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ABSTRACT

The COVID-19 pandemic caused by SARS-CoV-2 has spread rapidly. To date, countries have relied on the
prevention of the disease through isolation, quarantine, and clinical care of affected individuals. However,
studies on the roles of asymptomatic and mildly infected subjects in disease transmission, use of antiviral
drugs, and vaccination of the general population will be very important for mitigating the effects of the
eventual return of this pandemic. Initial investigations are ongoing to evaluate antigenic structures of
SARS-CoV-2 and the immunogenicity of vaccine candidates. There also is a need to comprehensively
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compile the details of previous studies on SARS-related vaccines that can be extrapolated to identify
potent vaccine targets for developing COVID-19 vaccines. This review aims to analyze previous studies,
current status, and future possibilities for producing SARS-CoV-2 vaccines.

Introduction

In late December 2019, an outbreak of pneumonia of
unknown etiology linked to the Huanan seafood market,
Wuhan, China was officially reported by the Health
Commission of Hubei province, China."” A virus formerly
called as the “Wuhan virus” and provisionally designated as
“2019-nCoV” by WHO was identified as being responsible
for this outbreak. The virus was officially named SARS-CoV
-2 and the disease as COVID-19.>* Following the reporting
of COVID-19 infection caused by SARS-CoV-2 in China’
and subsequent confirmation by national®” and interna-
tional health agencies,”® transmission dynamics studies™'’
and genomic analyses''"'* were undertaken to explore the
various epidemiological attributes'*'® along with clinical
features of the disease."'™'”> However, the rapid global
spread and alarming rise in the number and severity of
the cases necessitated devising early therapeutics”'>'® and
preventive measures'”'’ against COVID-19.”°">> For this
combat strategy, deciphering the structure®**” and func-
tional roles'"'**® of the structures of SARS-CoV-2,'**"*’
their antigenic properties,''>***’ roles in immune
response and pathogenesis,”’>’ and the potential for vac-
cine development™*®** is of utmost importance for the
prevention and control of this disease.””””’

Convalescent sera or plasma therapy,' ™ and killed and
inactivated/attenuated vaccines’®”” can help in the prevention
of this disease; however, numerous challenges are associated
with these approaches including chances of re-infection.”**’
These limitations can be overcome by employing subunit vac-
cines based on the molecular structures of SARS-CoV-2; how-
ever, these prophylactics may require periodic boosters owing
to their low immunization potential.”''>*' Recombinant vac-
cines, DNA- or RNA-based vaccines, can further improve
immunity with minimum side-effects; however, antigenicity
and adequacy of immune response need further
exploration.”®**** For the development of any of these vaccine
types, understanding the antigenic structures of SARS-CoV-2
is essential.”**

Structural'' and non-structural'* proteins of SARS-CoV-2,
in addition to its genetic material,”>** are being explored as
vaccine candidates. These studies are possible as the
genomic”'>'* and molecular details,”***’ of the structures
of SARS-CoV-2, their role in receptor binding, fusion, tissue
tropism, and pathogenesis”>”"**** are under continuous and
progressive investigation. The S gene of the coronaviruses
encodes the spike (S) glycoprotein that is responsible for bind-
ing with a cellular receptor in order to initiate infection. The
S protein consists of two subunits, S1 and S2, of which the S1
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subunit constitutes the N-terminal domain (NTD) and recep-
tor-binding domain (RBD).!" Similar to SARS-CoV, the SARS-
CoV-2 utilizes the angiotensin-converting enzyme-2 (ACE2)
receptor for cellular entry.”**® Neutralizing antibodies are
mainly directed against the S glycoprotein, as it is the major
structural protein, rendering it a potent target for vaccine
development against both SARS-CoV and MERS-CoV.""*
Similarly, the S protein can be targeted for the development
of vaccine candidates against SARS-CoV-2 as well. Thus, tar-
geting the structure'"** of SARS-CoV-2 as well as examining
its receptor recognition,” affinity for binding,”” fusion,”>”’
entry mechanisms,*’ pathogenesis,”>*”’" and finally, its disease
severity mechanisms"”” can better help in the development of
prophylactic or therapeutic strategies.

