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Abstract

Purpose of Review Along with the continued in silico-based studies for drug designing and repurposing followed by the
corresponding cell culture studies, the ongoing clinical trials with some completed regarding finding the drug efficacy and the
vaccine development against the severe acute respiratory coronavirus 2 (SARS-CoV-2) have been the most functional and
indispensable issue during the current COVID-19 pandemic within 2020 and onward. The present review attempted to figure
out the update on this effective vaccine and discussed the other promising vaccines.

Recent findings A range of investigations on the SARS-CoV-2 genomics, on its similarities with SARS-CoV-1, and with the
Middle East respiratory syndrome coronavirus (MERS-CoV) have been accomplished and the host immune dodging mecha-
nisms by the SARS-CoV-2 have been unraveled which in turn led the scientists around the world to work rigorously on the
vaccine development. Working with various vaccine platforms so far revealed the efficacy of the mRNA-1273 vaccine as the
most effective one as resulted through the clinical trials which resulted in 95% positive output.

Summary Although currently commercialized mRNA-1273 vaccine appears to be effective, still several points are to be pon-

dered regarding the sustainability of vaccine efficacy against the rising variants of SARS-CoV-2.
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Introduction

Respiratory viral infections and the associated pandemic have
quite a long history of more than 130 years. The first dreadful
pandemic, the Russian influenza (1889—1892) caused by the
influenza A virus subtype H2N2, accounted for more than a
million of deaths worldwide, and within the 30 years ahead, in
1918-1920, the Spanish flu pandemic took more than 50 mil-
lion lives [1]. After 100 years of Spanish flu, the ongoing
COVID-19 pandemic (originating from bats in Wuhan,
China, at the end of December 2019 lasting till date) caused
by the severe acute respiratory coronavirus 2 (SARS-CoV-2)
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has appeared to be the horrific viral infection threat to the
global public health, already causing 1,744,235 deaths out of
78,604,532 confirmed cases worldwide with a prodigious in-
crease in the number of infected individuals within a year [1,
2]. Indeed, till the prevalence of coronaviruses (SARS-CoV in
2002-2003, causing 774 deaths in 24 countries, and the
Middle East respiratory syndrome coronavirus or MERS-
CoV endemic in 2012, followed by the current SARS-CoV-
2 instigated COVID-19 pandemic), in 1957-1959, the Asian
influenza caused around 0.7 million deaths, and the causative
virus subtype H2N2 lasted for 11 years ending up to Hong
Kong influenza in 1968 causing 1 million deaths [1].
Regarding the first step for the coronavirus pathogenicity,
this is already very well known that SARS-CoV-2 spike (S)
protein S1 subunit in trimer (which associates at the top of S2
subunit to form the immune dominant, multifunctional, trans-
membrane moiety facilitating the viral attachment fusion and
entry into the host cell) employs the same receptor, i.e., the
human angiotensin-converting enzyme 2 (hACE2) and the
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same binding site (receptor-binding domain or RBD) as
SARS-CoV applied on the host cell [3—5]. Moreover, approx-
imately 79% genetic similarities have been noticed between
the SARS-CoV and SARS-CoV-2 with a significant differ-
ence in the presence of the furin cleavage site (possibly con-
ferring the COVID-19 severity upon viral pathogenesis) with
the masked and glycan shielded S protein (which can also
dodge the host protective immunity) of SARS-CoV-2, primed
by the host transmembrane serine 2 (TMPRSS2) and the host
endosomal cysteine proteases cathepsins B and L (CatB/L) [3,
4, 6]. However, the genetic resemblance mostly between the
current SARS-CoV-2 and the previous version of this corona-
virus, SARS-CoV (and with a little extent, around 50% on
MERS-CoV which used dipeptidyl peptidase or DPP4 as the
host receptor), may be useful in the development of effective
vaccine against SARS-CoV-2 using any of the known plat-
forms of vaccine preparation, i.e., (1) inactivated or live atten-
uated viruses (representative trials: NCT04412538 and
NCT04324606, both in phase I), (2) the virus coated or pro-
tein subunit vaccines (representative trial NCT04405908 in
phase II), (3) virus-like particles (VLP), (4) the replicating
and nonreplicating viral vectors (adenovirus vaccines: trial
NCT04341389 in phase II), (5) nanoparticles, (6) the DNA
vaccines (representative trial NCT04368988 in phase I) or (7)
RNA vaccines (representative trials: NCT04405076 and
NCTO04368728 in phase III and phase I, respectively), (8)
application of oral delivery of plasmid constructs of the S
protein, (9) adjuvant recombinant protein, and (10) the
engineered bacterial vaccines with the principal aim to trigger
the production of S protein neutralizing antibodies [3, 6, 7].
Therefore, according to the ongoing COVID-19 vaccine de-
velopment clinical trials, very few, especially the mRNA vac-
cines, are under phase III while other studies may need 3 years
more [6]. The current review attempted to impart an update on
the potential COVID-19 vaccine candidates with the success of
the mRNA vaccines as the biologically licensed vaccines in the
light of completed and ongoing clinical trials and to focus on
the possible potentials of other vaccines as well. The associated
risks upon vaccine administration have also been discussed.

