mechanism of SARS-CoV-2. A. Interaction between the ACE II receptor and SARS-CoV-2 receptor
binding domain. B. Schematic representation of the mechanism of SARS-CoV-2 cell entry.
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substantial similarity with the superantigenic motif of
staphylococcal enterotoxin B (SEB) (Fig. 5). An alignment of
the primary sequences of the two motifs, available in the
article by Cheng et al.,79 is as follows:

SEB SAg: (150)TN‐KKKATVQELD(161)
SARS‐CoV‐2 spike: (678)TNSPRRARSVASQ(690)

In connection with this, another report by Cheng et al. also
suggested that 6D3 (an antibody that neutralizes the
superantigenic bacterial toxin SEB) may also be repurposed
as a mAb against SARS-COV-2 spike protein, as 6D3 is
capable of binding to the similar sequence motifs shared
by SEB and SARS CoV2 spike;80 the proposal was
substantiated by the available molecular structures and
modelling. At the same time, it raises the question,
whether similar motifs are also present elsewhere, in the
entire set of proteins of SARS-CoV-2 and if such an insert
is available elsewhere that could also serve as a backup tool
for the virus.

In pursuit of getting a clue towards this possibility, we
carried out a few protein-blast searches81https://blast.ncbi.
nlm.nih.gov/Blast.cgi), selecting the non-redundant protein
sequences and limiting the search only for COVID-19, while
keeping all other search criteria in standard settings. The
searches were carried out using two query sequences

separately; the first one was the SAg motif of SARS-CoV-2
itself and the second was the motif of the SEB SAg that was
used by Cheng et al.79 The search with the motif of the spike
protein did not identify any candidate with a significant
match, except the spike protein itself and thus
confirmed the absence of the same or similar motif
elsewhere in SARS-CoV-2 and the same fact was also
reported earlier.79 But the search with a subset of the
sequence of the SEB SAg79 distilled out the following
match with a motiff of the nucleocapsid phosphoprotein
(NPH) (GenBank ref: QTE05854.1) of SARS-CoV-2, with
70% identity:

SEB Ag = (152)KKKATV-QEL(160)
NPHs = (373)KKKADVTQAL(382)

The NPH is a structural protein of SARS-CoV-2 and it protects
and packs the RNA into the virus82 and is likely to be a
lucrative drug target. Obviously, a structural model of the
SARS-CoV-2 NPH with or without SAg neutralizing antibodies
would bring some more insight, but so far, the authors are
aware that there is no such structure available in the PDB;
neither is there any suitable template available for
constructing a reliable homology model of the NPH. To
intuitively create such a structural model, the available
coordinates (PDB ID 4RGN)83 of the SEB-6D3 complex were
suitably edited to graft the K(373)KKADVTQAL(382) motif of
the NPH by replacing the equivalent stretch of residues of
SEB. The resulting molecular model (Fig. 5) does not show
any steric conflict between residues and the impact of the
replacement of the motif seems to be comfortably absorbed.
However, this modelling only hints at the possibility of NPH-
6D3 (or similar) interactions based on an analogy with the
earlier report.80 A quantitative prediction would require more
work in this direction.

6.3 Macrophage activation syndrome and cytokine storm

However, the current studies state that most patients become
critically ill and die due to activation of macrophages
resulting in macrophage activation syndrome which causes
the release of a high amount of pro-inflammatory cytokines
such as interleukins (IL) leading to a cytokine storm,
interferons (IFN), lymphokines, chemokines, tumour necrosis
factors (TNF), and several other mediators.84–86 Severely
infected patients with acute respiratory distress syndrome
(ARDS) have elevated serum levels of IL-1B, IL-IRA, IL-6, IL-7,
IL-8, IL-17, IL-9, IL-10, granulocyte-macrophage colony-
stimulating factor (GM-CSF), fibroblast growth factor (FGF),
interferon-ϒ-inducible protein (IP10), macrophage
inflammatory protein-1α (MIP1α), monocyte chemoattractant
protein (MCPI), platelet-derived growth factor (PDGF), tumor
necrosis factor (TNFα) and vascular endothelial growth factor
(VEGF) (Table 2). Hojyo et al. showed that ARDS with cytokine
storms is the main cause of death due to COVID-19. Notably,
intravascular coagulation is one of the major causes of
multiorgan failure, which is mainly mediated by

Fig. 5 A. Interaction between 6D3 (in surface representation) and SEB
(in ribbon representation), with the side-chains of the SAg motif in
sticks, as obtained from the PDB (4RGN). B. The complex after
mutating the SAg motif residues to map the NPH residues (373 to 382)
into 4RGN.
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inflammatory cytokines, in particular, IL-6.87 A list of
common inflammatory cytokines and their epidemiology has

been shown in patients with SARS-CoV-2, compared to SARS-
CoV and MERS-CoV.

This physical process of a superfluity of cytokines is
termed as “cytokine storm” or hypercytokinemia which
brings havoc to the body such as septic shock, hemorrhage,
heart and lung failure and even multi-system organ failure.88

Cytokines are a set of small extra-cellular signaling
polypeptides released by various immune cells including
macrophages, lymphocytes and mast cells, as well as other
cell types such as endothelial cells for regulating a large
number of biological processes such as pro and anti-
inflammatory actions, cell proliferation, and innate and
acquired immune responses via cell surface receptors.89

During viral infections, immune cells sense the viral particles
and stimulate our immune system, releasing various
cytokines to fight off the virus, removing the infected cells

Table 2 Common inflammatory cytokines in patients with SARS-CoV-2,
compared to SARS-CoV and MERS-CoV

Inflammatory
cytokines

Expression

Covid 19 MERS SARS

TNF α High High High
IFN High Low High
MCPI High High Unknown
CRP High Not significant Not significant
IL6 High High High
IL1 High Unknown High
IL17 High High High
IL10 High High High

Fig. 6 IL-17A-mediated activation of different immunopathological factors. A. Covid-19 infection leading to pleural effusion, alveolar oedema, and
pulmonary fibrosis. B. Signalling transduction of IL-17A at alveolar epithelial cells of the lung. IL-17 induces inflammation by acting in synergy with
IL-6, IL-1 and TNF and by expressing chemokines such as CXCL1, CXCL5, and MMPs as it is not a potent inducer of inflammatory response. Along
with other chemokines and cytokines IL 17A generates a powerful inflammatory signal that results in a cytokine storm. C. Complications due to
the cytokine storm in Covid 19 patients.
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and repairing the injured tissue so that it does not spread to
other cells and this is a normal protective mechanism.88,90

