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The Coronavirus disease 2019 (COVID-19) pandemic has spread to almost all nooks and
corners of the world. There are numerous potential approaches to pharmacologically fight
COVID-19: small-molecule drugs, interferon therapies, vaccines, oligonucleotides, pep-
tides, and monoclonal antibodies. Medications are being developed to target the spike,
membrane, nucleocapsid or envelope proteins. The spike protein is also a critical target
for vaccine development. Immunoinformatic approaches are being used for the identifi-
cation of B cell and cytotoxic T lymphocyte (CTL) epitopes in the SARS-CoV-2 spike
protein. Different vaccine vectors are also being developed. Chemical and physical
methods such as formaldehyde, UV light or b-propiolactone are being deployed for the
preparation of inactivated virus vaccine. Currently, there are many vaccines undergoing
clinical trials. Even though mRNA and DNA vaccines are being designed and moved into
clinical trials, these types of vaccines are yet to be approved by regulatory bodies for hu-
man use. This review focuses on the drugs and vaccines being developed against the
COVID-19. � 2020 IMSS. Published by Elsevier Inc.
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Introduction

Coronavirus disease 2019 (COVID-19) is currently having
a damaging impact on almost all countries in the world.
The pandemic, which has spread to almost all parts of the
globe has a basic reproduction number (R0) of 2e2.5,
implying that 2e3 people may acquire the infection from
an index patient (1). The causative microorganism for the
disease is the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2). The disease is characterized by high
mortality rate, the absence of medical countermeasures and
a large distribution of reservoir (2). The deleterious eco-
nomic consequences of this pandemic in incalculable with
many countries stretching the resources of their healthcare
facilities and job losses recorded across several industries.
COVID-19, which was first documented in Wuhan, Hubei
Province, China at the end of 2019 (3), is highly transmit-
table and pathogenic (4). Cough, fever, and dyspnea are
symptoms of patients suffering from COVID-19 (5). Severe
acute respiratory distress, pneumonia, renal failure and
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death are associated with severe forms of the infection
(5). It is challenging to compute the number of asymptom-
atic individuals infected with COVID-19 (6). For individ-
uals exhibiting symptoms of the disease, cough, fever,
rhinitis, fatigue and other signs typically begin to manifest
after few days (6). About 75% of COVID-19 patients
exhibit symptoms as detected by computed tomography
(6). Pneumonia frequently presents in patients during the
second or third week of symptomatic COVID-19 infection
and the main symptoms of viral pneumonia include blood
gas deviations, patchy consolidation, decreased oxygen
saturation, ground glass abnormalities, interlobular involve-
ment and alveolar exudates (6). Lymphopenia is frequently
observed together with an increase in proinflammatory cy-
tokines as well as inflammatory markers (C-reactive pro-
tein) (6). Oxygen therapy and treatment of symptoms
constitute the mainstay of therapy while mechanical venti-
lators are used for patients with pulmonary failure (7).

In the past twenty years, H5N1 influenza A, SARS-CoV,
H1N1 2009, and the Middle East respiratory syndrome co-
ronavirus (MERS-CoV) have crossed from birds or mam-
mals to humans (4). These are mostly respiratory
disorders some of which are characterized by acute respira-
tory distress syndrome (ARDS) as well as acute lung injury
Inc.
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(ALI), leading sometimes to respiratory failure and
death (4).

By analyzing the results obtained by sequence alignment
and phylogenetic clustering and taking into consideration
the common animals found in Wuhan, Qiu et al predicted
that pangolin, buffalo, cat, goat, cow, pigeon, sheep swine
and/or civet could be the intermediate hosts for SARS-
CoV-2 (8). There is no final agreement among researchers
on what the specific intermediate host(s) is(are). Some in-
vestigators theorize that the likely intermediate host candi-
date is the pangolin as the genetic sequences of
coronaviruses from the mammal is 99% similar compared
to those obtained from individuals infected with SARS-
CoV-2 (9). The rate of SARS-CoV-2 transmission between
individuals is high (10). COVID-19 has become a global
pandemic. It is spreading at an exponential rate and there
are still no effective drugs with which to treat the disease
even though some therapeutic options do exist. According
to the Coronavirus Resource Center of John Hopkins Uni-
versity in Baltimore, Maryland, USA, there were
25,349,528 reported cases of COVID-19 and 848,394
deaths worldwide as at August 31, 2020 (11). SARS-
CoV-2 encodes four principal structural proteins: the spike
Figure 1. Structure of SARS-CoV-2. (A) Illustration of the SARS-CoV-2 virion c

on the outer edge of the virus particles look like a crown, giving the disease its c