Potential Candidate Vaccine Candidates

Prior to the discussion about the vaccines, it is to be recalled that
there are three possible approaches for the treatment and pre-
vention against COVID-19: (1) the immunomodulatory agents
and the repurposed antiviral drugs (i.e., drugs that are already
approved to treat other diseases such as the Ebola virus disease,
AIDS, and malaria and to observe whether they are effective
against infecting SARS-CoV-2 into the patients, like
remdesivir, lopinavir, dexamethasone, and ritonavir); (2) intro-
ducing the COVID-19 patients with the antibodies (convales-
cent plasma therapy or the passive antibody therapy) either

from the convalescent donors (patients who have recovered
from the disease) or manufactured through the recombinant
DNA technology; and (3) finally, by developing vaccines
against the viruses using various platforms including the protein
subunit vaccines, RNA vaccines, nonreplicating viral vaccines,
attenuated viral vaccines, the virus-like particles, replicating
viral vaccines, DNA vaccines, and the live attenuated vaccines
(LAVs) which are currently under extensive research [3, 4, 8,
9]. Among the protein subunit vaccine candidates, the NVX-
CoV2373 (a nanoparticle-based immunogenic vaccine), the
molecular clamp stabilized S protein vaccine conjugated with
AS03 adjuvant system (a squalene-based immunogenic adju-
vant instigating unique immunological profile within the vac-
cine on the basis of the immunological duration and strength),
the microneedle array (MNA)-based recombinant immunogen-
ic vaccine, and the multi-antigenic (triple antigen) virus-like
particle (VLP) vaccines are significant for the enrolment to
the clinical trials [3]. The viral vectored vaccines include the
recombinant, replication-defective adenovirus type-5 vector
(Ad5)-nCoV which can express the recombinant S protein,
the LV-SMENP-DC vaccine (which can activate the host cyto-
toxic T cells against SARS-CoV-2), and the ChAdOx1 vaccine
(discussed in the succeeding text). The live attenuated vaccine
(LAV) known as the DeINS1-SARS-CoV-2-RBD is also sig-
nificant which can express the receptor-binding domain (RBD)
domain of SARS-CoV-2 spike protein [3].