However, when too many immune cells are recruited to do
such an activity, then cytokines become too abundant and
overproduced resulting in them attacking their own cells and
tissues instead of eliminating the virus. Once this process
called cytokine storm starts, it is very difficult to switch off,
leading to death of the infected person by affecting different
parts of the body, attacking healthy cells and tissues, eating
up red and white blood cells and damaging the liver, while
blood vessels get leaky, the lungs get filled with fluid and
blood pressure decreases; blood clots are also observed in the
body, finally choking blood flow resulting in septic shock,
hemorrhage, heart and lung failure and even multi-system
organ failure (Fig. 6).88–90

In the case of COVID-19, SARS-CoV-2 enters the host
cells, starts replicating which results in the formation of
progeny viruses and finally disintegrates the host cells to
spread to other cells resulting in the release of a large
number of cytokines in the lungs by alveolar macrophages
and epithelial cells. These cytokines form a feedback loop
to trigger the production of more pro-inflammatory
cytokines by inducing macrophages, monocytes, and T cells.

In the lung alveoli, IL-17A, IL-17F, IL-21 and IL-22 are
produced as signature cytokines by Th17 cells in response
to polarizing cytokines secondary to the presence of viral
infection (Fig. 6).

6.4 Coagulopathy

The incidence of thromboembolic disease is highly observed
in COVID-19 patients ranging from cutaneous to pulmonary
embolism and coronary to cerebral thrombosis. D-dimer and
prothrombin have emerged as the most important
biomarkers which have been analyzed at the time of hospital
admission due to COVID-19. A schematic illustration of the
implication of the COVID-19 coagulopathy cascade is shown
in Fig. 7.

Very recently, certain studies suggested that the effects of
supplementation with a biological response modifier (BRM)
may help to reduce the clinical severity and mortality due to
coagulopathy especially in vulnerable populations namely
Caucasian, African American and Hispanic elderly with co-
morbidities.91

A study of 178 patients from the Wuhan Huoshenshan
Hospital severe disease group showed a significantly lower

Fig. 7 Mechanism of coagulopathy disorder in Covid 19 patients and organ damage in Covid 19 patients.
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platelet count but a high D dimer value as compared to the
non-severe group. Similarly, the severe group also had highly
abnormal other coagulation parameters compared to the
non-severe group like prothrombin time (PT), disseminated
intravascular coagulation (DIC) rate, etc. In severe COVID-19
patients, the DIC rate has been increased to 6.1% from 0 in
the non-severe COVID-19 patients' group. The mechanism of
activation of the coagulopathy cascade in COVID-19 patients
remains unfathomable.94 However, some hypothesis has
emerged about the development of thrombocytopenia in
COVID-19 patients: (i) increased platelet destruction and
platelet consumption due to intravascular coagulation
disturbance; (ii) the decrease in platelet production which
may be due to the cytokine storm following the virus
infection that leads to the destruction of bone marrow
progenitor cells; (iii) platelet aggregation in the lungs,
resulting in microthrombi and platelet consumption. Finally,
the low platelet count resulted in an increased risk of DIC,
severe disease manifestation and also increased mortality
rate in COVID-19 patients.92,93

In some cases, it has been observed that the abnormal
coagulation parameters in COVID-19 patients increased the
risk of gastrointestinal and intracranial hemorrhage that may
occur due to the increased usage of anticoagulants.94,95

6.5 Specific race/ethnicity-based risk of coagulopathy

Studies suggest that Caucasians have a higher thrombotic
risk compared to other Asian populations. However, studies
on the USA population showed that the risk is even higher in
African-American and Hispanic patients. Very recently,
certain studies reported the effects of supplementation with
a biological response modifier (BRM) on the development of
clinical severity and reduction of mortality against the
background of coagulopathy especially in vulnerable
populations namely Caucasian, African American and
Hispanic elderly with predisposing factors.96

6.6 Genome-wide association study (GWAS) revealing genes
associated with the severity of COVID-19 disease

Genome-wide association study (GWAS) of severe COVID-19
was done to identify potential genetic factors in Italy and
Spain, with 835 patients, 1235 control from Italy and 775
patients, 950 control from Spain. A meta-analysis was
conducted on the basis of 8 582 968 single-nucleotide
polymorphisms.97 The investigating team detected a cross-
replicating association with rs11385942 at locus 3p21.31 and
rs657152 at locus 9q34.2 in COVID-19 patients with
respiratory failure, which was significant at the genome-wide
level. Locus 3p21.31 is composed of six genes, i.e., SLC6A20,
LZTFL1, CCR9, FYCO1, CXCR6, and XCR1. The insertion–
deletion GA or G variant rs11385942 is associated with
reduced expression of chemokine receptor gene CXCR6 and
increased expression of SLC6A20 (encodes a protein that
interacts with ACE II) and LZTFL1 (encodes Bardet–Biedl
syndrome (BBS) proteins also known as the BBSome protein

complex). The BBSome complex is known to function for
sorting a complex of specific membrane proteins to the
primary cilia and is also responsible for the regulation of
ciliary trafficking of the hedgehog signal transducer.98 The
complex also acts as a cargo adapter that recognizes signaling
proteins such as GPCRs and links them to the intraflagellar
transport machinery.99 The LZTFL1 gene is strongly
expressed in human lung cells.100 The association signal at
locus 9q34.2 found to be susceptible to the ABO blood group
locus showing a higher risk in blood group A than in other
blood groups but a protective effect was found in blood
group O.97

6.7 Coronavirus disease (COVID-19) associated mucormycosis
(CAM)

COVID-19-associated mucormycosis is a fungus infection
causing nasal or eye infection in COVID-19 patients.101,102

This is a very rare condition. The most common risk factor
among patients was diabetes. Most of the patients developed
the condition after hospitalization. Critically ill patients or
patients having a longer duration of hospital stays were more
likely to develop fungal co-infections.103 Some studies
suggested that the extensive use of steroids in COVID-19
management allowed opportunistic fungal infections to
colonize due to suppressed immunity.104 Amphotericin B, the
most common antifungal drug for the treatment of any kind
of mycosis,105 may be used for the treatment of coronavirus
disease (COVID-19) associated mucormycosis (CAM). Surgery
may also be needed in some cases.

7. Potential therapeutic targets

The therapeutic targets of SARS-CoV-2 (Fig. 8) can be
classified into two categories, ‘viral targets’ that are involved
in different pathways of the life cycle of the virus, and ‘host
targets’ that play some essential role in the viral life cycle
and factors that are involved in host immune response.

