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ARTICLE INFO ABSTRACT

Keywords: The SARS-CoV-2, previously called a novel coronavirus, that broke out in the Wuhan city of China caused a
Vaccine significant number of morbidity and mortality in the world. It is spreading at peak levels since the first case
COVID-19

reported and the need for vaccines is in immense demand globally. Numerous treatment and vaccination stra-
tegies that were previously employed for other pathogens including coronaviruses are now being been adopted to
guide the formulation of new SARS-CoV-2 vaccines. Several vaccine targets can be utilized for the development
of the SARS-CoV-2 vaccine. In this review, we highlighted the potential of various antigenic targets and other
modes for formulating an effective vaccine against SARS-CoV-2. There are a varying number of challenges
encountered during developing the most effective vaccines, and measures for tackling such challenges will assist
in fast pace development of vaccines. This review will give a concise overview of various aspects of the vaccine
development process against SARS-CoV-2, including 1) potential antigen targets 2) different vaccination stra-
tegies from conventional to novel platforms, 3) ongoing clinical trials, 4) varying challenges encountered during
developing the most effective vaccine and the futuristic approaches.
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1. Introduction

The SARS-CoV-2, previously called as novel coronavirus, that broke
out in the Wuhan city of China, is causing significant number of deaths
and morbidity in the human population worldwide [1-4]. After China,
countries that were affected disproportionately were South Korea, Iran,
consequently the USA, India, Brazil, Spain, Italy, Germany, Turkey,
Russia, United Kingdom and the France [5]. Thereafter 74,864,905 cases
were reported in which 1,661,450 deaths took place worldwide as of
December 17, 2020 [6]. The Beta-coronavirus is the genus and Coro-
navirdae is the family to which SARS-CoV-2 belongs. The SARS-CoV-2 is
an SSRV having a 30 kb genome with fourteen ORF consisting of 4 major
structural proteins that are nucleocapsid (N), Spike (S), membrane (M),
and envelope (E) proteins [7-10]. Rhinolophusaffinis bat coronavirus
RaTG13 has 93.1 % nucleotide sequence identical to that of Spike gene
sequence of SARS-CoV-2 strains, however only less than 75 % nucleotide
sequence similarity to that of SARS-CoV. The SARS-CoV-2 viral S se-
quences as compared to SARS-CoV have 3 extra short insertions in the N
terminal domain & 4 out of 5 key residues changes in the RBM of S
protein RBD [9,10]. The SARS-CoV-2 as well as SARS-CoV share similar
HCR ACE-II [1,7,11]. For the development of vaccine against
SARS-CoV2, the protein S that is a spikeprotein has become a major
target, mainly based on the elicitation of viral neutralizing antibodies.
The current scenario regarding the vaccine developmental process
consists of, 1) 47 vaccine candidates in clinical trial 2) 155 vaccine
candidates at pre-clinical stage [12]. The vaccines against MERS-CoV,
SARS-CoV & other coronavirus vaccines have posed toxicity concerns
based on previous clinical investigations with the application of Spike
protein-based vaccines, including immunopathological and inflamma-
tory effects, for example, PEI and ADDE following subsequent viral
challenge of immunized animals [13-24] The macrophages expressing
FcR receptor can uptake anti-spike antibodies for ADDE results in
macrophage activation & the secretion of IL-6, IL-8 & MCP1 and loss of
TGFp [25]. For the inactivated vaccines of the RSV and MERS-CoV after
viral challenge, it has been documented that the Th2 is associated with
immunopathology [13,26-28]. It is therefore necessary that vaccines
developed against SARS-CoV2 should be carefully assessed while con-
ducting clinical trials [29]. The epitope-rich S1 or RBD part of S protein
is considered as a target instead of a whole full-length Spike for the
development of a vaccine against MERS-CoV.

2. Strategies for the SARS-CoV2 vaccine development

Owing to the dramatic rise in the number of cases of COVID-19 cases
worldwide, numerous attempts have been stimulated to develop vac-
cines against this deadly SARS-CoV-2 virus. About 47 vaccines qualified
for clinical-stage entry and more than 155 vaccines are under investi-
gation in the pre-clinical stages [30]. None of the vaccines is having a
license for any other coronavirus affecting human subjects like SARS or
MERS. One of the significant reasons for the unavaliability of vaccines is
due to financial constraints. However other reasons also exist, including
the design of the vaccines, transient immune-responsiveness, and
toxicity concerns in pre-clinical models [31]. Due to several challenges
encountered in the development of the vaccine; discussed further in the
section 5.0 of this paper, developing a vaccine against SARS-CoV2 is an
onerous task to perform. Multiple methodologies are adopted for
developing vaccines including both the next generation as well as con-
ventional techniques. In the case of coronavirus, live attenuated vac-
cines have safety concerns however inactivated ones have been
successful upto pre-clinical stages in the primate models [32]. In the case
of SARS-CoV2, within seven days, the immunized macaques challenged
with SARS-CoV-2 were shielded from extreme ailment & virus levels,
while placebo-subjected macaques endured SIN.The human phase I and
II clinical trials of the inactivated vaccine are ongoing in China [30].
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2.1. Spike protein or S protein