The impact of COVID-19 varies among countries and ter-
ritories, probably due to differences in culture, health-care
facilities and mitigation efforts. Moreover, a study proposed
the role of national policies related to childhood BCG (Bacillus
Calmette-Guerin) vaccination, which provides protection
against a broad category of respiratory infections as possible
explanation for these national differences in the impact of
COVID-19.”" Surprisingly, countries without universal policies
or with a late start of universal policies of childhood BCG
vaccination were reported to be affected more severely with
high mortality suggesting the BCG vaccination as a crucial tool
to fight COVID-19.°'Ina study, Pasteurella is transformed and
an inactivated alum-precipitated infectious bronchitis (IB) vac-
cine is produced within a period of 2 weeks. Moreover, around
9000 birds were vaccinated and the vaccine has proven very
effective against IB. In addition, it is assumed that formalin-
killed Pasteurella multocida cells prepared by the above
method may prove effective in COVID-19 if administered
during the early course of the disease.”

COVID-19/SARS-CoV-2 vaccines

Currently, there are no specific vaccines or therapeutics avail-
able against COVID-19.>*"** With the rise in the number of
affected individuals, severity of the disease, global spread, lack
of prophylactics and therapeutics, the demand for immediate
therapy and future prevention of COVID-19 is rising.”**®
Attempts are being made to develop safe and effective pro-
phylactic strategies.””*>*” Several vaccines are in various
stages of clinical trials,”” however, in the current scenario,
there is a dearth of prophylactics.'”’*** Convalescent sera,
live attenuated or killed virus vaccines, protein-based vac-
cines, DNA-based vaccines, mRNA-based vaccines, virus-
like particle vaccines, vector and non-vector-based vaccines
are some of the possibilities to be considered for developing
prophylactics against COVID-19.°%7%

Convalescent sera

One of the earliest available and achievable prophylactic mea-
sures is convalescent sera. Convalescent sera from persons who
have recovered from the COVID-19 attack can be used as an
immediate therapy.”® Genetically engineered animals, such as
cows™* could also serve as sources of such sera; this serum
contains immunoglobulins that can bestow passive immunity.

These antibodies could help in the neutralization of SARS-CoV
-2 by triggering antibody-dependent cellular cytotoxicity and/
or phagocytosis.”® Consequently, convalescent sera can be used
as a rapid mode of therapy and prevention. Vaccine-based
approaches for prevention may require time. Additionally,
although the vaccines might be effective against the current
COVID-19 infection, vaccines based on viral-encoded peptides
might not be effective against coronavirus outbreaks that may
arise in the near future as novel mutated viral strains emerge
every year, requiring new immunization strategies.’ Hence,
convalescent sera can be a good option for immediate
therapy.”®*>*° Immunoglobulins developed against SARS-
CoV-2 in serum can help in neutralizing SARS-CoV-2.%*
Plasma therapy,'™””>" synthesized antibodies,”” preferably
neutralizing monoclonal antibodies,®® and interferons®” can
potentially be utilized in patients with COVID-19.

Monoclonal antibodies developed based on previous experi-
ence of working with other coronaviruses can play a role in
prevention and control, and can be employed as passive immu-
notherapy against COVID-19.”" Intravenous administration of
immunoglobulins to block FcR activation can be helpful in
preventing SARS-CoV-2-induced pulmonary inflammation in
the respiratory tract”®> However, limitations of these sera-
based therapies include transmission of causative agents and
impurities, abnormal reactions, and insufficient or short-term
therapy or prevention.