7.1 Viral targets

Most of the proteins of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are potential drug targets but
some of them are more important in the aspect of their
principal roles in the viral lifecycle and the absence of
human protein homologs like the spike protein, papain-like
protease (PLpro), chymotrypsin-like main protease (Mpro),
and RNA-dependent RNA polymerase (RdRp).106

7.1.1 Structural proteins as targets. SARS-CoV-2 showed a
different interaction pattern with ACE 2 compared with SARS
CoV.107 A total of 18 residues of the SARS-CoV-2 S receptor-
binding domain (RBD) instead of 15 residues of the SARS
CoV S RBD were found to interact with the 20 residues of
ACE II. Some unique interactions like Q 493 of the S-receptor
binding domain and E35 of ACE II and K417 of the S-RBM
(receptor binding motif) and D 30 of ACE II allowed better
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stabilization of the complex compared to the SARS CoV
S-RBD and ACE II complex.108

These differences in the interaction may be responsible
for the severe transmissible and pandemic nature of the
virus. Several monoclonal antibodies (mAbs) that are
previously found to be effective against SARS CoV have been
investigated to check their activity against the SARS-CoV-2
RBD. But unfortunately, the majority of them were unable to
bind to the SARS-CoV-2 RBD.109,110 Meanwhile, a SARS CoV-
specific human mAb, CR3022, binds potently with SARS-CoV-
2.111 Another mAb targeting the S1 subunit of spike protein
inhibited both SARS-CoV-2 and SARS-CoV infections.112

Wang et al. proposed a novel route for virus entry that
involves an immunoglobulin-like host-protein CD147 that is
previously known for its role in the entry process of
Plasmodium falciparum which causes malaria113 which may
correlate with the activity of hydroxychloroquine though
contradictory against SARS-CoV-2. An anti-CD147 humanized
antibody, meplazumab, has preliminarily shown activity for
inhibiting virus entry.113 A peptide named CP-1 has been
found to block the virus–cell fusion process by binding with
S1.114 Lipopeptides EK1C4 and IPB02 which have been
designed as fusion inhibitors of pan-coronavirus were found
to efficiently inhibit SARS-CoV-2 entry115 (Fig. 8).

The nucleocapsid protein of SARS-CoV-2 can be a crucial
drug target due to its critical function in the viral life cycle.116

In a recent study, Caly et al. showed that the FDA approved
drug ivermectin is capable of inhibiting the N protein of
SARS-CoV-2. They hypothesized that ivermectin may inhibit
the viral replication of SARS-CoV-2 through inhibition of
IMPα/β1-mediated nuclear import of viral proteins.117 Some
in silico studies also showed that several natural compounds
may significantly bind with SARS-CoV-2 nucleocapsid

protein.118,119 In the process, top-ranked compounds are not
yet tested in humans but docking a repurposing library, with
billions of compounds, can result in the discovery of a useful
deployable new antiviral compound on cells and in animals
(Fig. 9).

The SARS-CoV-2 envelope protein is the most neglected
protein among all the structural proteins. In a recent study,
SARS-CoV-2 E protein has been shown to form a cation
channel that is lethal to host cells. Some natural compounds
(BE12 or berbamin, BE30, BE31, BE32, BE33) were also
assessed to check their inhibition efficacy on the envelope
protein of the virus.120 Brom Ac, a combination therapy of
bromelain & acetylcysteine, has also shown a disintegrating
effect on the envelope as well as spike protein of SARS-CoV-
2.121 In an in silico study, belachinal, macaflavanone E, and
vibsanols have also shown an inhibitory effect on SARS-CoV-2
envelope protein.64

Till now no such study has been reported on the
membrane protein of SARS-CoV-2, although it can be a good
target for vaccine production.

7.1.2 Non-structural proteins as targets. Non-structural
proteins (nsps) of SARS-CoV-2 present different crucial
functions in the viral life cycle just like other coronaviruses.
In this article, we will focus on Mpro, PLpro, RNA dependent
RNA polymerase (RdRp) and helicase due to their essential
role in the viral life cycle and infectivity.

7.1.2.1 Mpro and PLpro. Yang et al. have already
determined the crystal structure of SARS-CoV-2 Mpro and
performed structure-based virtual screening of different
chemical compounds that are already FDA approved and
other active compounds. They have identified eight
compounds that can inhibit Mpro.122 Some FDA-approved
drugs, ebselen, shikonin, tideglusib, and PX-12, are currently

Fig. 8 Viral and host targets and their inhibitors against SARS-CoV-2 entry in the host cell.
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in clinical trials or preclinical studies123 to use against
3CLpro. Lopinavir–ritonavir is already recommended for use
against the viral protein.124 In another study, Zhang et al.
have designed a range of α-ketoamide inhibitors of SARS-
CoV-2 3CLpro. Several in silico studies have also suggested a
lot of potential natural compounds and FDA-approved drugs
that can bind and inhibit SARS-CoV-2 3CLpro.125–129

Paxlovid™ (PF-07321332 + ritonavir), a new antiviral by
Pfizer against Mpro, showed robust antiviral activity even
against the current VOC omicron and received EUA
(emergency use authorization) from the FDA. PF-07321332 is
a novel SARS-CoV-2 MPRO inhibitor with potent oral
bioavailability which alone showed promising results in
preclinical studies with significantly low toxicity. In order to
achieve maximal potency in clinical trials, PF-07321332 was
combined with ritonavir, an anti-HIV drug, which slowed the

metabolism of PF-07321332 by inhibiting cytochrome 450
enzymes. The interim data of a clinical trial with paxlovid
showed significantly reduced COVID-19 related
hospitalization requirements. Several other clinical trials with
paxlovid are being conducted around the world and the
outcomes could suggest full implementation of paxlovid on
infected patients.130–132

No in vitro or in vivo study against PLpro has been found
during the preparation of this manuscript but several in silico
studies have been performed in search of potential
compounds against PLpro.133–136