CoV-2. It has four structural proteins, S (spike), E (envelope), M (membrane), and

E, and M proteins together create the viral envelope. (C) An electron microscopic

cell, showing the spherical particles and cross-sections through the viral nucleoc
(S),membrane (M), envelope (E), and nucleocapsid (N)
proteins (12). The S protein is the major trans-membrane
glycoprotein that mediates receptor-binding and virion en-
try (12). An illustration of the SARS-CoV-2 virion and
the structure of SARS-CoV-2 (13) are shown in Figure 1.
Treatment Options

Clinical trials are being carried out in which potential anti-
viral therapy targets are tested, such as inhibiting viral en-
zymes that were responsible for genome replication or
blocking viral entry into human cells (14). There are
numerous potential approaches to pharmacologically fight
COVID-19: small-molecule drugs, interferon therapies,
vaccines, oligonucleotides, peptides and monoclonal anti-
bodies (15). The medications that can act on a coronavirus
can be categorized based on their mechanisms of action (5):
(1) those that act on viral proteins and enzymes thus pre-
venting RNA replication and synthesis (2) those that act
on the viral structural proteins, inhibiting self-assembly or
blocking the virus from tethering to ACE2 (3) those that
act on virulence factors and can facilitate the restoration
of the host’s innate immunity (4) those that can act on
reated at the Centers for Disease Control and Prevention (CDC). The spikes

haracteristic name. (B) Schematic representation of the structure of SARS-

N (nucleocapsid) proteins; the N protein holds the RNA genome, and the S,

image of a thin section of SARS-CoV-2 within the cytoplasm of an infected

apsid. (reproduced with permission from reference (13))
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human enzymes or receptors thus blocking viral entry (5).
The S protein is a critical target for vaccine development
(3). Few drugs, however, are being developed to target
the membrane, nucleocapsid or envelope proteins. A
scheme of SARS-CoV-2 and some of its molecular protein
targets (15) are shown in Figure 2.

Some of the drugs that are currently being used as inves-
tigational therapeutic agents for the management of
COVID-19 are repurposed medications that are usually
given to patients suffering from other viral infections such
as anti-HIV agents or drugs used for the management of
influenza. Recently, Yan and colleagues published a report
showing the high-resolution structures of full-length ACE2
(16). The authors suggested that the existence at the same
time of bonds between the ACE2 dimer and the two S pro-
tein trimers (16). Effective pharmacotherapeutic ap-
proaches against SARSCoV-2 can either be anchored on
the utilization of specific drugs that can inhibit viral attach-
ment and entry or the use of broad-spectrum anti-viral med-
ications (17). Peptidic fusion inhibitors, antiSARS-CoV-2
neutralizing monoclonal antibodies, protease inhibitors,
certain antimalarial medications, and anti-ACE2 mono-
clonal antibodies are possible pharmacotherapeutic options
(17). There are conflicting reports in the literature about the
clinical efficacy of some investigational medications being
used for the management of COVID-19. Because of the
current high morbidity and mortality, there is insufficient
time to carry out clinical trials and some of the medications
are being used on compassionate grounds. Concurrently,
clinical trials are being conducted for some of these medi-
cations while the trials for others are yet to begin. Putative
SARS-CoV-2 Life Cycle and therapeutic targets are shown
in Figure 3 (18).

In a different study, Monteil and coworkers provided an
in vitro evidence demonstrating that human recombinant
soluble ACE2 (hrsACE2) can reduce viral growth (19).
The authors also reported that infections of the kidney
Figure 2. Scheme of SARS-CoV-2 and some of its molecular prote
organoids and human blood vessel organoids can be signif-
icantly blocked by hrsACE2 at an early phase (19). Remde-
sivir, favipiravir and chloroquine are being proposed for the
treatment of COVID-19. Other repurposed medications
which may be useful include ritonavir/lopinavir alone or
used in conjunction with monoclonal antibodies and inter-
feron-b (20). Lopinavir (LPV) has been shown to block co-
ronavirus protease activity in vitro and in animal studies
(21). Researchers typically combine ritonavir with lopina-
vir to increase its plasma half-life by inhibiting cytochrome
P450 (14). The targets of protease inhibitors in coronavi-
ruses are 3C-like protease and papain-like protease (22).
A randomized controlled trial enrolled COVID-19 patient
with dyspnea and desaturation in China and suggested that
treatment with lopinavir/ritonavir was comparable to stan-
dard care in the time to clinical improvement (14). Howev-
er, therapy with this drug combination was terminated early
because of side effects such as diarrhea, nausea, and hepa-
totoxicity (14). Leronlimab is a C-C chemokine receptor
type 5 antagonist and a humanized monoclonal antibody
while galidesivir is a nucleoside RNA polymerase blocker
(6). Researchers are investigating the feasibility of using
the two medications the management of COVID-19 (6).