The S protein of SARS-CoV-2 is the subject of several efforts. The S
protein is an essential molecule for viral entry into the host cells, being
present on the outer layer of the virus. The antibodies targeting the S
protein will prevent the virus from entering the host cell, thereby pre-
venting the virus from replicating inside the host cell machinery [33].
On the 10th of January 2020, the full genetic sequence of S protein was
released globally providing an idea for the development of a vaccine [4,
10,33]. The SARS-CoV-2 vaccines in the UK are based on S protein. The
researchers at the University of Oxford have modified a chimp adeno-
virus vector that carries genes encoding this Spike protein. Infecting
human cells with this adenovirus will lead to the production of spike
protein and became a valid target for the immune response. Approxi-
mately 1,000 subjects were recruited by the sponsor for phase 1 human
clinical trial, initiated on 23 April 2020 [30]. A phase I/1I preliminary
study performed on the patient between 23 April and 21 May 2020 was
published by the same sponsor in August. The vaccine has been reported
to have a good safety profile, with both cellular and humoral responses
produced [34]. As of 11th November 2020, the trial is under phase III,
results of which are awaiting.The novel strategy for vaccine develop-
ment is the use of mMRNA; however, no licensed vaccines have previously
used this methodology. The concept for mRNA is based on injecting
mRNA encoding S protein and allowing host cell machinery to prepare
the said protein. The merit of this methodology is allowing rapid scale
production with a straight forward route. In the USA, mRNA vaccines
against SARS-CoV2 have entered clinical trials and interim findings from
phase III clinical trials have indicated 90 per cent effectiveness in par-
ticipants with no previous exposure to SARS-CoV-2 [35].

2.2. Repurposing other vaccines

The vaccines which are already being developed for other ailments
are repurposed for SARS-CoV2 infection as an alternative means of virus
control. There are several vaccines for other ailments other than COVID-
19 globally, which are being re-investigated for coronavirus control. The
BCG vaccine which is already marketed against tuberculosis can boost
the immune system offering some protection in many ailments, from
influenza to bladder tumors [36,37]. Many investigations have sug-
gested an epidemiological correlation between reduced national
occurrence of COVID-19and community coverage of BCG [38,39]. There
are about 5 clinical trials recruiting healthcare professionals to study
whether BCG shows any protection against SARS-CoV-2 [30]. The other
repurposed vaccines consist of OPV & MMR vaccine [40,41].

2.2.1. BCG

The scientists are now hypothesizing that BCG can offer protection
against SARS-CoV2, and some publications support this claim [42]. The
basic crux behind the hypothesis is that the US and Italy have suffered
high mortality because of COVID-19 than BCG vaccinated countries like
Japan, South Korea [43]. However,other multiple factors can give rise to
SARS-CoV2 infection-related mortality in different places of the world.
Many clinical investigations are ongoing to estimate BCG vaccination’s
effect on the possible responses from SARS-CoV-2 like in the
Netherlands, US, and Australia in the high-risk subjects (health care
workers and older), whether it might provide protection [44] from
SARS-CoV2 [42]. A study in Germany are investigating VPM1000,
which is an rDNA vaccine candidate derived from BCG, could prevent
older or health care professionals from SARS-CoV-2 [42].

2.2.2. MMR

The relation of MMR vaccination and COVID-19 associated death
rate has been suggested by the worldwide epidemiological data [44].
Several investigators did not agree to this statement for the live MMR
vaccines other than BCG. Many countries like Latin American
(Argentina, Ecuador, Chile) and Iran maintained more than ninety
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percent vaccine coverage from 1985 till the high death rate from
SARS-CoV2 [44]. The MMR is a live attenuated virus-based vaccine.
MMR is currently in phase III clinical trial (NCT04357028) against
SARS-CoV2. The hypothesis regarding the repurposing of the MMR
vaccine is that antibodies can be generated against measles, which may
cross-react with SARS-CoV2 [45].

2.3. Vaccination strategies

Much effort is being made to develop vaccine against SARS-CoV2 on
accounts to tackle the current coronavirus pandemic. More than 150
firms or educational institutions are working on SARS-CoV2 vaccines
with strategies that include DNA-based vaccines, RNA-based vaccines,
non-replicating viral vector (NRVV), replicating viral vector (RVV),
inactivated vaccines(IAcV), live-attenuated vaccines (LAVs), and pro-
tein subunits Fig. 1. Several groups are making use of computer-aided
and machine learning technologies to study the interaction between
the immune system and viral antigens to identify potential vaccine
targets. These techniques had been already tried against numerous other
pathogens, and are now being applied for the development of the vac-
cine against SARS-CoV-2. Tables 1 and 2 enlist the number of candi-
dates, as of 11th November 2020, under different developmental stages
and strategies respectively. As the SARS-CoV-2 shares similarities in the
genetic makeup of two deadly coronaviruses, i.e. SARS and MERS,
vaccine strategies used to combat SARS and MERS viruses are being
adopted to guide the formulation and development of new SARS-CoV-2
vaccines [46].