Possibility of other risks like induction of severe acute lung
injury by anti-spike antibodies or antibody-dependent
enhancement (ADE) needs to be explored, which have been
observed with either acute SARS-CoV infection, believed to be
due to skewed macrophage responses during the infection,” or
COVID-19 affected patients.”**> ADE is believed to be due to
prior exposure to other coronaviruses.”’ It modulates the
immune response and can elicit sustained inflammation, lym-
phopenia, and/or cytokine storm.”” ADE also might be caused
by the presence of non-neutralizing antibodies to parts of the
S protein. These responses can be evaluated by investigating
the effects of spike-based antibodies on in vitro cell cultures or
animal models in the future, and simultaneous exploration of
possible remedial measures to prevent acute lung injury
including the blockade of FcyR°>*® or by carrying out inde-
pendent large-cohort studies, which can help in testing this
possibility.”” In addition, developing and using multiple mono-
clonal antibodies can help in the amelioration of such
problems.”” As immunotherapy is a short-term measure,
hence, for bestowing long-term immunity and future preven-
tion, the development of vaccines is imperative.

COVID-19 vaccines

Efforts are being made by researchers to design and develop
suitable vaccines for COVID-19, though vaccine-based
approaches require years for development.'”*** In the current
situation, national and international scientific guidelines pro-
posed for the efficient management of COVID-19 need to be
followed until vaccines are developed.®® Various types of vac-
cines against SARS-CoV-2 are possible. These include com-
plete virus-based vaccines (live attenuated, killed), subunit
vaccines, nucleic acid-based vaccines (RNA, DNA),



recombinant vaccines, virus-like particle vaccines, and vector
. 26,39
and non-vector-based vaccines.

Whole organism-based vaccines

The earliest modes of vaccine development involved the utili-
zation of either the entire virus (for the development of com-
plete organism-based vaccines) or its parts (for subunit
vaccines). These include attenuating or inactivating the cul-
tured viruses by passaging or by physical and chemical meth-
ods, such as subjecting to treatment with ultraviolet light,
formaldehyde, and  B-propiolactone,  respectively.”>*’
A review reported that certain induced mutations can comple-
tely attenuate the viruses, and hence can be explored as agents
for the development of vaccines.””> Moreover, recombinant
viruses with deletions of virulent proteins can be utilized as
live attenuated vaccines.”® However, these vaccines may have
limitations associated with infectivity, reversion to pathogeni-
city, and disease-causing potential®® that preclude the use of
such vaccines in humans.

SARS-COV-2-specific vaccines (subunit vaccines and
future vaccine targets)

Exploration of vaccine candidates of SARS-CoV-2 is essential
for the development of specific vaccines”>** and research and
development to achieve this objective have already been
initiated.”” A set of epitopes of SARS-CoV-2 has been screened,
and immune targeting of these epitopes can provide protection
against this novel coronavirus, thus providing experimental
platforms for the development of vaccines.”” Identification of
putative protective antigens/peptides from SARS-CoV-2 is
important for the development of subunit vaccines.*®
A timely study of genome sequences is proving to be beneficial
for subunit vaccine development.'"'” Structural proteins of
SARS-CoV-2, including envelope (E), membrane (M), nucleo-
capsid (N), and spike (S) proteins are being explored as anti-
gens for vaccine development, including subunit
vaccines.'">** Proper understanding of the viral structure,
mechanisms of binding, entry, and pathogenesis and the events
involved, specific to SARS-CoV-2, will help in designing better
prophylactic and therapeutic modalities. The molecular struc-
ture of the novel coronavirus, role of its structures in immu-
nogenicity, potential as vaccine candidate, cellular and
antibody response developed by it or against it, need to be
discussed with special focus on the whole structure or specific
structures of SARS-CoV-2.