SARS-CoV-2 tethers to the alveolar epithelium and sub-
sequently activates both the adaptive immune system and
the innate immune system leading to the release of a large
amount of cytokines, including interleukin 6 (IL-6) (23).
Tocilizumab(TZM) is an anti-IL-6 receptor monoclonal
antibody (23). The drug binds to the membrane-bound as
well as the soluble IL-6 receptors (mIL-6R and sIL-6R)
and blocks mIL-6R and sIL-6R-mediated signal transduc-
tion (23). Cytokine release syndrome (CRS) has been docu-
mented for many patients with severe COVID-19 and CRS
has led to several deaths (23). IL-6 is one of the principal
mediators of CRS thus the IL-6R antagonist TZM may be
useful for the management of the so called ‘‘cytokine
storm’’ observed in COVID-19 patients (23). ‘‘Cytokine
in targets. (reproduced with permission from reference (15))



Figure 3. Putative SARS-CoV-2 Life Cycle and Therapeutic Targets. (reproduced with permission from reference (18))
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storm’’ is characterized by an elevated level on inflamma-
tory markers especially cytokines (24). Indeed, TZM is be-
ing used as an investigational agent against SARS-CoV-2.

CR3022 is a monoclonal antibody that was obtained
from a convalescent SARS patient and the compound is en-
coded by the following genes: IGHD3-10, IGHV5-51,
IGHJ6 (heavy chain), and IGKV4-1, IGKJ2 (light 56 chain)
(25). Even though a high conserved domain in the epitope
residues has been reported, CR3022 Fab interacts with
SARS-CoV RBD with significantly greater attraction than
to SARS-CoV-2 RBD (25). It was postulated that the dis-
parities in the bonding of CR3022 to SARS-CoV-2 or
SARS-CoV RBDs may derive from the non-conserved res-
idues found in the epitope (25). CR3022 binds to RBD of
the SARS-CoV-2 spike protein (4,26). This is because there
is no overlap between the antibody’s epitope and the ACE2
receptor-binding motif (4,26). CR3022 may be useful for
the management of COVID-19 either alone or in tandem
with other neutralizing antibodies (4,26). However,
clinical efficacy and safety studies should be carried out
before utilizing these drugs for individuals suffering from
COVID-19 (20).

Remdesivir (RDV) is a 10-cyano-substituted adenosine
analog, a phosphoramidate prodrug and an RNA-
dependent RNA polymerase (RdRp) blocker that acts by in-
hibiting the synthesis of viral nucleic acid via bond forma-
tion with the active site of RdRp (5,22,27). RdRp is a
protease that mediates the replication of RNA from an in-
termediate template (28). Another mechanism of action of
RDV involves the avoidance of proofreading by the
exoribonuclease of SRS-CoV-2 (22). As a result of these ef-
fects, the transcription of the viral RNA is stopped prema-
turely (22). Remdesevir, originally developed to treat Ebola
virus and then dropped (29), is being used as an investiga-
tional drug for COVID-19 patients (30). Remdesevir also
displays antiviral effect against other types of RNA viruses,
such as MERS-CoV and SARS-CoV (31). Even though
widespread drug interactions and cardiovascular toxicities
have not yet been documented, there were cases of hypoten-
sion with ensuing cardiac arrest after a loading dose in one
patient (among 175 total) following the use of the remdesi-
vir during the Ebola epidemic (30). Leronlimab (PRO140)
is a CC chemokine receptor 5 (CCR5) antagonist and an
investigational new medication for the management of
COVID-19 (32). CCR5 takes part in diverse biologic pro-
cesses, such as tumor invasion and metastases, HIV-1
ingress into CD4þ T cells and the pathogenesis of nonalco-
holic steatohepatitis (NASH) (32). Favipiravir is another
medication used for the management of COVID-19.
Although the specific mechanism of action against SARS-
CoV-2 is yet to be fully elucidated, the drug is quickly pin-
pointed as a substrate of the viral RNA polymerase
following conversion into an active phosphoribosylated
state (22). The drug blocks viral genomic RNA synthesis
as a chain terminator (33). An efficient approach to
discover drugs against COVID-19 is to determine whether
the existing antiviral drugs are effective (34). Favipiravir
(6-fluoro-3-hydroxy-2-pyrazinecarboxamide) (FPV) is an
oral pyrazinecarboxamide derivative and guanine analogue
that potently and selectively blocks the RNA-dependent
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RNA polymerase (RdRp) of RNA viruses (35). It was
recently shown that, as a prodrug, FPV effectively inhibits
the SARS-CoV-2 infection in Vero E6 cells (34).