2.4. Nucleic acid vaccines

Traditional vaccines (IAcV and LAVs) have a history of protecting
from a massive number of infections such as poliovirus eradication from
most of the countries. However, there are numerous disadvantages
associated with these vaccines [47]. For example (a) booster shots are
needed in case of inactivated vaccines to urge stronger immunity against
diseases. (b) LAVs contain living organisms, there are high chances of
increasing safety and stability concerns for instance i) Attenuated
pathogens can revert to the original form and cause disease, ii) infection
(BCG - local lymphadenitis), iii) Contamination of tissue culture [48]. It
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Table 1
Number of vaccine candidates under different development stages.
Stage of development Number of candidates References
Pre-clinical 155
Phase I 22
Phase I/11 14 .
Phase II 2 t2]
Phase 1/11/111 0
Phase III 10

was, therefore a need to develop newer vaccine technologies to over-
come the drawbacks of these conventional vaccines. Nucleic acid vac-
cines consist of only DNA or mRNA against specific structural viral
protein and do not contain any disease-causing viral protein. DNA/RNA
is taken up by cells and translated into viral antigen resulting in stim-
ulation of an immune response against the viral antigen [49]. DNA and
mRNA are gaining more attention than the conventional vaccine
developmental approaches (inactivated, live-attenuated) owing to their
safety, efficacy, and ease in mass manufacturing. This is evident from the
number of researchers working on this technology. These vaccines can
be administered by several methods such as commonly used injection
needles into the skin, muscle tissues, various mucous membranes, and
spleen. Delivery can also be done using the electroporation method [50].
There are some groups, on the other hand, working on a needle-free
delivery system, for example, Immunomic Therapeutics, Inc./EpiVax,
Inc./Pharmalet [51]. RNA-based vaccines are classified as conventional
and self-amplifying RNAs. Traditionally mRNA-based vaccines encode
the antigen of interest and contain untranslated regions from 5" and 3’,
whist self-amplifying RNAs (same RNAs) encode viral replication
mechanism in addition to viral antigen permitting intracellular RNA
amplification and profuse protein synthesis [52]. Not withstanding the
numerous advantages of nucleotide vaccines, there are none approved
mRNA/DNA vaccines so far available for the public use. If any vaccine
against SARS-CoV2 happens to be from this category then it will be the
first of its kind.

Two mRNA vaccine candidates, mRNA-1273(by Moderna/NIAID)
and BNT162 al, b1, b2, c2 (by BioNTech/FosunPharma/Pfizer) devel-
oped to protect from SARS-CoV2 entered phase III clinical trials after
showing promising efficacy and safety in phase I and II [53,54]. The
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Fig. 1. Vaccination strategies for COVID 19.
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Table 2
Numbers of vaccine candidates under different strategies.

Vaccine type Pre-clinical Phase 1 Phase 1/11 Phase II Phase I/1I/1II Phase III References
2

RNA 16 3 1 0 0 i-Moderna/NIAID
ii-BioNTech/FosunPharma/Pfizer

DNA 11 0 4 0 0 0

Replicating viral vector 18 0 0 0 0 0
2
i-Uni of Oxford/AstraZeneca
ii-CanSino Biological

Non-replicating viral vector 20 1 1 0 0 Inc./Beijing Ins of Biotechnology
iii- Gamaleya Research Inst [12]
iv-
Janssen Pharmaceutical Companies
3

. i-Sinovac

Inactivated o 0 2 0 0 ii-Wuhan Ins of Biological Products/Sinopharm
iii-Beijing Ins of Biological Products/Sinopharm

Live attenuated 3 0 0 0 0 0

Protein subunit 49 4 2 0 1 i- Novavax

Virus-like particles 12 0 0 0 0 0

mRNA-1273 is a new LNP-encapsulated mRNA-based vaccine that
consists of prefusion-stabilized, FLSP of SARS-CoV-2. The NIH and
MIDRT have confirmed the sequence for mRNA-1273 a few weeks after
Chinese researchers shared the genetic sequence of SAR-CoV2 on a
publicly available database. Moderna dispatched the first clinical batch
of mRNA-1273 to the NIH for preceding the Phase 1 clinical trial on 24th
February 2020. The process took just six weeks — the quickest turn
around from the venture starts to immunization candidate in clinical
history [55,56].

BioNTech/FosunPharma/Pfizer on the other hand are working on a
unique combination of mRNA sequences as a vaccine candidate which
contains two nucleoside modified mRNA candidates (BNT162al and
BNT162b2). BNT162al is a uridine containing mRNA candidate while
BNT162b2 is a samRNA. BNT162b1 consists of SARS-CoV-2 receptor-
binding domain (S2RBD), while BNT162b2 contains the SARS-CoV-2
FLSP antigen. All of these mRNA constructs are packed within an LNP
preparation. The spike protein is incorporated in two of the candidates
and a smaller RBD fragment of the spike protein is incorporated in the
other two candidates [57]. On 9th November 2020, Pfizer and BioNTech
announced that their vaccine candidate demonstrated evidence of effi-
cacy in 90 % of participants, who were not exposed to SARS-CoV-2
infection before injection,based on the first interim efficacy analysis
from the Phase 3 clinical study [35].

2.5. Viral-vector based candidates

Vectored vaccines are constructed from a carrier such as adeno or
pox virus which has been modified to contain a gene from the virus of
interest [58]. The platform is broadly classified as replicating and NRVV.

Ads are extensively studied vectors for vaccine development attrib-
utable for its few potential benefits including their capacity to taint a
wide range of hosts and to initiate elevated levels of transgene expres-
sion without the capability of the infectious viral gene being incorpo-
rated into the host genome; moreover, Ads can be fabricated safely and
cheaply. Adenoviral vectors can be made non-replicating by removal of
the fundamental gene for replication (E1 genes). Replication-enabled
adenoviral vectors can be rendered with the deletion of E3 genes.As
the E1 gene stays intact, as an outcome, these vectors have restricted
ability for foreign gene insertion in comparison to RDV [59].