Indeed, the different categories of COVID-19 vaccines have
been elaborately discussed in several reports [3, 6, 7, 10-12]. In
this review, the promising candidates which may be commercially
applied for the quick mitigation of the disease are deliberated. For
example, the viral vectored vaccines may instigate the elevation of
cytotoxic T cells (CTL) which in turn eliminate the infecting
SARS-CoV-2 particles, and hence, such vaccines are significant
for prophylactic use [3]. The recombinant nonreplicating adenovi-
rus type-5 (AdS)-vectored vaccine has been reported to undergo
the first randomized controlled trial (currently in phase II) in
Wuhan, China [6, 7]. The outcome was that the administration
of 5 x 10" viral particles appeared to induce the required host
immunity together with safety [7]. The humoral and cellular im-
munity has been noticed to be triggered in the participants by the
chimpanzee adenovirus vector vaccine, ChAdOx1 nCoV-19
(AZD1222), expressing the SARS-CoV-2 spike protein (Fig. 1),
which underwent a phase /11, single-blind, randomized controlled
trial NCT04324606 in the UK, and was found to be safe and
immunogenic with mild reactogenicity [6, 10]. The instigation of
(1) cellular immunity by enumerating the antigen-specific T cells
and (2) the humoral responses noticed through the elicitation of
IgG were assessed by the standard serological techniques as de-
scribed by several groups [6, 7, 10]. Another promising vaccine
developed in Russia (phase III clinical trial), the Gam-COVID-
Vac-Lyo vaccine, has been authorized for emergency use [6].
However, the DNA- and RNA-based approaches possess the
greatest potential for escalating the development of effective
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Fig. 1 Scheme of developing the ChAdOx1 recombinant adenovirus vaccine (adapted from the description reported by Kaur and Gupta) [3]

vaccines in the current dreadful situation caused by the SARS-
CoV-2 [11, 12]. A glimpse of these most prospective vaccines is
given in the succeeding text.

mRNA Vaccines

This is to be noted in the current pandemic situation that the US
Food and Drug Administration (USFDA) approved the use of
the Pfizer-BioNTech (BNT162b2 vaccine) and Moderna vac-
cine (MRNA-1273 vaccine), both of which are the mRNA vac-
cines (whereby the SARS-CoV-2 spike glycoprotein (S) anti-
gen is encoded by the mRNA and then devised in the lipid
nanoparticles or the LNPs) with more than 90% effectiveness
in candidates 16 years of age or older with 2 days within 21
days [13—15]. Descriptively, the mRNA-1273 vaccine (where-
by the mRNA encoding the S-2P antigen, containing the
SARS-CoV-2 glycoprotein attached to a transmembrane an-
chor, and an intact S1-S2 cleavage site, and is enclosed by a
4 subunit lipid nanoparticle) which has undergone the first-in-
human dose-dependent (25 or 30, 100, and 250 pg), open-label
phase Il clinical trial NCT04283461 (with the fast-track approv-
al from the USFDA as stated above) successfully detected the
elevated neutralizing antibody titers and the required T cell
responses [3, 6, 11, 13]. A unique characteristic of this vaccine
is that this one is free from any preservative [12]. This is also
notable that in the current phase III trial, around 44,000 partic-
ipants are being subjected for the evaluation of the safety and
efficacy of the mRNA-1273 (Moderna TX, Inc.) vaccine, and
the outcome is 95% satisfactory so far [13].

@ Springer

How Does mRNA-1273 Vaccine Work?