7.1.2.2 RdRp. RdRp is the most crucial enzyme in the RNA
virus family as it mediates the transcription and replication
of the RNA genome during infection which facilitates the
chance to use it as a drug target. Several adenosine analogs
like avifavir, remdesivir and favipiravir are already
recommended to treat COVID-19 patients.137–140 A molecular
study suggested that nucleotide analogs like sofosbuvir,
alovudine, tenofovir alafenamide, AZT, abacavir, lamivudine,
and emtricitabine can inhibit SARS-CoV-2 RdRp.141 Recently
another molecule, molnupiravir (MK-4482, EIDD-2801) or
N-hydroxy-5′-O-(2-methyl propanol)-3,4-dihydrocytidine that
received EUA from the FDA, showed promising results in
prevention of severe SARS-CoV-2 infections when initiated
within 5 days of the onset of symptoms and reduced the
event of hospitalization and death through day 29
(molnupiravir for oral treatment of COVID-19 in non-
hospitalized patients); similar to other nucleoside analogs,
this molecule targets SARS-CoV-2 RdRp which in turn
inhibits proper replication and transcription.142,143 This
antiviral drug candidate hinders viral propagation by
inducing lethal mutations in the genome of the virus. In
contrast to the established nucleoside analog 5-fluorouracil,
molnupiravir is resistant to exoribonuclease-mediated
proofreading activity.144 This makes the molecule an
attractive drug candidate against COVID-19. Gordon et al.
and Kabinger et al. separately investigated the selective
incorporation of molnupiravir triphosphate (MTP) in the viral
transcript. They found that MTP competes most effectively
with CTP for incorporation in the viral RNA.145,146

7.1.2.3 Helicase. Like RdRp, the helicase of SARS-CoV-2 is
one of the important enzymes that is involved in viral
replication. An in silico drug repurposing study showed that
cangrelor, pemetrexed, fludarabine, cidofovir and ribavirin
can bind with the ATP binding site of the protein.147 Some
other in silico studies also suggested some potential helicase
inhibitors against SARS-CoV-2 helicase.147–150

7.2 Host targets

7.2.1 ACE II. Like SARS CoV, SARS-CoV-2 also utilizes ACE
II (Fig. 4) as its main receptor to enter the host cell.151 ACE
catalyzes the formation of Ang II from Ang I by proteolytic
cleavage of Ang I which is an important process in the renin–
angiotensin system (RAS) which is involved in the
maintenance of blood pressure in mammals.152 ACE 2 is

Fig. 9 Schematic representation of the probable cascade of drug
development against Covid 19. Drug development with an in silico
study like docking a repurposing library with billions of compounds
can recognize several natural compounds that significantly bind with
SARS-CoV-2 proteins and the top-ranked compounds can be tested in
humans after successive in vitro and in vivo studies, which can finally
lead to the discovery of useful new antiviral compounds against SARS-
CoV-2.
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expressed in vascular endothelia, gastrointestinal system,
heart, and kidney.153 Several strategies have been
hypothesized and devoted to inhibiting the SARS-CoV-2
spike–ACE II interaction. In that sense, though controversial,
angiotensin receptor blockers like captopril, valsartan,
losartan and telmisartan can be used for COVID-19
therapy.154 The “brace corona clinical trial” on ACE II
inhibitors has already suggested that the use of these ACE II
blockers is safe for COVID-19 patients.155 Another hypothesis
has been proposed, that is, the delivery of soluble
recombinant ACE II can be effective for neutralizing the
virus–receptor interaction. The proposed mechanism is that
the soluble human enzyme ACE II or APN01 will imitate the
ACE II receptors present in the organs of the human body
which will help to eliminate the virus from the body as a
complex with recombinant ACE II receptors.156,157

7.2.2 TMPRSS2. TMPRSS2 is mainly expressed in the
gastrointestinal tract, but also in lower levels in several other
tissues like in the prostate, colon, stomach, salivary gland,
urogenital, and respiratory tracts.158,159 It has been previously
known that TMPRSS2 promotes viral spread and
pathogenesis by neutralizing antibodies and priming SARS
CoV spike protein for virus–cell receptor interaction.153,160 It
is now confirmed that SARS-CoV-2 entry is dependent on
TMPRSS2 that can be interfered with by the protease
inhibitor camostat mesylate.151 Another study from the same
researcher group revealed that nafamostat mesylate can block
SARS-CoV-2 spike protein activation more efficiently than
camostat mesylate.161 Viracept or nelfinavir mesylate, another
protease inhibitor prescribed for AIDS, suppresses SARS-CoV-
2 entry which may be through inhibition of TMPRSS2.162

Maggio et al. suggested repurposing of the TMPRSS2 protease
inhibitor due to the advantage of its pre-established clinical
use and low cost compared to camostat mesylate.163 Due to
the dependency of TMPRSS2 on androgens, it has been also
hypothesized that androgen receptor–inhibitory therapies
may reduce the susceptibility to COVID-19. The expression
modulation of TMPRSS2 by estrogens and androgens may
also correlate with the high infection rate in males.164

7.2.3 Cathepsin L. Cathepsin L is one of the important
cysteine lysosomal endopeptidase enzymes of the peptidase
C1 family which is involved in the initiation process of
protein denaturation.165 Cysteine peptidase inhibitors can be
peptide molecules such as pro-peptides and monoclonal
antibodies or compounds like aldehydes, ketones, α-keto
amides, α-keto-β-aldehydes, α-ketoacids, α-ketoesters,
nitriles, azapeptide nitriles, and thiosemicarbazones.166–169 It
was previously known that like TMPRSS2, cathepsin L also
cleaves SARS-CoV spike protein during the post-receptor-
binding stage followed by the virus entry into the host cell.170

In one of the earliest studies on SARS-CoV-2, Hoffmann et al.
showed that a CatB/L inhibitor, E-64d, can efficiently block
SARS-CoV-2 entry individually in the TMPRSS2− cell line and
in combination with camostat mesylate in the TMPRSS2+ cell
line.151 In another study, it has been observed that a
cathepsin L selective inhibitor, SID26681509, can also reduce

the entry of SARS-CoV-2 by more than 76%. Another
interesting observation was, SARS-CoV-2 entry is dependent
on cathepsin L but not on cathepsin B.171 Some cysteine
inhibitors like iCP (Napsul-Ile-Trp-CHO),172 KGP94 (ref. 173)
and a tetrahydroquinoline oxocarbazate derivative (CID
23631927)174 are yet to be evaluated against SARS-CoV-2.175

7.2.4 Furin. It is now known from some recent studies that
the high pathogenicity of SARS-CoV-2 is related to the
presence of a “furin-like cleavage site” (FCS) in the S
protein25 that makes it unique among the other
coronaviruses. Furin, a type 1 membrane-bound protease
expressed in multiple tissues, belongs to the subtilisin-like
proprotein convertase family.176 This family includes
proteases with specific roles in the secretory pathway. The
insertion of such cleavage sites in other CoVs, such as the
infectious bronchitis virus, increased the pathogenicity,
including neural symptoms in infected chickens.177 As furin
is highly expressed in the lungs, it is very likely to be involved
in SARS-CoV-2 infection, increasing its pathogenicity over
other sarbecoviruses, as they lack this cleavage site.178