Extensively studied Ads are human Ads serotype 5(AdHu5) but
because of the high frequency of AdHu5 neutralizing antibodies (NAs)
found across the human populace, the efficiency of gene transfer by the
vector is affected leading to diminishing potency of the vaccine. To beat
this issue, Ads procured from numerous different species are tried to fill
in as potential immunization vectors. Ads derived from chimpanzees

were found to be advantageous as AdCs can be easily produced in a
human cell line. Moreover, in comparison to human serotypes of Ad
(AdHus), their seroprevalence in the human population is low, because
they rarely circulated in humans [60].

AdCs are currently being utilized for the development of the SARS-
CoV2 vaccine, for instance, a single dose of a vaccine candidate, ChA-
dOx1 nCoV-19 (Oxford University/ AstraZeneca) has demonstrated to
protect six rhesus macaques from the incidence of pneumonia invoked
by the virus. The vaccine manifested safety profile within an acceptable
range and subsequent booster doses increased antibody immune re-
sponses in phase I/1I single-blind, randomized control trials [34]. There
are many more vectors being investigated for their efficiency as vaccine
candidates (Table 3).

2.6. Subunits vaccines

Subunit vaccines incorporate just the parts, or antigens, that best
invigorate the immune system framework. Since there is no live frag-
ment involve, there is no danger of prompting a disease [61]. Subunit
antibodies can be additionally classified into protein-based subunit
vaccines, polysaccharide vaccines, and conjugate subunit vaccines [48].
Protein subunit vaccines are more steady and safer than live attenuated
and inactivated/killed vaccines. They can be manufactured in a more
cost-efficient manner as compared to other types of vaccines [47]. A
shortcoming of this strategy is that if isolated proteins get denatured,
may bind to different antibodies than the targeted protein of the

Table 3
Replicating and non-replicating viral vectors investigated as vaccine candidates
against SARS-CoV2.

Replicating

Non- replicating References

YF17D Vector

Measles Vector

Horsepox vector

LVVV based on attenuated
influenza virus backbone

Influenza vector

Replication-competent VSV
chimeric virus technology

Newcastle disease virus vector

Avian paramyxovirus vector

Sendai virus vector
Adenovirus-based

MVA encoded VLP
Replication defective Simian
Adenovirus
adenovirus-based NasoVAX
adenovirus-based + HLA-
matched peptides
Inactivated Flu-based SARS-
CoV2 vaccine + Adjuvant
Influenza A HIN1 vector
parainfluenza virus 5 -based
vaccine

Recombinant deactivated rabies
virus

Dendritic cell-based vaccine

[12]
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pathogen [48].

SPs comprising spike (S), envelope (E), membrane (M), and nucle-
ocapsid (N) that are expressed by SARS-CoV2 are viral antigens actuate
neutralizing antibodies and generate a protective immune response
[49]. Most exploited structural proteins are S and N proteins of coro-
naviruses. Companies like Intravacc.in collaboration with EpiVax are
working on the outer membrane vesicle (OMV) delivery platform with
synthetically produced SARS-CoV2 epitopes. It is one of the diverse
platforms that are being investigated to produce a subunit vaccine.The
candidate is currently under pre-clinical evaluation. Other diverse novel
platforms that are being investigated under this strategy include GP-96
backbone and li-key peptide [51].

2.7. Virus-like-particles

VLP’s are the newest vaccine development platform. The technology
was previously utilized against several infections including HIV, influ-
enza, Norwalk virus, enterovirus 71, rotavirus, etc, and is now being
tried by several groups as SARS-CoV2 vaccine strategy [51]. VLPs are
nanoscale structures comprising of viral proteins components assembled
in a way that they mimic the original virus but do not contain the viral
genetic material [62]. Therefore, cannot cause an infection like an actual
virus. They are not contagious and non-replicative yet hold the ability to
find entry into cytomembranes, enabling it pertinent for target delivery
of antigens to antigen-presenting cells. Besides, the external surfaces and
internal shells of VLPs give fantastic alteration locales to comply with
the prerequisites for drug delivery [63]. Moreover, VLP’s have an
essential ability to instigate humoral and cell-mediated responses. They
are further classified as enveloped and non-enveloped VLP’s (eVLP’s)
based on their structure. Enveloped VLP’s consist of the cell membrane
of the host cell called an envelope and this envelope contains integrated
target antigens displayed on the surface [64].

VBI vaccines Inc. are evaluating its multivalent eVLPvaccine candi-
date that encode antigenic protein components of SARS-CoV-2, SARS-
CoV, and MERS-CoV proteins together on the same particle. As the
construct consists of 3 different protein components, it is said to be
trivalent (Fig. 2). It is beneficial as it allows for the production of anti-
bodies possessing broad reactivity, offering protection from strains of
SARS-CoV2 that may get mutated over time [65]. Another collaborates;
Imophoron Ltd and Bristol University’s Max Planck Centre are testing
their unique ADDomerTM multiepitope display vaccine tech in animals.
ADDomer is an ADMP-based self-assembling nanoparticle scaffold con-
structed to promote the plug-and-play display of numerous immuno-
genic epitopes from pathogens. What is unique about ADDomer-based
vaccines is that it is thermostable thus making it free from cold storage
requirements [66]. However, safety and efficacy in preventing
SARS-CoV2 infection are not proved yet.