All the four structural proteins of SARS-CoV-2, including
envelope (E), membrane (M), nucleocapsid (N), and spike (S)
proteins can serve as antigens to induce cellular (through CD4
+/CD8+ T cells) and humoral (through neutralizing antibo-
dies) responses.'”'>*® The E and M proteins help in the
assembly of CoV, whereas the N protein is involved in the
synthesis of genetic material (RNA).* The E protein also has
a role in determining the virulence of these viruses; and hence,
recombinant coronaviruses with mutated E protein are being
evaluated as live attenuated vaccines.*”’" The M protein plays
arole in determining the membrane structure, and can serve to
increase the immunological stimulation of SARS-CoV
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N protein DNA vaccine.”' As the N protein is conserved in
all CoV families, it is not a specific vaccine candidate.
Furthermore, anti-SARS-CoV-2-N protein antibodies have
not been successful in generating immunity against the
infection.”* The S glycoprotein is a critical and important
structural protein of SARS-CoV-2 that is responsible for med-
iating viral binding to host cell receptors and entry into host
cells.”*** Upon the proteolytic cleavage of the precursor
S protein of SARS-CoV-2, two subunits are produced. These
include S1 (685 aa) and S2 (588 aa) subunits.'' The S2 subunit
is considered to be important as it is well conserved in SARS-
CoV-2 viruses; it has 99% identity with bat SARS-CoVs."'
Therefore, it has a potential to be used as a vaccine candidate
and can boost immune responses against SARS-CoV-2.”° The
S1 subunit contains receptor-binding domain (RBD), which is
important for binding to the host angiotensin-converting
enzyme 2 (ACE2) receptor via a receptor-binding motif
(RBM), thereby mediating viral entry into sensitive host
cells.”*** The S1 subunit of SARS-CoV-2 shows 70% identity
to human SARS-CoVs. Moreover, the external subdomain of
the RBD that helps in virus and host receptor binding exhibits
the highest number of amino acid variations.'""** Strategies
that target the initial entry of virus are considered to be effec-
tive for the prevention and control of COVID-19;*° conse-
quently, elucidation of the mechanisms underlying binding
and entry is crucial.

Wan et al.”® provided vital information on receptor usage,
cell entry, and host cell infectivity of SARS-CoV-2. Sequences
of RBD and its receptor-binding motif (RBM), which is mainly
responsible for direct binding to ACE2, are similar in SARS-
CoV-2 and SARS-CoV, thus indicating that ACE2 is the recep-
tor for SARS-CoV-2.® Some critical residues present in the
RBM of SARS-CoV-2 also suggest a potential for human infec-
tion. Among these, some residues (especially GIn493) interact
specifically with human ACE2, indicating the ability of SARS-
CoV-2 to infect human cells, while others (especially Asn501)
show compatibility with human ACE2, indicating its capability
of human-to-human transmission. Phylogenetic analysis and
recognition of ACE2 receptors from various animal species
(excluding mice and rats) suggest an animal source of infection
or animal model for infection.”® Furthermore, a single N501T
mutation in SARS-CoV-2 (corresponding to the S487T muta-
tion in SARS-CoV) can increase the binding affinity of SARS-
CoV-2 RBD to human ACE2, suggesting future emergence of
infections.”® Further investigations have helped in elucidating
the molecular mechanisms underlying these events. The
S glycoprotein, which is an ~1200 aa long protein of the
class-I viral fusion proteins, contributes to receptor binding,
tissue tropism, and pathogenesis.”>*" It contains several con-
served domains (RBDs) and motifs (RBMs). The trimetric
S glycoprotein is cleaved at the S1/S2 cleavage site by host cell
proteases during infection, resulting in the production of
N-terminal Sl-ectodomain and C-terminal S2-membrane-
anchored protein.”’ The former helps in recognizing the cell
receptor, while the latter helps in viral entry. The subunit S1
contains an RBD that recognizes the ACE2 receptor. Of the 14
aa present on the RBD surface of S1/ACE2 of the S1 subunit of
SARS-CoV, 8 residues are strictly conserved in SARS-CoV-2,
further strengthening the fact that ACE2 acts as a receptor for
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SARS-CoV-2 as well.”>***" The S2 subunit contains a fusion
peptide (FP), second proteolytic site (S’), an internal fusion
peptide  (IFP), two  heptad-repeat domains, and
a transmembrane domain (TM).”" Coutard et al.’’ claim that
there are two cleavage sites in SARS-CoV-2; first being between
RBD and the FP (S1/S2) and the second being at KR|SF. FP
and IFP may be involved in entry mechanisms suggesting that
the S-protein needs to be cleaved at both the S1/S2 and S2’
cleavage sites. In SARS-CoV-2 and SARS-CoV, the S2' cleavage
site at KR|SF, downstream of the IFP is identical. Although
processing at S2’ in SARS-CoV-2 is essential for the activation
of the S protein, the proteases involved in this process are yet to
be identified. However, based on the sequences studied, one or
more furin-like proteases would cleave the S2' at KR|SF.”
Cleavage sites at S1/S2 have been extensively studied in
CoVs.”' Proteases act as furin-like cleavage molecules to cleave
S into S1 and S2.>' The presence of furin-like proteases
increases the pathogenicity of the virus and hence the severity
of disease.”’ Consequently, targeting these sites, enzymes, or
proteins can have beneficial applications. For targeting these
structures, their antigenic potential needs to be evaluated to
uncover potential epitopes.