Hydroxychloroquine and chloroquine are utilized,
together with antiviral medications, as investigational treat-
ment options for the pharmacotherapy of COVID-19-
associated pneumonia (36). It has been postulated that chlo-
roquine inhibits viral particles from tethering to cell surface
receptor thus blocking the viral pre-entry phase of COVID-
19 (37). The drug acts on quinone reductase 2, which is
structurally related to UDP-N-acetylglucosamine 2-
epimerases(UNEs) (37). UNEs catalyze sialic acid biosyn-
thesis. Sialic acids are structural constituents of sugar mol-
ecules available on cell transmembrane proteins and these
are critical factors needed for the recognition of ligands
(37). The potent effect of chloroquine against SARS-
CoV-1 in vitro were ascribed to impaired glycosylation of
ACE2 (37). Chloroquine can also interfere with the pH-
dependent endosome-mediated ingress of SARS-CoV vi-
ruses (37). Acidic pH is essential for the fusion of the endo-
somal and viral membranes leading to the cytosolic
delivery of the SARS-CoV-1 genome (37). Without an anti-
viral medication, the virus enters into the lysosome where
enzymatic activity as well as the low pH cleaves the viral
particle and releases replication enzymes together with
the RNA (37). The mechanism of antiviral activity by chlo-
roquine is postulated to entail the swift increase in the en-
dosomal pH, the prevention of endocytosis and the
disruption of endosome-virus fusion (37,38). The antiviral
mechanisms of chloroquine and hydroxychloroquine (39)
are shown in Figure 4. In another study, blood plasma from
convalescent COVID-19 patients was transfused into indi-
viduals with SARS-CoV-2 infection with positive and rapid
Figure 4. Chloroquine and hydroxychloroquine antiviral mecha
results leading to recovery (4,18). Convalescent plasma
components and its mechanisms of action (19) are shown
in Figure 5.

Ivermectin is a broad spectrum anti-parasitic agent
approved by the FDA (14). To test the antiviral activity of
ivermectin towards SARS-CoV-2, Caly et al. infected
Vero/hSLAM cells with SARS-CoV-2 isolate Australia/
VIC01/2020 followed by the addition of ivermectin (40).
It was reported that this drug reduced viral RNA up to
5000- fold after 48 h of infection with SARS-CoV-2
(14,40).
Vaccine Candidates

As of 1st June 2020, there were 124 candidate vaccines that
were being developed for the prophylaxis of COVID-19
(41). Of these, 10 vaccine candidates had entered phase
1, combined phase 1/2 or phase 2 human clinical trials in
adults (41). Multiple strategies are being adopted for the
design and production of vaccines against SARS-CoV-2.
Schematic flow of the transmission of COVID-19 and work
flow used in the designing of vaccine candidate against
SARS-CoV-2 (42) are shown in Figure 6. Chemical and
physical methods such as formaldehyde, UV light or b-pro-
piolactonean can be utilized for the preparation of inacti-
vated virus vaccine (43). In contrast, attenuated-virus
vaccines can be formulated by using a virus with dimin-
ished pathogenesis such as increased anti-inflammatory
cytokine levels, reduced neutrophil influx, less lung injury
in comparison with the wild-type SARS-CoV-2 (43). Most
vaccines are directed against the surface-exposed spike (S)
glycoprotein (20). Numerous investigators have utilized
vaccine design strategies based on the use of S1-receptor-
nisms. (reproduced with permission from reference (19))