2.7.1. Clinical trials of BCG vaccine
Double blind, Phase III, randomized placebo-controlled trial is done
to compare the severity of COVID-19 with efficacy of BCG vaccination to

Fig. 2. Trivalent eVLP
tein components.

different

containing three

structural  pro-
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that of placebo. BCG (Bacille Calmette — Guerin) protects from various
respiratory tract infections including those of the viral origin. Various
clinical trials are designed to determine the impact of BCG vaccine on
other clinically relevant respiratory tract infections or COVID-19, and
also the immune system enhancement in those respiratory illness.
COVID-19 related medical illness and the sponsors of BCG vaccine to
compare its effectiveness has been listed in the table below:

Sponsor Medical condition References
LUMC, Department BCG vaccination/immune response
Infection Disease
Assi bli
ssistance publidue COVID-19 Health workers
Hopitaux de Paris
National Koranyi Institute Healthy volunteers working with SARS-
of Pulmonology Cov-2 infection
University of Southern Immune system activation for COVID- [671
Denmark 19 patients

Placebo - controlled Phase III,
randomized double blind

Activate II trial- randomized trial to
prevent infections by COVID-19
SARS-CoV-2 infection

SARS-CoV-2 infection

University of Rzeszow

Hellenic Institute for the
study of sepsis

Radboudumc

University Medical Center

2.8. Passive immunization

The passive immunization is an old procedure, however regrading
SARS-CoV2 it is gaining scientific importance. The non availability of
therapies against COVID-19 has triggered a pandemic, and now every
scientific way is is being utilized to tackle this crisis. The available re-
ports of passive immunization against SARS-CoV2 was initiated by
Chinese and South Korean researchers [68]. A lot of publications have
reported that passive immunization could be a great alternative unless
and until some effective treatments are available like vaccines [69]. It
was reported by Shen et al. that the application of convalescent plasma
could be an available approach against COVID-19 subjects suffering
from respiratory failure and with this approach they reported success in
JAMA. In about five patients the passive immunization was effective
with a decrease in viral load within 12 days after the transfusion [69].

2.9. Immune cell therapy

It has been reported that MSC therapy could act as a potential
candidate forCOVID-19 by treating ARDS and the hypercytokinemia
[70]. There are about thirty-one clinical trials registered on the NIH CTD
which are going on, that are selectively for COVID-19 despite the
absence of any pre-clinical evidences in covid models [70]. Due to
COVID-19 the death rate is rising, the MSC are being investigated in the
clinical settings to find out that whether it can show some proming
outcome in the corona positive subjects. The subjects who received the
MSC demonstrated lower TNF- o and high IL-10 levels as compared to
placebo, but only three subjects were included in the study, so MSC can
have a great potential in treating COVID-19 [70].

3. Potential targets for SARS-CoV2 vaccines

Structural proteins that are covering the SARS-CoV-2 surface serve as
potential vaccination targets. These structures include the protein S, the
protein E, protein M and the protein N [46].

3.1. Spike glycoprotein

Spike protein is the principal antigenic component out of all viral
proteins that are responsible for instigating HIRs and the generation of
neutralizing antibodies which induce preventive immunity against viral
infections. Spike protein has therefore been selected as an essential
target for immunization against SARS-CoV2 [46,71] majority of the
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ongoing pre-clinical and clinical vaccine development researches are
therefore based on spike protein. Out of 47 vaccine candidates currently
under clinical trials, around 35 vaccine candidates are spike
protein-based utilizing varying technology platforms (Table 4). The
potential components of S protein for use as antigens include the FLSP,
the RBD domain, the S1 subunit, the S2 subunit, the N-terminal domain
(NTD), and membrane fusion peptide (FP) [72].

The S protein of coronaviruses is essential in promoting viral entry
into target cells. Several researchers have discovered S2RBD in S protein
and found that the RBD protein firmly binds to hACE2 receptors. The
investigation further affirmed SARS-CoVRBD(S-RBD) generated anti-
bodies that cross-react with S2-RBD protein, and S-RBD-actuated anti-
sera cross-kill SARS-CoV-2, recommending the possibility to create
SARS-CoV RBD-based immunizations for counteraction of SARS-CoV2
infection [73].

Most advanced spike protein-based candidate, ChAdOx 1 vaccine
developed by the University of Oxford Jenner Institute. The vaccine
contains the optimized full-length surface S glycoprotein sequence of
SARS-CoV-2, with a TPA asa leader sequence. It uses a RDCA to deliver a
SARS-CoV-2 S protein to induce a protective immune response [34]. The
evidence for the effectiveness of the ChAdOx 1 was increased after re-
searchers confirmed that the single-dose protected 6 rhesus macaques
from the incidence of pneumonia invoked by the SAR-COV-2 [74]
(Table 5).

3.2. The nucleocapsid protein

No vaccine that is explicitly focusing on nucleocapsid protein has
entered clinical trials, however, ImmunityBio, Inc. &NantKwest Inc.
vaccine candidate that is a Human Adenovirus Type 5 Vector (hAd5)
encoding Spike (S) + Nucleocapsid (N) have entered phase I of a human
clinical trial [12]. With the utilization of machine learning and reverse
vaccinology (Vaxign reverse vaccinology (RV) and Vaxign-ML machine
learning), analysts have found that the SARS-CoV-2 N protein (S2N
protein) is more conserved with SAS-CoV and MERS-CoV than the other
four human coronaviruses. N protein is found within the viral envelope,
in the course of virion assembly, it wraps the RNA to shape the helical
nucleocapsid. This protein is more conserved than the S protein and was
accounted to initiate a humoral and cellular immune response against
SARS-CoV-2 [78]. There are likewise new investigations showing the
crystalline structure closeness of S2N protein with other revealed
coronaviruses with distinct surface electrostatic features [79]. Institutes
like National Research Centre in Egypt have proposed a candidate tar-
geting multiple epitopes including S, N, M, and S1 protein. The candi-
date is still under a pre-clinical trial.