Recently, it has been proposed that the FCS may be an
important site of coronavirus evolution. Mutations that
appeared near the FCS (F1–2) region in samples isolated from
mild COVID-19 patients from Zhejiang Province, China,
showed that it can affect the electrostatic distribution of the
S protein surface and its structure, finally reducing its ability
to bind to furin. Experimental results in samples from those
patients showed that furin had low protein expression levels
in the lungs compared with other tissues, such as colon,
glands, liver, and kidney.179 Comparison of the S1/S2
cleavage site sequence from pangolin CoV and SARS-CoV-2
shows insertion of the furin recognition motif which contains
a sequence (PRRARSV) that mediates fusion of the viral and
cell membranes (Fig. 10). The spike protein is cleaved by cell
proteases to enable exposure of the fusion sequences. This
indicates a distinct mechanism for entry of the viral genome
into the host cytoplasm for replication.180 The FCS may
contribute to SARS-CoV-2 infection of these organs.
Inhibition of furin with peptides and, more recently, with
small molecules is a strategy pursued to arrest tumor growth,
inflammation, and some viral and bacterial infections.181

However, due to the pleiotropic role of furin-like enzymes in
a large number of cellular processes, side effects are a
concern.182 Determination of the crystal structure of furin
will aid the design of specific small molecules.183 A recent
study demonstrated that furin inhibitors like decanoyl-RVKR-
chloromethyl ketone (CMK) and naphthofluorescein have
antiviral activity on SARS-CoV-2-infected cells by decreasing
the viral production load and other cytopathic effects. CMK
can block virus entry by suppressing the cleavage of spike
proteins, whereas naphthofluorescein primarily suppresses
the viral RNA transcription.184

7.2.5 Clathrins. Clathrins are triskelion shaped scaffold
proteins, composed of three heavy and three light
chains.185–187 Clathrin accumulates around a mature vesicle
and forms a coat to form clathrin-coated vesicles.188 Clathrin-
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coated vesicles (CCVs) are involved in the selective transport
of membrane-bound proteins by receptor-mediated
endocytosis that is essential for several pathways of the
intracellular membrane transport system at the trans-Golgi
network (TGN).189 Accumulation of phosphatidylinositol-4,5-
bisphosphate initiates clathrin complex formation.190,191 The
heterotetrameric adaptors, AP1 and AP2, are one of the
important components of the clathrin complex that uses
cytoplasmic domains to incorporate transmembrane
molecules into CCVs. These adaptors are responsible for the
selection of cargo through CCVs.192 CCVs also require BAR
(bin/amphiphysin/Rvs) domain proteins and act1 to grow.193

In a previous study, it has been observed that SARS-CoV
binds to ACE2 in a clathrin-dependent manner.194

Meanwhile, another study showed that SARS CoV enters the
host cells through a clathrin-independent endocytic
pathway.195 However, in a recent study Bayati et al. showed
that SARS-CoV-2 uses clathrin-mediated endocytosis (CME) to
enter the host cells. They observed that two previously known

(CME) blockers, dynasore and pitstop 2, could reduce the
entry of SARS-CoV-2 S protein in the host cell.196 Some FDA-
approved drugs like ouabain, bufalin and chlorpromazine are
also known to block CME which can be studied further
against SARS-CoV-2.197

7.2.6 Phosphatidylinositol 3-phosphate 5-kinase
(PIKfyve). Phosphatidylinositol 3-phosphate 5-kinase
(PIKfyve) is the main enzyme that synthesizes
phosphatidylinositol 3-phosphate, a phospholipid that
regulates the dynamic process of endosome maturation in
late endosomes.198 Apilimod199 and YM201636,200 two
potent inhibitors of PIKfyve35, were found to significantly
suppress the entry mechanism of SARS-CoV-2 in host cells
through early endosomes in a dose-dependent manner. A
major downstream effector of phosphatidylinositol
3-phosphate i.e., two-pore channel subtype 2 (TPC2)201 is
also found to be an important factor for SARS-CoV-2
entry and can be inhibited by tetrandrine (an inhibitor of
TPC2).108

Fig. 10 The origin and features of the spike protein receptor binding domain of SARS-CoV-2. A. Zoonotic evolution of SARS-CoV-2, SARS CoV
and MERS CoV. B. Sequence alignment of the spike protein of SARS-CoV-2, bat and pangolin CoV. C. Structure and amino acid sequence of the
furin recognition motif observed only in human SARS-CoV-2 spike protein.

RSC Medicinal ChemistryReview



RSC Med. Chem., 2022, 13, 647–675 | 663This journal is © The Royal Society of Chemistry 2022

7.2.7 Other members of the kinase family. Studies on
other kinase (number associated kinase: serine/threonine
kinase 16: NAK) family members namely tyrosine kinase
inhibitors showed good antiviral activity in vitro.202 JAK
(Janus-kinase) inhibitors, i.e., baricitinib, ruxolitinib and
fedratinib were shown to inhibit NAK, also limiting
systematic inflammatory response and cytokine production
through inhibition of the canonical JAK-STAT (signal
transducer & activator of transcription) pathway.203 However,
baricitinib is the only JAK inhibitor that achieved sufficient
plasma concentration to inhibit NAK members at therapeutic
and well-tolerated doses.204 Out of the 3 drugs, only
ruxolitinib (ChiCTR2000029580) has been recently studied
and the recipients showed improved clinical outcomes and
faster recovery.205

8. Role of monoclonal antibodies in
COVID-19 treatment

Monoclonal antibodies (mAbs) are being used to treat
different diseases like infectious diseases, autoimmune
diseases and different types of cancers. These antibodies are
laboratory-produced peptide molecules that are designed to
serve as substitute antibodies that can mimic, modify and
even enhance the body's immune response on cells that
aren't wanted, such as viruses and cancer cells. The benefits
of using these antibodies are they are well characterized and
possess strong specificity and binding affinity.206 In the case
of COVID-19, in addition to preventive function, mAbs have a
beneficial role over vaccines in managing critical patient
populations even after exposure to SARS-CoV-2.207 REGN-
COV2, a combination of two neutralizing IgG1 mAbs, i.e.,
basiliximab and imdevimab, that bind two different, non-
overlapping sites on the RBD of SARS-CoV-2 spike protein
along with placebo showed that this combination is capable
of neutralizing SARS-CoV-2 variants with all known S protein
mutations. Clinical data showed that the casirivimab and
imdevimab combination reduced the high risk of progression
to severe COVID-19 and/or hospitalization (3% versus 9%)
when compared with placebo (https://investor.regeneron.
com/news-releases/news-release-details/regenerons-regn-cov2-
antibody-cocktail-reduced-viral-levels-and/). Another IgG mAb
i.e., bamlanivimab alone or in combination with another IgG
mAb, etesevimab, also decreased the viral load when
compared with placebo within day 3 to day 11.208 mAbs
against cytokines are also considered in clinical trials to
control the uncontrolled way of the response of cytokines in
COVID-19 patients. More than hundreds of clinical trials for
the repurposing of mAbs against cytokines are reported for
the treatment of COVID-19 infected patients from all over the
world. The majority of the trials are registered in the USA,
France, and Italy.209 Tocilizumab recently received the US
FDA approval for a phase III trial (Table 3). Another anti-IL6R
antibody, sarilumab, has also been tested in Denmark and
the results were similar to those for tocilizumab.210,211