Figure 5. Convalescent plasma components and its mechanisms of action. (reproduced with permission from reference (19))
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binding domain (RBD), full-length S protein or expression
in virus-like particles (VLP), DNA, or viral vectors (20). It
is speculated that the use of spike protein-based vaccines
can lead to the production of antibodies that block viral
genome uncoating and receptor binding (20). The
Figure 6. Schematic flow of the transmission of recent outbreak COVID-19 and w

(reproduced with permission from reference (43))
development of a universal CoV vaccine feasible because
the T-cell epitopes of SARS and MERS-CoVs are similar
and may induce cross-reactivity (20). SARS-CoV-2 pos-
sesses a high genetic homology compared to the SARS-
CoV thus SARS-CoV vaccine may display cross-
ork flow used in the designing of vaccine candidate against SARS-CoV-2.
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reactivity to SARS-CoV-2 (20). Analysis of S protein se-
quences of both types of viruses showed highly variable
amino acid residues in the S1 subunit (20). That variability
implies that vaccines that lead to prophylactically relevant
immune response against SARS-CoV might not act effec-
tively on SARS-CoV-2 (20).

The native S protein exists as a trimer on the surface of
SARS-CoV-2 (2). In eukaryotes, its ectodomain or S1 sub-
unit is expressed mostly in a monomeric form (2). To syn-
thesize trimeric recombinant codon optimized subunit
proteins, Kim et al. fused SARS-CoV-2-S1 and MERS-
CoV-S1 sequences to a 27 amino acid foldon segment
(2). The foldon was obtained from the C-terminal domain
of the T4 fibritin bacteriophage and it can form trimers
(2). RS09 or flagellin are known TLR4 or TLR5 agonists
respectively. The authors added these immune stimulants
to the protein vaccine (2). A 6 histidine tag and a sequence
used for the cleavage of the Tobacco Etch Virus (TEV) pro-
tease was also incorporated to facilitate metal chelating af-
finity purification (2). A shuttle carrier (pAd/MERS-S1f)
was used in the system by the investigators (1). It was pre-
viously demonstrated that SARS-CoV-S1 and MERS-S1
subunit vaccine delivered with an adenoviral vector was
more effective than full-length S1, implying that the subunit
immunogen may be an optimal vaccine candidate (2). The
authors used carboxymethyl cellulose to prepare dissolv-
able microneedles loaded with the proteins MERS-S1f,
MERS-S1fRS09, MERS-S1ffliC, to SARS-CoV-2-S1, or
SARSCoV-2-S1fRS09) (2). Micromolding was used to pre-
pare 10 x10 obelisk-shaped microneedles from polydime-
thylsiloxane (PDMS) templates (2). Next, the authors
prepared CMC-based MNArMERS-S1f, MNA-rMERS-
S1fRS09, MNA-rMERS-S1ffliC, MNA-rSARSCoV-2-S1,
or MNA-rSARS-CoV-2-S1fRS09 vaccines using a two-
step spin-drying technique (2). The pre-clinical immunoge-
nicity of the MERS-CoV vaccines administered subcutane-
ously with conventional hypodermic needles was compared
to intracutaneous administration with the prepared dissolv-
ing microneedles (2). Virus neutralization assays were car-
ried out and immunoglobulin G antibodies measured (2).
Significantly, the SARS-CoV-2 S1 subunit vaccines deliv-
ered with microneedles provided effective immune re-
sponses that were observed 14 days following vaccination
(2). Microneedles are beneficial due to their noninvasive-
ness and painlessness (44,45).

The main aim of using peptide vaccines is to synthesize
T-cell and B-cell epitopes that can induce specific immune
responses and are immunodominant (46). Immunogens can
be formed by linking a T-cell epitope to the B-cell epitope
of a target molecule (46). T-cell epitopes are short peptide
fragments (8e20 amino acids), while B-cell epitopes are
longer and can be proteins (46). Peptide-based vaccines
can also be administered indirectly. Ji et al. used SARS-
CoV2 non-replicating, S antigen-expressing cells as pre-
senters and vectors of immunogenic antigens (these are
the so called ‘‘Icells’’) (47). By using irradiated cells as
the presenting carriers of SARS-CoV-2 antigens(s), the im-
mune system can recognize viral proteins resulting in an
efficient immunity. Generex Biotechnology company uses
the direct peptide approach. The company has developed
a peptide vaccine against SARS-CoV-2 using synthetic
viral peptides as the immunogen(s) and leveraging a
patented and proprietary Ii-Key� immune system activa-
tion platform (48). Another company (Novavax) has also
developed NVX-CoV2373 which is a vaccine candidate
directed against SARS-CoV-2 (49). This is a stable, prefu-
sion protein incorporated into the company’s proprietary
nanoparticle platform(Matrix-M�) to boost immune re-
sponses and stimulate a higher blood concentration of
neutralizing antibodies (49).