3.3. Membrane protein (M Protein)

The M protein of coronavirus has a vital role in virus assemblage
[80]. M is positioned amidst S proteins in the virus envelope along side
modest quantities of E and is the prime component in initiating the virus
budding process. In the course of viral assembly, M interacts with
several other SPs including N protein, with E protein, S protein, and also
with itself [81]. Significant CD4+ and CD8+ T cells mediated immune
responses were identified against S2M protein during the recent studies

Table 4
Number of confirmed COVID-19 vaccine targets.
Target Strategy References
Spike glycoprotein DNA, RNA, replicating/non replicating viral
S1,S2,RBD vectors, subunit, VLP’s, inactivated, live
attenuated. Gp 96 backbone, OMV [12]

technology
Subunit vaccine
Subunit protein

Nucleocapsid protein
Membrane protein
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conducted in the virus-infected and recovered patients. S2M was
recognized significantly and notable reactivity was observed [82]. Past
examinations have shown that synthetic peptides obtained from
immunodominant epitopes instigated strong antibody-induced immune
reactions in the immunized rabbits, featuring the immunogenicity of
SARS-CoV M protein [83]. Among the developers of the SARS-CoV2
vaccine, company OncoGen has proposed a synthetic long peptide
vaccine candidate targeting S and M proteins of SARS-CoV-2, results of
the pre-clinical studies are not yet revealed.

4. Potential targets that are not under clinical/pre-clinical
phases but require attention

4.1. Envelope protein

S2E can exist in monomeric and homo-pentameric form. It is a 75
amino acid protein. Past mutagenesis-based investigations have shown
its significant function in viral pathogenesis [84]. A group recently
designed the TCEBPI for SARS-CoV2 using the envelope protein as a
target by utilizing an immunoinformatics approach. The designed vac-
cine however requires thorough testing to guarantee its safety and
immunogenic profile [85]. S2E protein is 100 % homologous to bat
coronavirus and the pangolin coronavirus. Also, less than 95 % of
sequence similarity was noted between the S2E protein and the E protein
sequence of SARS-CoV [84]. It is therefore suggested to carry out further
investigation to determine and confirm the immunogenicity and efficacy
of E protein as a potential vaccine target.

4.2. Nsp3

Nsp3 contains several functional domains that are important in
assisting viral pathogenesis. During the phylogenetic and MSA study of
nsp3 protein, It was reported that this protein in SARS-CoV-2 was more
analogous to the human coronaviruses (SARS and MERS), and bat
coronaviruses (HKU3, HKU4, and HKU9). Nps3 can serve as a potential
vaccine target, further, an investigation is therefore suggested to vali-
date its potential [78].

5. Challenges in vaccine development
5.1. An ideal vaccine

i) Should be safe, even in immunocompromised people. ii) Should be
highly effective and optimally induce ‘sterilizing’ immunity [86]. iii)
Should retail immunogenicity despite adverse storage. iv) Inexpensive
v) Free from toxicity and adverse effects vi) Should give long term
protection vii) Should have high thermal stability. Vaccine development
is a lengthy, expensive process and many challenges arise during the
development, manufacturing, and mass distribution.