Ahmed et al.”” have evaluated epitopes for SARS-CoV-2
based on epitopes that have induced immune responses against
SARS-CoV, and hence can be explored as vaccine candidates.
They have mainly investigated the S and N proteins of SARS-
CoV-2 in relation to those of SARS-CoV. Percentage sequence
identities of SARS-CoV-2 § protein, N protein, M protein, and
E protein with those of SARS-CoV are 76.0%, 90.6%, 90.1%,
and 94.7%, respectively (Ahmed et al. 2020).”” Based on gen-
ome sequencing and phylogenetic analyses,'>'* the cell entry
mechanism and human cell receptor usage'“**** of SARS-CoV
-2 resemble those of SARS-CoV.”” Although the genome
sequences of SARS-CoV and SARS-CoV-2 are similar to
some extent, antigenic differences are found between them.
Only around 23% and 16% of the known SARS-CoV T-cell
and B-cell epitopes, respectively, map identically to those of
SARS-CoV-2. No mutation has been noted in these epitopes in
the available SARS-CoV-2 sequences, suggesting their poten-
tial roles in cellular and humoral immune responses.'**"*”
Ahmed et al.”’” identified B-cell and T-cell epitopes in the
immunogenic structural proteins, S and N of SARS-CoV.
T cell-based epitopes are promising vaccine candidates, produ-
cing an effective cellular immune response, and as these epi-
topes have a large population coverage, therefore, vaccines
against these epitopes can be used across a range of
populations.”” Therefore, T cell response against SARS-CoV
-2-derived epitopes may provide long-term protection and
may provide immunity to large populations.””’*”* Similarly,
B cell-based epitopes, especially linear B cell epitopes, have
shown promise as vaccine candidates by aiding the develop-
ment of humoral immune response.”” These findings are simi-
lar to those of Ramaiah and Arumugaswami.* However,
Ramaiah and Arumugaswami’* have focused only on MHC
class II epitopes when Ahmed et al.”” have focused on both
MHC class I and MHC class II epitopes. Only the HLA-
DRBI1*01:01 epitope is common between both the studies,
which may be due to comparatively low population
coverage.’*  Ramaiah  and  Arumugaswami’®  used

computational tools, while Ahmed et al.”” used epitopes that
were positive in either T-cell or MHC binding assays.

As the RBD of SARS-CoV and SARS-CoV-2 shows some
identity, Tian et al.”* examined the cross-reactivity of anti-
SARS-CoV monoclonal antibodies with the S protein of SARS-
CoV-2 to explore the possibility of prophylactic or therapeutic
applicability. They reported effective binding of SARS-CoV-
specific human monoclonal antibody, CR3022, to SARS-CoV
-2 RBD. Within the SARS-CoV-2 RBD, the epitope bound by
this monoclonal antibody does not overlap with the ACE2
binding site, suggesting the potential of CR3022 to be devel-
oped as a therapeutic entity. Other SARS-CoV-specific anti-
bodies (m396, CR3014) do not bind with SARS-CoV-2
S protein suggesting variations in the RBDs of the two coro-
naviruses. Due to the difference in cross-reactivity, there is
a need to develop SARS-CoV-2-specific monoclonal
antibodies.”*