The chemistry of the mRNA-1273 (Moderna TX, Inc.) vac-
cine is based on the contentment of (1) the nucleoside-
modified messenger RNA (modRNA), i.e., the mRNA (as
stated earlier) as the active ingredient that encodes the viral
spike glycoprotein (S) of SARS-CoV-2 (i.e., RNA serves as
the template to generate the specific protein that triggers the
host immune response against the virus); (2) lipid nanoparti-
cles (LNPs) with complexed polyethylene glycol (PEG),
phosphocholine, and cholesterol (this is to be noted here that
BioNTech-Pfizer and Moderna encapsulate their mRNA vac-
cines within LNPs which aids in the delivery of the RNA and
protects the RNA from degradation); (3) salts including potas-
sium chloride and sodium chloride, and monobasic potassium
phosphate and the dibasic sodium phosphate dihydrate which
serve as the buffer; and (4) sucrose, which acts as the cryopro-
tectant assuring that the lipid does not get too much sticky at
the extremely cold temperature during storage [13]. The de-
velopment procedure of the mRNA-1273 vaccine has been
very well described by Corbett et al. [14]. Briefly, a DNA
fragment consisting of the immunogen open reading frame
(ORF) flanked by 5’ untranslated region (5" UTR) and the 3’
UTR is used as a template on which the T7 RNA polymerase
mediates transcription to generate the mRNA encoding SARS-
CoV-2 S (2P) protein (Fig. 2), followed by the enzymatic
addition of the cap structure and the subsequent purification
ofthe mRNA. For encapsulation of the preclinical mRNA into
the LNPs, the modified ethanol-drop nanoprecipitation pro-
cess is applied whereby PEGs are mixed with the mRNA
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Fig. 2 A model showing the scheme of the mechanisms of action of the
mRNA-1273 vaccine (adapted from the description reported by Corbett
et al.) [11]. Details are described in the text. Briefly, following
transfection and endocytosis, the mRNA is translated within the host to

(maintaining pH at 5.0 in the acetate buffer), neutralized, and
finally, sucrose is added as a cryoprotectant as stated above,
and the final solution is filter sterilized [15, 16]. Prior to use,
vials filled with the formulated LNP are stored in —70 °C, and
before the in vivo application, the product is assessed for a
range of variables as described recently [14].

The MERS-CoV S-2P and the SARS-CoV S-2P proteins
are expressed by the transfection of plasmids into Expi293
cells following the protein purification [14, 15].

As described by Corbett et al., the mammalian expression
vector derived from pLEXm is used whereby a mammalian
codon-optimized plasmid encoding foldon inserted
minifibritin with a C-terminal thrombin cleavage site is
inserted following the expression of the construct by transient
transfection of Expi293 [14]. In addition to the HEK293T/17
cells (transiently transfected with the mRNA that encodes the
SARS-CoV-2 S or 2P protein) and the ACE2-expressing
293T cell cultivation, the Vero E6 cells, in the plaque reduc-
tion neutralization test (PRNT), are used in plaque assays to
detect the lung and nasal turbinate viral titers [14].
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Effectiveness of the Pfizer-BioNTech and Moderna mRNA
Vaccines

Indeed, still, there are many unknowns regarding the SARS-
CoV-2 which are resisting to encounter the ongoing disastrous
pandemic even the preventive measures suggested by the
World Health Organization (WHO) are being followed more
or less all over the world. Apparently, the situation appears as
an irresistible state, and the suppression of the COVID-19 trans-
mission seems to be possible only when the herd immunity (i.e.,
the resistance against the viral spread within a population and a
sufficient population may trigger the protective immunity
against SARS-CoV-2 thereby reducing the probability of trans-
mission between both the infected and susceptible individuals)
will develop [17, 18]. Actually, until and unless any suitable
vaccine is prepared, there will not be any improvement of the
current pandemic situation. So far, nearly thirty 30 pharmaceu-
tical companies and research institutes/academic organizations
around the world have been engaged in developing the accurate
vaccine against COVID-19; among them, Pfizer-BioNTech
and Modera appeared as the most successful in constructing
vaccines using nanotechnology with the mRNA platform, and
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those under-trial vaccines (as stated above) have already shown
required immunogenicity and safety according to the clinical
trials [17]. The clinical trials conducted by Moderna reached the
successful production of mRNA-1273 vaccine within a very
short time (around 2 months) which can be compared with
the previous SARS-CoV-1 and MERS-CoV clinical trials re-
quiring around 2 years in both cases [17].