9. Vaccines
9.1 Vaccines and the SARS-CoV-2 pandemic

The use of vaccines against different diseases like smallpox,
rabies, plague, cholera, typhoid, and hepatitis has improved
global health historically and saved several lives during
different pandemics. It not only saved animal and human
lives but also raised the quality of lives with low treatment
costs.212 The goal of vaccine development against SARS-CoV-2
infection is to diminish the effects of the virus on public
health, as well as the economy and society. The SARS-CoV-2
pandemic has devastated the most vulnerable in our society,
i.e., adults of 65 years of age or older and economically
deprived people. The time within which the SARS-CoV-2
mRNA vaccines are developed,213 counting from the
publication of the first SARS-CoV-2 sequences through phase
1 in 6 months, is remarkable as compared to a typical
timeline of 4 to 10 years. A total of 102 vaccines are in clinical
development and 184 vaccine candidates are in the pre-
clinical stage.

The Bacillus Calmette–Guérin (BCG) vaccine has been in
use since 1921. In some recent studies, an interesting
correlation between the BCG vaccinated population and the
morbidity & mortality of COVID-19 patients has been shown.
It has been found that countries having universal BCG
policies like Africa and India showed a good survival rate
against COVID-19 compared to countries without universal
policies of BCG vaccination like Italy and USA.214,215

Countries with a high BCG vaccinated population also
showed a lower incidence of COVID-19, as well as milder
illness as compared to countries with a BCG non-vaccinated
population.216,217 It has been hypothesized that the cause of
the observed “off-target” protection against COVID-19 may be
due to the non-specific boosting of innate immunity in BCG-
vaccinated individuals.218 However, Hensel et al. showed that
there is a correlation between the “current” universal BCG
vaccination policy and the lower spread rate and mortality of
COVID-19 but the claim has been also contradicted when
several other important factors were also taken into
consideration.219 Recently Escobar et al. also showed that the
BCG vaccine provides protection from the severity of the
disease. They provided evidence that the SARS-CoV-2 testing
rate is the major confounding factor between the BCG
vaccination policy and COVID-19. Additional factors were also
included for the study like population density, urban
population, smoking rates, the prevalence of diabetes and
cardiovascular disease (CVD) with both BCG vaccination
policies. The result indicated that the cardiovascular death
rate along with the low testing rate was independently
associated with high COVID-19 spread rates.220 Hence, there
is a warranted need for clinical trials on the BCG vaccine to
check its efficacy against SARS-CoV-2.

9.2 COVID-19 vaccine candidates

9.2.1 DNA and RNA vaccines. DNA and RNA vaccines
(Fig. 11) are generated from the genetic material of viruses.
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Table 3 Summary of clinical trials of different monoclonal antibodies on COVID-19 patients

Monoclonal antibodies NCT No. Title
Clinical
trial status Sample Study area Phase

Sarilumab (IL-6
receptors (sIL-6R and
mIL-6R) inhibitor)

NCT04315298 Evaluation of the efficacy and safety of sarilumab in
hospitalized patients with COVID-19

Active, not
recruiting

1912 USA III

https://clinicaltrials.gov/ct2/show/NCT04315298
NCT04324073 Cohort multiple randomized controlled trials open-label of

immune modulatory drugs and other treatments in
COVID-19 patients – sarilumab trial – CORIMUNO-19 – SARI
(CORIMUNO-SARI)

Active, not
recruiting

France III

https://clinicaltrials.gov/ct2/show/NCT04324073
NCT04327388 Sarilumab COVID-19 Active, not

recruiting
Canada III

https://clinicaltrials.gov/ct2/show/NCT04327388
NCT02735707 Randomized, embedded, multifactorial adaptive platform

trial for community-acquired pneumonia (REMAP-CAP)
Recruiting Australia IV

https://clinicaltrials.gov/ct2/show/NCT02735707
NCT04345289 Efficacy and safety of novel treatment options for adults

with COVID-19 pneumonia (CCAP)
Recruiting Denmark III

https://clinicaltrials.gov/ct2/show/NCT04345289
Olokizumab NCT04380519 Study of the efficacy and safety of a single administration of

olokizumab and RPH-104 with standard therapy in patients
with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection (COVID-19)

Recruiting 372 Russian
Federation

III

https://clinicaltrials.gov/ct2/show/NCT04380519
Levilimab NCT04397562 A clinical trial of the efficacy and safety of levilimab

(BCD-089) in patients with severe COVID-19 (CORONA)
Active, not
recruiting

206 Russian
Federation

III

https://clinicaltrials.gov/ct2/show/NCT04397562
Lenzilumab (GM-CSF
inhibitor)

NCT04351152 Phase 3 study to evaluate the efficacy and safety of
lenzilumab in hospitalized patients with COVID-19
pneumonia

Recruiting 520 USA III

https://clinicaltrials.gov/ct2/show/NCT04351152
Mavrilimumab NCT04447469 Study of mavrilimumab (KPL-301) in participants

hospitalized with severe corona virus disease 2019
(COVID-19) pneumonia and hyper-inflammation

Recruiting 588 USA III

https://clinicaltrials.gov/ct2/show/NCT04447469
37Canakinumab (IL-1β
blocker)

NCT04362813 Study of the efficacy and safety of canakinumab treatment
for CRS in participants with COVID-19-induced pneumonia
(CAN-COVID)

Recruiting 451 USA III

https://clinicaltrials.gov/ct2/show/NCT04362813
REGN10933
REGN10987
combination therapy

NCT04452318 Study assessing the efficacy and safety of anti-spike SARS
CoV-2 monoclonal antibodies for prevention of SARS CoV-2

Recruiting 3750 USA III

Infection asymptomatic in healthy adults who are
household contacts to an individual with a positive
SARSCoV-2 RT-PCR assay
https://clinicaltrials.gov/ct2/show/NCT04452318