5.2. Time

The major challenge in developing SARS-CoV2 vaccine is the fast-
tracking of every step in the discovery, development, and evaluation
process. This was not the case before the pandemic, as for any new
vaccine to enter a commercial market and be widely available in the
public domain, follows extensive safety and efficacy evaluation which
usually requires a minimum duration of 5 years. However, due to an
expedited increase in the number of COVID-19 cases worldwide, vaccine
regulatory authorities both at international and national levels are
forced to fast track every process of development to meet the world’s
immediate vaccine requirement. The scientific communities are using
multiple approaches to shorten development phase including over-
lapping clinical phase and using advanced computer-aided and
biotechnological tools.
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Table 5
List of S protein-based vaccine candidates under clinical trial.
Vaccine Status Developers Technology References
ChAdOx 1 Phase Oxford uni/ AstraZeneca Non-replicating viral vector
gillase 2]
mRNA-1273 I Moderna/NIAID LNP-encapsulated mRNA
BNT162 a1, b1, b2, Phase ) . mRNA candlda.tes (BNT162al and BNT162b2); 'ugNA candidate; ‘:and a .
2 - BioNTech/FosunPharma/Pfizer SAMRNA candidate. BNT162b1 encodes an optimized S2RBD antigen, while [57]1
BNT162b2 encodes an optimized SARS-CoV-2 full-length S protein.
Ph:
Ad5-nCoV I ase CanSino biological Adenovirus type 5 vector that encodes S protein
Anhui ZhifeiLongcom Biopharmaceutical/
Phase . . . . . . . . . .
Unnamed I Institute of Microbiology, Chinese Acad of Protein Subunit Adjuvanted recombinant protein (RBD-Dimer
Sciences
Phase . . Co .
Ad26COVS1 I Janssen Pharmaceutical Companies Non-replicating viral vector [12]
Phase . . . . .
INO-4800 Y Inovio Pharmaceuticals Electroporation of DNA INO-4800 encoding S protein
Phase . . . . . .
AG0301-COVID19 v Osaka Uni/ AnGes/ Takara Bio DNA + Plasmid against spike protein
Phase . . .
ZyCoV-19 Y ZydusCadila DNA plasmid vaccine
Phase . . . . . .
GX-19 I Genexine Consortium DNA vaccine encoding S-protein antigen [75]
Phase
NVX-CoV2373 I Novavax Full-length SARS CoV-2 GNVAM
[12]
Ph:
KBP-COVID-19 L /I?se Kentucky Bioprocessing, Inc Protein subunit RBD based
Phase STARR™, a combination of self-replicating RNA that encodes for the prefusion
LUNAI 1 Ar Duke-N 76
UNAR COV19 /1 cturus/Duke-NUS spike protein with LUNAR® 76l
Gam-COVID-V:
T;o ac Phase I Gamaleya Research Ins Non-Replicating Viral Vector. Adeno type 26
COVAX-19 Phase I Vaxine Pty Ltd/Medytox RSPwith Advax™ adjuvant [12]
SCB-2019 Phase I Clover Biopharmaceuticals Inc./GSK/Dynavax Trimeric subunit Spike Protein vaccine
Protein subunit-
NVX- 2 Phi: I iof 1 Brisb. P\ 1i
VX-Cov2373 ase Uni of Queensland (Brisbane, Australia) Molecular clamp stabilized S protein with MF59 adjuvant
LNP-nCoVsaRNA Phase I Imperial College of London samRNA encoding S protein within anLNP [77]
CVnCoV Phase I CureVac mRNA
ARCoV Phase I PLA Acad of Military Sciences/Walvax Biotech. = mRNA
Unnamed Phase I Ludwig-Maximilians - University of Munich MVA-SARS-2-S
FINLAY- FR-2 anti . . . . . .
SARS-CoV-2 Phase I Instituto Finlay de Vacunas, Cuba rRBD produced in CHO-cell conjugated chemically to tetanus toxoid
Medigen Vaccine Biologics Corporation/ . . . . .
MVC-COV1901 Phase I NIAID,Dynavax Subunit protein - stabilized spike protein
FINLAY- FR-1 anti
SARS - CoV an21 Phase I Instituto Finlay de Vacunas, Cuba Subunit protein — RBD + Adjuvant
12
Sf9 Phase I West China Hospital, Sichuan University Subunit protein - RBD (2
Subunit protein-
B-612 Phi: I AXX i Bi ical Inc. Asi
UB-6 ase cov. / United Biomedical Inc. Asia Multitope peptide-based S1-RBD-protein vaccine
Replicating viral vector-
V590 Ph I Merck Sh & Dohs TAVI
ase ere ap ohme/ VSV delivering the SARS-CoV-2 Spike
Institute Pasteur/Themis/Univ. of Pittsburg
ID-19-101 Phi: I
cov o-10 ase CVR/Merck Sharp & Dohme Rvv
DelNS1-2019-nCoV- Phase I Beqmg Wantal Biological Pharmacy/ Xiamen Intranasal flu-based-RBD
RBD-OPT1 University
Unnamed Phase I Sanofi Pasteur/GSK Protein subunit
Unnamed Phase I ImmunityBio, Inc. &NantKwest Inc. Human Adenovirus Type 5 Vector (hAd5) Spike (S) + Nucleocapsid (N)
BacTRL-Spike Phase I Symvivo DNA
GRAd-COV2 Phase I ReiThera/LEUKOCARE/Univercells Non-Replicating Viral Vector
Unnamed Phase I SpyBiotech/Serum Institute of India VLP

5.3. Toxicity and adverse effects

The fast-tracking of vaccine development processes highten the risk
of increased side effects. There is an immense possibility that some
essential data might go missing or unnoticed at this accelerated speed of
development. Researchers are concerned about the risk to public health
if any important evaluation goes under notice. The use of animal models
as a requirement of preclinical evaluation is usually needed to assess the
safety and access risk associated with the new vaccine candidates or
combination vaccines before starting first-in-human trials. Thorough
pre-clinical and laboratory testing have to go in compliance with good
laboratory practice guidelines and with national guidelines on animal
experimentations. These studies are also necessary to establish

characteristics (physical, chemical, and biological) of the vaccine can-
didates. Some research groups have omitted these essential animal
testing studies in the face of global health crisis while others are running
parallel pre-clinical and first-in-human trials. This break from the usual
protocol is worrisome and a challenge that requires prime attention.
Note that the translation of animal studies to humans may not 100 %
with regards to toxicity studies. However, some animal models such as
the mice, ferrets, syrian hamster, and rhesus macaques are demon-
strating symptoms similar to humans upon exposure to SARS-CoV-2
[38].

Safety assessment of very recent technologies like DNA, RNA, VLP’s
is to be given more importance as even if there is evidence of safety and
efficacy, there are very few/no vaccine so far licensed and used in a large
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population. Serious adverse events and allergies were previously re-
ported due to protein, non-protein impurities found in vaccines there-
fore thorough quality check during the manufacturing process is
mandatory before distribution. A lamentable occurrence had occurred
on account of polio immunization in 1955 because the cycle of inacti-
vating the live virus was flawed. There were reports of paralysis and
within a month the mass immunization program against polio was
deserted. It was later uncovered that the vaccine had resulted in causing
40,000 instances of polio, leaving 200 youngsters with differing degrees
of paralysis and several deaths [87]. Therefore manufacturing meth-
odology has to be extremely audited and validated; manufacturers
should be extremely meticulous in producing large quantities of vaccine
doses. This will be challenging during the present race to license the first
SARS-CoV2 vaccine and mass-produce a large number of doses.