The S protein of SARS-CoV-2, being a transmembrane gly-
coprotein, is essential for binding to the receptor (ACE2),
fusion of viral-host cell membranes, and entry of virus into
the human respiratory epithelial cells; the entire mechanism is
mediated by the interaction of structural subunits of S with the
cell surface receptor, ACE2.'%***>*” As the S protein is surface-
exposed and essential for viral entry into host cells, it is the
main target for neutralizing antibodies, and hence a candidate
for vaccine development.”” Recently, the cryo-electron micro-
scopy  (Cryo-EM)-based  structure of SARS-CoV-2
S ectodomain trimer has been revealed, and is shown to have
multiple S® conformations similar to those of SARS-CoV's and
MERS-CoVs.”” However, it harbors a furin cleavage between
the S1/S2 subunits, which is processed during biogenesis, and
hence is differentiated from other CoVs.”>*’ Using 3.5-ang-
strom-resolution Cryo-EM, Wrapp et al.”> have studied the
prefusion conformation of the trimeric S glycoprotein and
have revealed that the predominant state of the trimer has
one of the three receptor-binding domains, rotated in
a receptor-accessible conformation.

The S glycoprotein of SARS-CoV-2 shares 75% to 97%
sequence identity with the amino acid sequences of
S glycoprotein from other SARS-CoVs, including bat
coronaviruses.'**>*** A 193-aa long RBD (N318-V510)
within the S protein of CoVss is a critical target for neutralizing
antibodies.”* There is a 50-73% sequence identity between
SARS-CoV RBDs and SARS-CoV-2 RBDs.*****’ However,
some RBDs are conserved while others are not; hence, anti-
bodies against SARS-CoV S protein may or may not show
cross-reactivity with SARS-CoV-2 S protein.”**” The binding
motifs of the RBD of S protein of SARS-CoV and SARS-CoV-2
to ACE2 receptor have been noted to be similar, suggesting
ACE?2 to be a potential receptor for SARS-CoV-2.7*>*

The RBD of SARS-CoV-2 differs from that of SARS-CoV,
mainly at the C-terminus residues, which may not affect the
binding with ACE2 but can affect the cross-reactivity.”
However, based on biophysical and structural evidences,
Wrapp et al.”” have noted a 10-times greater binding affinity
of SARS-CoV-2 S protein RBD to human ACE2 than that of
SARS-CoV, suggesting a stronger binding affinity than those of
other CoV RBDs; this may be the cause of rapid transmission
among humans. There is an insertion of a four amino-acid



residue at the boundary between S1 and S2 subunits, producing
a furin cleavage site, which is cleaved during biosynthesis, and
is an important characteristic of SARS-CoV-2."* Abrogation
of this cleavage site slightly affected the mechanism of entry but
increased the tropism of SARS-CoV-2.”” The binding affinity
of SARS-CoV-2 for human ACE2 (hACE2) reflects the overall
viral replication rate, transmissibility, and severity of the
disease.”® The S protein of SARS-CoV contains approximately
14 hACE2 binding sites; among these, 8 are strictly conserved
in SARS-CoV-2 S and the rest 6 are semi-conservatively
substituted.”” This indicates similar binding affinities of the
S proteins of SARS-CoV and SARS-CoV-2 for hACE2; hence,
these viruses display a high transduction efficiency mediated
through S glycoproteins and the current rapid transmission in
humans.”” The two structural conformations of the SARS-CoV
-2 S glycoprotein include trimers harboring a single open S®
domain®>** and trimers harboring three closed S® domains.*
In highly pathogenic coronaviruses, the S glycoprotein trimers
remain partially open, whereas in those causing mild cold they
remain closed.”” These conformational changes generate epi-
topes in the RBMs that can serve as a basis for vaccine
development.”” Cellular proteases (TMPRSS2) are being used
for entry into cells by SARS-CoV-2.* SARS-CoV polyclonal
antibodies prevent S glycoprotein-mediated entry of SARS-
CoV-2 by targeting the highly conserved S2 subunit of these
glycoproteins. S2 subunit being identical in both SARS-CoV
S and SARS-CoV-2 §, an antibody-based response causes diffi-
culties in serological investigations; however, similarities in
immunogenicity can help in devising multivalent vaccines.””