Even though mRNA and DNA vaccines are being de-
signed and moved into clinical trials, these types of vac-
cines are yet to be approved by regulatory bodies for
human use (43). DNA vaccine may be formulated against
the SARS-CoV-2 and expressed as an antigen protein
within human cells (50). This method is beneficial because
it mimics live attenuated vaccines from the standpoint of a
coordinated activation of immune responses (50). It is also
relatively convenient to prepare DNA vaccines and safety
issues are somewhat less (compared to live vaccines)
(50). Highly-purified DNA vaccines can be manufactured
at a large scale, and they are stable compared to proteins
and other biopolymers (51). DNA vaccines have not yet
been approved for humans. Some companies are investi-
gating DNA vaccines against SARS-CoV-2 and indeed Ino-
vio Pharmaceuticals is currently carrying out clinical trials
on a DNA vaccine. Several vectors are also being investi-
gated for SARS-CoV-2 vaccine candidates. The Oxford
Vaccine Group in collaboration with Oxford Jenner Insti-
tute is currently conducting clinical trials for an adenoviral
(ChAdOx1)vector-based SARS-CoV-2 vaccine (52).

Vaccines based on viral vectors can be constructed and
used without an adjuvant but the formulation of such vac-
cines require antigens with neutralizing epitopes (43). Re-
combinant adenovirus vectors are relatively safe and their
use can engender potent and broad cellular as well as hu-
moral immune response (53). Adenovirus vector construc-
tion is quite demanding due to the enormous size of the
genome used (36 kilobases) (53). Furthermore, there are
sparse restriction sites. Usually, conventional techniques
based on homologous recombination are used while some
investigators depend on the rare restriction sites, but these
approaches are time consuming and challenging to control
(53). Some authors have used the Gibson assembly ligation
which allows investigators to assemble several overlapping
DNA molecules via the combined effect of a DNA poly-
merase, 50 exonuclease, and a DNA ligase (53,54). The au-
thors first broke the DNA fragments, obtaining single-
stranded DNA overhangs that specifically annealed, and
then they were covalently conjugated (54).
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There is considerable scientific interest in the use of RNA
vaccine for the management of COVID-19. Messenger RNA
(mRNA) represents the intermediate phase in the translation
of protein-encoding DNA and protein biosynthesis via ribo-
somes in the cytoplasm (55). Two major types of RNA are
presently investigated as vaccines: virally derived, self-
amplifying RNA and non-replicating mRNA (55). Self-
amplifying RNAs usually the antigen and the required ma-
chinery for viral replication while traditional mRNA-based
vaccines encode only the antigen of interest with 50 and 30 un-
translated regions (UTRs) (55). Compared to traditional vac-
cines, mRNA-based vaccines are highly potent and can be
quickly developed, manufactured at a low and safely admin-
istered (55). The precision of antigen design necessary to
provide both timely and effective responses to emerging
threats of epidemics and pandemics (56). The use of mRNA
for vaccine formulation has several benefits compared to live
attenuated, killed virus, subunit or DNA-based vaccines (55).
mRNA is a non-integrating and non-infectious platform, thus
is no potential risk of insertional mutagenesis or infection
(55). Moreover multiple mRNAs encoding several antigens
can be delivered in a single vaccine (57). Moderna� has
developed a vaccine candidate (mRNA-1273), which is
involved in the synthesis of a prefusion-stabilized conforma-
tion of the SARS-CoV-2 S protein (58). The vaccine is
currently undergoing clinical trials (58).

Richner and coworkers recently developed a modified
non self-amplifying mRNA vaccine that contains an mRNA
containing an open reading frame(ORF) (59). The ORF en-
codes the antigen (59). The authors prepared the mRNA
in vitro via T7 polymerase-mediated DNA-dependent
RNA transcription where the Uridine-50-triphosphate
(UTP) was substituted with 1-methylpseudoUTP. A linear-
ized DNA template, which contains the 50 and 30 untrans-
lated regions (UTRs) with a poly-A tail was used (59).
The authors added the donor methyl group S-adenosylme-
thionine (SAM) to the methylated capped RNA (cap 0),
leading to the formation of a cap 1 structure for enhanced
efficiency of mRNA translation (59).