BioNTech/Pfizer, another leading pharmaceutical com-
pany, developed the SARS-CoV-2 vaccine (namely,
BNT162b1) as stated previously which is actually a lipid-
nanoparticle-formulated (Fig. 2), nucleoside-modified
mRNA vaccine encoding the receptor-binding domain
(RBD) of the S protein of the virus. The vaccine is also
currently under the dose-dependent (10, 30, or 100 ng)
clinical trial (ClinicalTrials.gov identifier NCT04368728),
and the outcome seems to be satisfactory as the RBD-
binding IgG concentrations and the SARS-CoV-2 neutral-
izing antibody titers in sera were noticed to be elevated [13,
18]. However, despite such fast progress by Pfizer-
BioNTech and Moderna, some adverse effects of the vac-
cination in the trial stage have been noticed as the onset of
fatigue, headache, muscle and joint pains, chills, fever, and,
in some cases of the participants, the lymphadenopathy
[13]. However, the high reported efficacy of the mRNA-
1273 vaccine is supported by the trial assay sensitivity
which in turn in association to the industrial manufacturing

(safe mRNA-LNP commercial mRNA vaccine delivery
platform as shown in Fig. 2) of the established vaccine with
required logistics and thereby facilitating a quick response
to the current pandemic [14].

DNA Vaccine

The DNA vaccine, which induces both humoral and cell-
mediated immunity, is made on the principle that the genetic
material of the SARS-CoV-2 is translocated (the antigen-
presenting cells or APCs receive the genetic material) to the
host’s cell nucleus so that the mammalian promoter present in
the plasmid vector is activated, triggering the transcription and
translation of the transfected gene(s) within the host [12]. The
resulting vaccine antigenic protein can then be presented to
the APCs (mainly the DCs) through the MHC signaling: (1)
the CD8" T cell immunity is induced by the myocytes (MHC 1
signaling) which in turn stimulates the excretion of interferon
(IFN)-y and the tumor necrosis factor (TNF)-«, and thus, the
viral replication inside the host is hindered (Fig. 3) and (2) the
CD4" helper T cells are activated by macrophages (MHC II
signaling), and the DCs (MHC II signaling) activate the CD8+
T cells by triggering the production of interleukin (IL)-10, IL-
12, and the tumor necrosis factor (TNF)-o, and the CD4"
helper T cells are activated by these DCs (Fig. 3) when they
produce 1L-4 [12, 16, 19]. This is to be mentioned that
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myocytes have been evidently the predominant transfected
cell type triggering the potential cell-mediated immunity
[20]. The antigen transfer from myocytes to the professional
APCs is thus significant for the induction of the cytotoxic T
cells through the administration of DNA vaccines [20].

The vaccine protein serves as the target for the recognition
by the B cell receptor, and the activated B cells may produce
principally IgG [12]. INO-4800, which is now under the phase
I clinical trial (NCT04336410), is a prophylactic DNA vac-
cine (Fig. 3) which is prepared on the basis of the codon-
optimized S protein sequence (synthesized and digested using
BamHI and Xhol) of the virus to which an IgE leader se-
quence is affixed and the digested DNA is incorporated into
the expression plasmid pGX0001 which in turn elicits the
production of S protein reactive (both S1 and S2) and the
RBD-binding IgG and the T cell responses [3, 21].

Comparative Efficacy Between the DNA
and RNA Vaccines and the Commencement
of RNAi Therapy and CRISPR-Cas13-based
Antiviral Strategy

Considering the instability of mRNA and its
immunostimulatory nature (as an agonist of the toll-like
receptor, TLR3), DNA vaccines may apparently be prefer-
able; however, using pseudouridine instead of uridine may
generate the stable form of mRNA which is really effective
in the simultaneous translation of the SARS-CoV-2 S pro-
tein together with decreased immunogenicity upon admin-
istration within the LNPs into the host [13, 22]. In addition,
compared to the plasmid DNA vaccines, whose entry into
the host nucleus is obvious or necessary to produce
mRNAs, the administration of mRNA vaccines easily per-
mits the mRNA directly to be placed in the cytoplasm there-
by increasing the translation frequency [22]. However,
based upon the chemistry and the mode of action of these
two types of vaccines, the optimal and intentional delivery
with precise formulations of either the DNA vaccine or the
mRNA vaccine may bring about the similar benefits to the
patients. Interestingly, in order to mitigate the COVID-19
pandemic, besides the ongoing efforts including the vacci-
nation strategies, convalescent plasma therapy, intravenous
immunoglobulin (IVIG) infusion therapy; application of
ACE-2 inhibitors and the angiotensin 1 receptor (ATIR),
hindering the hACE2-SARS-CoV-2-RBD interaction by
the usage of monoclonal antibodies; SARS-CoV RNA-de-
pendent RNA polymerase (RdRp) targeting drugs,
repositioned antivirals and the immunomodulatory agents;
the RNA interference (RNAI) therapy has also got attention
especially if the inadvertent mRNA or the DNA vaccination
outcome arises [23]. As elaborately discussed by Sarwar
et al., due to the RNAi-provoked silencing, (1) the SARS-