Anakinra NCT04324021 Efficacy and safety of emapalumab and anakinra in
reducing hyperinflammation and respiratory distress in
patients with COVID-19 infection

Recruiting 16 Italy III

https://clinicaltrials.gov/ct2/show/NCT04324021
Emapalumab NCT04324021 Efficacy and safety of emapalumab and anakinra in

reducing hyperinflammation and respiratory distress in
patients with COVID-19 infection

Recruiting 16 Italy III

https://clinicaltrials.gov/ct2/show/NCT04324021
Ravulizumab NCT04390464 mulTi-arm therapeutic study in pre-ICU patients admitted

with Covid-19 – repurposed drugs (TACTIC-R) (TACTIC-R)
Recruiting 1167 UK III

https://clinicaltrials.gov/ct2/show/NCT04390464
Bamlanivimab NCT04701658 A real world study of bamlanivimab in participants with

mild-to-moderate coronavirus disease 2019 (COVID-19)
(BLAZE-5)

Completed 109 USA II

Casirivimab +
imdevimab

NCT05092581 COVID-19 study of pharmacokinetics, safety, tolerability,
and efficacy of intravenous anti-spike(s) SARS-CoV-2
monoclonal antibodies (casirivimab + imdevimab) for the
treatment of pediatric patients hospitalized due to
COVID-19

Active, not
recruiting

40 USA I

Bamlanivimab and
etesevimab or
LY3832479 (LY-CoV016)

NCT04497987 A study of LY3819253 (LY-CoV555) and LY3832479
(LY-CoV016) in preventing SARS-CoV-2 infection and
COVID-19 in nursing home residents and staff (BLAZE-2)

Completed 1374 USA III
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The main advantage of developing these vaccines is that they
can be produced on a large scale within a short time. DNA
vaccines that can be produced in bacteria are based on
plasmid DNA which contains expression promoters specific
to mammalian cells and the gene of viral protein like spike
or RBD in the case of SARS-CoV-2. Most of the generated
RNA vaccines are either modified mRNA or self-replicating
RNA. DNA and RNA vaccines both require some delivery
agents like bacteria221,222 in the case of DNA and
nanoparticles223,224 in the case of RNA vaccines. The
disadvantages of these vaccines are that they produce low
immunogenicity which ultimately results in multiple doses.
There are ten DNA and sixteen RNA vaccines in clinical trials.
In phase III, there are two RNA vaccines, in phase II two RNA
and three DNA vaccines and two RNA and two DNA vaccines
are in the clinical phase till now (Table 4) (https://www.who.
int/publications/m/item/draft-landscape-of-COVID-19-
candidate-vaccines).

9.2.2 Recombinant protein vaccines (virus-like particle
delivering saRNA). The development of recombinant vaccines

(Fig. 11) against SARS-CoV-2 is advantageous over other
platforms as they can be made without dealing with this
deadly virus and can be expressed in different expression
systems like yeast, bacteria, plant and mammalian
cells.225–227 Recombinant vaccines that are being developed
are based on protein fragments that safely generate an
immune response but no disease. There are mainly three
types of recombinant vaccines for SARS-CoV-2 that are getting
developed namely spike protein-based vaccines, virus-like
particle (VLP)-based vaccines and spike protein receptor
binding domain-based vaccines. Out of a total of 104 protein
subunit vaccines, 71 are in the preclinical stage and 33 are in
the clinical phase, out of which two are in phase 3 clinical
trials (Table 4) (https://www.who.int/publications/m/item/
draft-landscape-of-COVID-19-candidate-vaccines).

9.2.3 Viral vector vaccines (in vitro transcribed saRNA).
There are two types of viral vector-based vaccines (Fig. 11)
that are getting developed for SARS-CoV-2, one is replication-
competent vector vaccines and another one is replication-
incompetent vector vaccines. Replication incompetent vector
vaccines are based on another virus like adeno-associated
virus (AdV) vectors, modified vaccinia Ankara (MVA) vectors,
human parainfluenza virus vectors, influenza virus vectors,
etc., which are basically engineered to express the SARS-CoV-
2 spike protein and compromised in replication by the
deletion of parts from its genome. Replication-competent
vectors are typically derived from the attenuated or vaccine
strains of engineered viruses that express a transgene-like
spike protein. In some cases, animal viruses that do not
replicate efficiently and cause no disease in humans are used
as well. This technique can induce a more robust immune
response as the vector can propagate to some extent in the
vaccinated individual and hence can trigger a strong innate
immune response. There are six replication-incompetent
vector vaccine candidates against SARS-CoV-2 which have
progressed far in clinical development, out of which
ChAdOx1 nCoV-19 mutually developed by the University of
Oxford, AstraZeneca and the Serum Institute of India showed
the best efficiency (Table 4) (https://www.who.int/
publications/m/item/draft-landscape-of-COVID-19-candidate-
vaccines).

9.2.4 Self-amplifying RNA vaccine. This provides amplified
and durable production of antigens in vivo, coupled with
potent inherent immune-stimulating properties (Fig. 11).
This may also require dose-sparing, i.e., to obtain the same
immune responses with smaller doses of vaccine. With
regard to manufacturability, scale-up production can be a
challenge for very long RNA transcripts, such as self-
amplifying RNAs, whereas the trans-amplifying approach
permits the shorter length of RNA, albeit with two potential
drawbacks: the requirement to manufacture two RNAs and
the complexity due to the need for efficient in vivo delivery of
both RNAs into the same cell. Finally new strategies in mRNA
technology228 like nucleoside modifications, stabilization of
sequences, and optimization of the codon of the entire
replicon gene should be implemented. When the replicase

Fig. 11 Mechanism of antigenic response of different vaccines under
development against SARS-CoV-2. A. DNA vaccine. B. RNA vaccine. C.
Attenuated vaccine. D. Inactivated vaccine. E. Viral vector vaccine. F.
Viral protein and viral-like particle vaccine.
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genes were optimized for translational efficiency (and lack of
flanking regions), enhanced immunogenicity was observed.