5.4. Long term protection

Ideally, vaccination should provide long term protection. However,
immunization induced resistance blurs after some time and the loss of
protection varies with every disease [88]. Two doses of inactivated polio
antibody (IPV) are 90 % effective or more against polio and three doses
are 99 %-100 % effective and the duration of protection lasts for several
years to decades [89]. Most promising SARS-CoV2 vaccine candidates in
clinical trials require booster doses. It is too early to say any of it pro-
vides long term protection.

Reinfection is another major aspect affecting the protection period. A
very recent study has confirmed reinfection with genomic evidence. It
was concluded that SARS-CoV-2 might flow among the human populace
regardless of crowd insusceptibility on account of general infection or
immunization. Additional monitoring of patients with reinfection will
help optimized vaccine design against SARS-CoV2 [90].

5.5. Mutations

In the early pandemic situation, there was concern among the sci-
entific community over mutations arising in SARS-CoV-2. However
recent studies have indicated no cause for concern.The outcomes of
phylogenetic examination of various SARS-CoV-2 strains procured from
various nations showed that all the glycoproteins of various strains of
SARS-CoV-2, obtained from various nations were strongly related to
each other; hence antibody structured against one strain would be suc-
cessful against the various strains of SARS-CoV-2 from various nations.
Nevertheless, it is essential to continuously monitor genomic sequence
given the knowledge of previous experience on virus mutation rate [91].

5.6. ADE

ADE virus infection is a condition in which antibodies targeting the
virus enhance the entry of virus or viral replication into the host cell
(monocytes/granulocytes), by interacting with Fc receptors [92]. ADE
of ailment is an overall worry for the development of immunizations and
treatments since it possibly intensifies the infection or triggers
dangerous immunopathology [93]. A serious ADE was seen in the case of
the dengue vaccine. The rate of hospitalization was increased in vacci-
nated children than in non-vaccinated children. It was discovered that
the antibody imitated the primary infection and that a reduction in the
immunity presented a few youngsters to the danger of ADE in case of a
subsequent secondary infection. ADE is believed to be liable for causing
COVID-19. So far there are none in-vitro, in-vivo, or clinical proof of
ADE happening in COVID-19 patients nonetheless, ADE may represent
some serious results during the regular course of the illness [94]. ADE in
SARS and MERS has been demonstrated in animal models. Therefore
careful monitoring of ADE over several years post-vaccination is
necessary especially during the mass vaccination program as ADE is
evident when enough people have been vaccinated.
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5.7. Cost

Even if a single vaccine is proven safe and efficacious, large scale
manufacturing and distribution will be challenging especially if vaccine
candidate involves novel technologies as very few manufacturing plant
have previous experiences in mass production. The establishment will
have to comply with the GLP guidelines for the particular vaccine
candidate. Setting up new premises and infrastructures for vaccine
production which is meeting complete quality guidelines will have cost
involving. Also in the current global rush to develop a vaccine, there is a
possibility that this very crucial compliance step might miss adequate
attention; posing a potential danger. The challenge is to vaccinate the
entire world population. Experts worry that this might be physically
difficult to achieve owing to resource scarcity. Also, there should be
production balanced against the need for other vaccines. The kind of
infrastructure needed for production will depend on the type of vaccine.
The world’s governments and companies need to invest enough money
so that vaccines can be made quickly available. Financial losses may also
occur if the pandemic is ended before development phases are
completed as experienced from previous epidemics like SARS.

6. Prospects

So far researchers have assured vaccines for SARS-CoV2 will be ready
within a few months. If the first licensed vaccine happens to be from a
novel technology platform, it will lead to a revolution in the vaccine
development landscape. Since these platforms utilize machine learning,
immunoinformatics, biotechnological tools, genome sequencing, and
other in-silico approaches to arrive at the most promising hit molecule,
aiding in the reduction of the duration of vaccine development signifi-
cantly. It will change how we will respond to future emerging virus
infection. Some of these candidates have loosened animal toxicity
studies and started directly dosing in humans. If such vaccines are suc-
cessful in justifying such a break from the usual protocol, usage of ani-
mal models will also change. International and national vaccine
regulatory authorities might be required come up with newer guidelines
in conducting pre-clinical and clinical evaluation studies with the con-
dition that novel vaccine candidate is successful in providing immunity
against the virus for a more extended period.

Post-licensure vaccine safety assessment is a long term assessment of
adverse event occurring post-vaccination. It is necessary for detecting
vaccine-related rare and LTAEs and keeping up people’s certitude in
vaccines and following immunization schedules [95]. Such surveillance
has to be conducted meticulously using either active or passive methods
to determine AEFI/ADE or if there is a decrease of immunity.

Keeping entire hope on a vaccine to end the pandemic should not be
encouraged. Because of the wide challenges highlighted above, it will
not be a quick process to reach the vaccine shots to each individual.
According to WHO, world leaders and the public must follow and come
up with a novel social measure to reduce viral concentrates within the
human populace.

7. Conclusion

More studies are required urgently to reach the most successful
vaccine candidate in order to minimize the growing number of COVID-
19 cases (74,864,905 worldwide to date 17th, December 2020). The
need for thorough review of testing methodologies is just as critical as its
urgent obligation to ensure that vaccines produced are free from long-
term and short-term toxicity and adverse effects. Since the vaccine
alone cannot combat the pandemic, modern preventive social strategies
are needed so that the world can battle the present pandemic and be able
to face another pandemic if it occurs in the future.
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