There are two primary routes for the development of
COVID-19 vaccines: the choice of antigens and the selection
of an efficient carrier. Lipid nanoparticles are currently being
investigated for the development of COVID-19 vaccines.
Lipid nanoparticle (LNP) delivery of modified mRNA has
been highlighted in the literature (57). In an interesting study,
Geall and coworkers reported that the LNP delivery of a 9 kb
self-amplifying RNA significantly enhanced immunoge-
nicity compared with the administration of naked RNA
(60). First, the authors constructed DNA plasmids encoding
the self-amplifying RNAs. The plasmids were then amplified
Restriction digest was used to linearize the DNA (60). The
MEGAscript T7 kit was used to transcribe the linearized
DNA templates into RNA and the purification was through
lithium chloride (LiCl) precipitation (60). The RNAwas sub-
sequently capped with a Vaccinia Capping system and
purified via LiCl precipitation (60). A modulated ethanol
dilution method was used to prepare the LNPs containing
these lipid constituents: 1, PEG-DMG 2000, N,N-
Dimethyl-2,3-bis([9Z,12Z]-octadeca-9,12-dienyloxy)prop-
an-1-amine [DLinDMA], 2-Diastearoyl-sn-glycero-3-
phosphocholine) and cholesterol (60).

Recently, Baruah et al. used an immunoinformatic
approach to pinpoint B cell and cytotoxic T lymphocyte
(CTL) epitopes in the SARS-CoV-2 spike protein (61).
The authors also used molecular dynamics to investigate
the bonding between major histocompatibility complex
(MHC) class I supertype and the CTL epitopes (61). The
authors found out three sequential B cell epitopes, five
CTL epitopes, and five discontinuous B cell epitopes in
the S protein (61). It was revealed that the CTL epitopes
bind to MHC class I channels through several mechanisms
such as salt bridge anchors and continuous hydrogen bonds
demonstrating the feasibility of using these epitopes to
mount an immune response (61). In another study, Ahmed
and coworkers identified T cell and B cell epitopes that
were similar in both SARS-CoV-2 and SARS-CoV (62).
Out of 229 epitopes, approximately 82% were MHC Class
I restricted epitopes. Significantly, 102 of the 229 epitopes
were prepared from either the N (36) or the S (66) protein
(62). Three of the sequences (QPYRVVVLSF, GYQ-
PYRVVVL and PYRVVVLSF) were located entirely in
the SARS-CoV receptor-binding motif that is regarded as
important for viral ingress into the host cell (62). For the
T cell epitopes, the authors analyzed the affiliated MHC al-
leles and recommended several epitopes that can confer a
broad immune response both in China and globally (62).

In another study, Bhattacharya et al. characterized the
spike protein of the SARS-CoV-2 for immunogenic epitope
design (63). The authors selected 13 epitopes that bind to
MHC I and 3 antigenic epitopes that bind to MHC-II (63).
The authors also utilized the Immune Epitope Database
server to analyze the S protein and found 34 linear B-cell epi-
topes (63) Analysis of the SARS-CoV-2 sequence T-cell epi-
topes capable of interacting with the MHC-I and MHC-II
molecules was carried out (63). The authors found 8 epitopes
against MHC-II and 29 epitopes against MHC-I (63).

Repurposed vaccines are also being studied (41). An oral
polio vaccine is under investigation in the United States of
America while three multi-centered randomized controlled
trials on BCG vaccine administration are being carried out
in Netherlands, Australia and South Africa (41). A measles
vaccine trial for the prophylaxis of COVID-19 has been
registered in Egypt (41).
Conclusion

This review is focused on the global and damaging impact
of the COVID-19. A significant quantum of research has
been carried out over a relatively brief period of time to
gain a better understanding of the structure of SARS-
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CoV-2 and the effect of this virus on human health with the
aim of developing effective countermeasures. Using viral
protein information, several research groups are developing
vaccines and drugs. Some of these therapeutic and prophy-
lactic agents are presently undergoing clinical trials. It is
anticipated that vaccines and drugs will be found to reduce
the global public health damage unleashed by this virus.
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