9.2.5 Live attenuated vaccines. Live attenuated vaccines
(Fig. 11) are produced by a weakened version of the virus that
can be generated by growing the virus under limited
conditions like lower temperature and in non-human cells or
by genetic modification of the virus-like deleting genes that
are responsible for the host innate immune response.229

These vaccines can be given intranasally, which can induce
immune responses but no disease. The major disadvantage
of these vaccines is that the development of vaccines is very

time-consuming. There are three SARS-CoV-2 attenuated
vaccines in the developmental stage. Out of which, only one
has entered the phase I clinical trial (https://www.who.int/
publications/m/item/draft-landscape-of-COVID-19-candidate-
vaccines). Inactivated or weakened virus vaccines can be
produced by growing the virus in cell culture and then
disrupting them with chemicals, heat, detergent, etc.230,231

Their productions are relatively easy and fast as compared to
live attenuated viruses, but their yield could be limited
depending on the conditions of the cell culture. There are
sixteen inactivated vaccine candidates that have entered

Table 4 Covid-19 vaccine candidates in different clinical trial phases

Sl
no Vaccine name Developer Vaccine type

Number of doses
with schedule and
route of
administration

Current
status Clinical trial report

1 CoronaVac Sinovac Life Sciences,
Beijing, China

Inactivated virus 2 doses at 14 day
interval via intra
muscular route

Phase 3 From phase 2 clinical trial, it was
deduced that 3 μg dose of CoronaVac
is suggested for assessment in phase 3
trial
https://doi.
org/10.1016/S1473-3099(20)30843-4

2 ChAdOx1
nCoV-19 vaccine
(AZD1222)

AstraZeneca + University of
Oxford

Viral vector
(non-replicating)

2 doses at 28 day
interval via intra
muscular route

Phase 4 With an overall efficacy of 70.4% in
phase 3 clinical trials ChAdOx1
nCoV-19 has been signalled for mass
administration and phase 4 trials
DOI: https://doi.
org/10.1016/S0140-6736(20)32661-1

3 Recombinant
novel coronavirus
vaccine
(adenovirus type 5
vector)

CanSino Biological
Inc./Beijing Institute of
Biotechnology

Viral vector
(non-replicating)

Single dose Phase 3 With the administration of this
vaccine at 2 different doses (1 × 1011

and 5 × 1010 viral particles) it was
found that both doses could induce
neutralizing antibody in response to
live SARS-CoV-2. The safe dose of 5 ×
1010 viral particles induced significant
immune response
DOI: https://doi.
org/10.1016/S0140-6736(20)31605-6

4 Gam-COVID-Vac
(Sputnik V)

“Gamaleya Research
Institute; Health Ministry
of the Russian Federation”

Viral vector
(non-replicating)

2 doses at 21 day
interval via intra
muscular route

Phase 3 The interim analysis of a phase 3
clinical trial showed that Sputnik V
was 91.6% effective against COVID-19
and was well tolerated in a large
cohort
https://doi.
org/10.1016/S0140-6736(21)00234-8

5 mRNA-1273 Moderna + National
Institute of Allergy and
Infectious Diseases (NIAID)

mRNA vaccine 2 doses at 28 day
interval via intra
muscular route

Phase 4 The mRNA-1273 vaccine was capable
of preventing severe disease with an
overall efficacy of 94.1%. Apart from
transient local and systemic reaction it
did not elicit any major problems
DOI: 10.1056/NEJMoa2035389

6 BNT162b2 (3
LNP-mRNAs), also
known as
“Comirnaty”

Pfizer/BioNTech + Fosun
Pharma

RNA based
vaccine

2 doses at 21 day
interval via intra
muscular route

Phase 4 BNT162b2 conferred 95% protection
against Covid-19 in persons who are
16 years or older
10.1056/NEJMoa2034577

7 Recombinant
SARS-CoV-2
vaccine (CHO
cell)

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

Protein subunit
vaccine

2 doses at 28 day
interval or 3 doses at
28 day interval via
intra muscular route

Phase 3 This protein subunit vaccine was
found to be well tolerated and
significantly immunogenic. The 25 μg
dose in a 3 dose schedule is being
studied for its safety and efficacy on a
broad scale
DOI: https://doi.
org/10.1016/S1473-3099(21)00127-4
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clinical trials, out of which two are in phase III now (Table 4)
(https://www.who.int/publications/m/item/draft-landscape-of-
COVID-19-candidate-vaccines).

10. Conclusions

The genetic features of SARS-CoV-2 discussed in this study
provide a possible correlation between some unique
features of the genome of SARS-CoV-2 as well as the
pathogenesis and also the transmission of the disease in
humans. We have also reviewed structural druggable viral
and host targets that may be used against SARS-CoV-2. The
16 nsps of SARS-CoV-2 have special relevance for viral
replication and function which makes them relevant drug
targets specially the protease (3CL pro and PL pro), RdRp
and helicase. Several studies also pointed the key host
proteins related to SARS CoV entry like ACE II TMPRSS2,
furin, or proteins that are involved in the regulation of
intercellular viral trafficking during endocytic entry which
can also be effective drug targets to inhibit SARS-CoV-2 in
the host cell including the viral structural or non-structural
proteins. A fast approach on research of potential vaccine
candidates in this hour of need from all over the world
provided several candidates, out of which 17 vaccine
candidates (three RNA vaccines from Pfizer–BioNTech,
Moderna and Takeda, seven conventional inactivated
vaccines i.e., BBIBP-CorV, CoronaVac, Covaxin, WIBP-CorV,
CoviVac, Minhai-Kangtai and QazVac, five viral vector
vaccines i.e., Sputnik Light, Sputnik V, ChAdOx1,
Convidecia, and Ad26.COV2.S, and two protein subunit
vaccines i.e., EpiVacCorona and ZIFIVAX) are authorized by
national authorities from around the globe for mass
vaccination (https://vac-lshtm.shinyapps.io/ncov_vaccine_
landscape/). But the key question is how long vaccine
immunity will persist as the incidence of reinfection and
finally death even after completion of the doses of
vaccination is getting reported from all over the world. At
this time, as the virus is continuously evolving it is also
not clear whether vaccine-induced immune responses can
give protection for a long time or not. The emergence of
highly virulent and infective variants of SARS-CoV-2 has
created queries on the effectiveness of the approved
vaccines. Most of the approved vaccines showed inhibiting
activity against the variants, but for how long? However, a
reduction in immunity over longer periods of time may not
be a major obstacle if booster doses of COVID-19 vaccines
are given every few years. Another fact that is also not clear
is how well older individuals, who are the most at risk
from COVID-19, will respond to the vaccines. Due to these
uncertainties, focus on different drug targets is needed as
they may provide additional therapeutic options besides the
COVID-19 vaccines. Our study provides an overview of
options in the context of potent drugs and new treatment
strategies relating to the management of COVID-19. For a
better approach in COVID-19 therapy, we also discussed the
importance of machine learning in the management of

COVID-19 disease. In addition to the highly transmissible
nature of the virus, some socioeconomic and demographic
factors have also contributed to the spread of the disease.
We have discussed some statistical tools that can also
contribute to the better management of the disease.
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