SARS-CoV-derived antibodies targeting the RBM in the S2
subunit of the SARS-CoV-2 S protein may be more effective than
that in the S1 subunit, because the S1 unit is less exposed and
maps identically to that of SARS-CoV.***>*” B cell epitopes have
a potential to generate cross-reactive and neutralizing antibodies
against both SARS-CoV and SARS-CoV-2.*’ Linear SARS-
CoV-derived B cell epitopes in the S2 subunit may potentially
be better candidates for inducing a protective antibody response
than those in the S1 subunit, as large genetic mismatches are
observed between the known structural epitopes of this domain
in SARS-CoV and SARS-CoV-2.***” Therefore, S2 linear
epitopes need to be explored for inducing a humoral immune
response and as vaccine candidates.”” Overall, vaccine candi-
dates that attempt to induce antibodies targeting the S2 linear
epitopes may be effective and should be explored further.””

A study demonstrated that the cross-reactivity of antibodies
against SARS-CoV RBDs toward SARS-CoV-2 RBDs, as three
antibodies that bound to SARS-CoV did not bind to SARS-
CoV-2, indicating the differences in RBDs of the
S glycoproteins. Hence, there is a need to develop specific
monoclonal antibodies against SARS-CoV-2.> This also
implies that the structure of SARS-CoV-2 S glycoprotein can
serve as a target for vaccine or therapeutic development.”

Ahmed et al.”” explored a set of T- and B-cell epitopes
derived from the S and N proteins of SARS-CoV, which
mapped identically to SARS-CoV-2 and had no mutations
in the 120 genome sequences that were studied.
Consequently, these can serve as candidates for the develop-
ment of subunit vaccines. Recently antigenicity along with
structure and function of the S glycoprotein, especially of
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a linear epitope of SARS-CoV-2 S2 subunit has been
evaluated.”” Neutralizing antibodies have been raised against
the S2 subunit of SARS-CoV-2 that cross-react with and
neutralize SARS-CoV-2 as well as SARS-CoV;*’ these can be
explored as candidates for developing subunit vaccines.
Subunit vaccines have limitations of low immunogenicity,
requirement of adjuvants, and sometimes-inefficient protec-
tive immunity. An S-trimer subunit vaccine is under devel-
opment, wherein a COVID-19S-trimer is being evaluated as
a vaccine candidate by GlaxoSmithKline (GSK) and Clover
Biopharmaceuticals (China). In this Trimer-Tag technology,
a protein-based coronavirus vaccine candidate (COVID-19S-
Trimer) developed by Clover Biopharmaceuticals is being
tagged with an adjuvant system of GlaxoSmithKline, aimed
at boosting the immune response.”” TriSpike SARS corona-
virus vaccine, hybrid peptides, and COVID-19 viral peptides
are other candidates studied for the development of protein-
based vaccines (https://storage.googleapis.com/wzukusers/
user-26831283/documents/5¢57ed391b286sV{68Kq/
PR_Generex_Coronavirus_Update_2_27_2()20.pdf).53

A vaccine based on the S2 protein subunit of the S glycoprotein
that helps in membrane fusion can have broad-spectrum antiviral
effects, as it is conserved in SARS-CoV-2.""**** Targeting the S1
protein of SARS-CoV-2 can prevent viral entry, and hence can be
used as a strategy for controlling viral infection.”® Targeting the
S protein can assist in developing both cellular and humoral
immunity by inducing neutralizing antibodies and developing
protective cellular immunity.”® The full-length S protein” and
RBD’® of SARS-CoV have shown a potential to be explored in
SARS-CoV-2 for vaccine development.” A study suggested the
use of SARS-CoV RBD recombinant protein (RBD219-N1) for the
development of a heterologous vaccine against COVID-19 due to
the high similarity in amino acids between spike and RBD
domains of SARS-CoV and SARS-CoV-2.” Similarly, the S1 sub-
unit of S protein in SARS-CoV-2 can be explored for antibody
production; hence, it can be employed as a prophylactic and
therapeutic ‘[arget.11 However, SARS-CoV and SARS-CoV-2
have some antigenic differences. For example, they possess dis-
continuous epitopes; consequently, antibodies specific to the for-
mer (5230, m396, and 80R) may not bind to the same region in
SARS-CoV-2.>"" As a result, efforts are being made to identify
antibodies against SARS-CoV that can bind to discontinuous
epitopes of the SARS-CoV-2.>* Only 23% of the T-cell- and 16%
of B-cell-identified epitopes of SARS-CoV map identically to
SARS-CoV-2, and there is no mutation in these epitopes among
the available SARS-CoV-2 sequences till date (21* February 2020),
indicating their potential role in T cell or antibody response in
SARS-CoV-2.” In a study, a novel decoy cellular vaccine strategy
was explored by using transgenic antigen-expressing cells called
“I-cells” in the prototype of vaccine against the SARS-CoV-2.
Moreover, this strategy suggests post-harvesting irradiation of
the cells for the abolition of in vivo replication potential and offer
a scalable and uniform cell product further allowing “off-the-shelf”
frozen supply availability.”