CoV-2 nonstructural protein 15 (nsp15) imparting the anti-
apoptosis trait, (2) the ORF-3a and ORF-4a (responsible for
the viral release within the infected individual), and (3) the
ORF-9b (the IFN agonist) may become the possible targets
of the RNAI therapy, and hence, the viral life cycle within
the host can be blocked [23]. Besides, three noncoding
microRNAs (miR-1246), which can act as the RNAi-tar-
gets, have been noticed to curb the expression of ACE-2
[23]. Another antiviral strategy can be the employment of
the CRISPR-Cas13-based strategy across the human respi-
ratory tract whereby the prophylactic antiviral CRISPR
(PAC-MAN) can hinder the viral replication and release
by degrading the viral RNA [23, 24]. CRISPR RNAs
(crRNAs) can target the SARS-CoV-2 conserved genomic
regions, and a bioinformatic analysis by Abbott et al.
showed that a group of only six crRNAs were more than
90% effective as anti-SARS-CoV-2 agents even though
the synthesized fragments were used [24]. However, it is
speculated that the RNAI therapy or the CRISPR-based
therapy would be useful if new mutations arise in the viral
spike protein-encoding genomes (already 15 amino acid
variations have been observed in the RBD of the mutant
SARS-CoV-2) which may render the mRNA vaccines or
the DNA vaccines inactive against the new strains of
SARS-CoV-2 [25, 26]. Extensive clinical trials using these
two new approaches would be required to prove such an
assumption though.

Conclusion

Several research teams have been engrossed although 2020 in
dissecting innumerable antiviral drugs for their usefulness and
doing the best for developing diverse forms of vaccines
through a number of clinical trials with notable success
imparting long-term immunity against SARS-Co-V. Besides
the nearly successful mRNA-1273 vaccine which is expected
to be launched commercially for the mitigation of the COVID-
19 pandemic by 2021, still there are requirements for the de-
velopment of other successful and licensed vaccines with sat-
isfactory clinical trials regarding vaccine efficacy, safety, and
justified logistics. A sound and flawless platform of clinical
trials imparting the nonbiased data on the vaccine efficacy
together with a comparative valuation of the accredited vac-
cines would open up the quick and the finest way to develop
new vaccines against SARS-CoV-2. However, one point is to
ponder that viruses can mutate, and if a large-scale mutation
occurs within the spike protein of the viral inoculum within
the vaccine, it would not trigger the cellular or humoral im-
mune response in the host. Hence, regular analysis of the
genome sequences is another necessary part not only in course
of vaccine development phases but also to maintain vaccine
sustainability. Moreover, due to the evidence of the rising
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variants of SARS-CoV-2, replacing the current vaccine’s S
protein with the renovated molecule with the required changes
in the specific amino acid (with a concomitant observation of
the host protective immunity against the new version of the
vaccine) or by adding the new molecule to the existing formu-
lation (i.e., forming the multivalent vaccine) would be a
choice to effectively combat the upcoming SARS-CoV-2 in-
fection. Following the current clinical trials, if the current vac-
cine does not seem to be effective against the new variants, the
formulation and implementation of the seasonal vaccine may
be required.
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