Nucleic acid-based vaccines

The limitations of subunit vaccines can be overcome by DNA-
and mRNA-based vaccines, which are easier to develop and can
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be quickly tested in clinical trials.”® Chimeric nucleic acids encod-

ing calreticulin, an endoplasmic reticulum chaperone polypeptide
that forms a part of the antigenic polypeptide or peptide of the
SARS-CoV, have been explored in immunological studies as
vaccine candidates.”> DNA vaccines are being explored for
COVID-19 (http://ir.inovio.com/news-and-media/news/pressre
lease-details/2020/Inovio-Accelerates-Timeline-for-COVID-19-
DNA-Vaccine-INO-4800/default.aspx). ~ Administration  of
mRNAs has the ability to recapitulate natural infections; thus,
they can induce strong immune responses besides being compa-
tible with each other when multiple mRNAs are combined in
a single vaccine.””” Similarly, exploiting mRNAs that encode any
one of the antigenic structures of SARS-CoV-2, including
S protein or its subunits, S1 and S2, E, N or M proteins can help
in mRNA-based vaccine development.”’53 An mRNA vaccine,
consisting of mRNAs that code for full-length viral S, S1, or S2
proteins, and are antigenic in SARS-CoV and MERS-CoV, is
under consideration. Recently, an mRNA vaccine, named
mRNA-1273, has been developed by Moderna in collaboration
with National Institute of Allergy and Infectious Diseases
(NIAID) against SARS-CoV-2 (https://investors.modernatx.
com/news-releases/news-release-details/moderna-shipsmrna-vac
cine-against-novel-coronavirus-mrna-1273). This vaccine targets
a prefusion-stabilized form of the SARS-CoV-2 S protein.
Mutated SARS-CoV-2 especially with altered E proteins can be
exploited as recombinant vaccines, as the N proteins are con-
served across CoVs and cannot be used as suitable vaccine
candidates.”>**

Particle-based vaccines

These vaccines can be constructed and used without a need for
adjuvants. The development of such vaccines is possible only
when antigens having neutralizing epitopes are thoroughly
explored.”® Virus-like particle (VLPs) vaccines are being
explored for COVID-19.”>>>”" They can be produced in plants
by expressing structural viral proteins.”” Recently, Novavax has
developed a VLP vaccine for COVID-19 by utilizing the
S protein of SARS-CoV-2. It is based on recombinant nano-
particle vaccine technology and contains the adjuvant, Matrix-
M (http://ir.novavax.com/news-releases/news-release-details/
novavax-advances-developmentnovel-covid-19-vaccine).

A study suggested the probable use of plant biotechnology
for the development of low-cost vaccines and plant-made anti-
bodies against COVID-19 for diagnosis, prophylaxis and ther-
apy with the added advantage of timely production. In this
context, some companies have already started vaccines and
antibodies development against COVID-19 with the assump-
tion that the obtained candidates will prove crucial in future
outbreaks.?’® In addition, the stably transformed plants were
also considered as an option for the generation of injectable
vaccines along with other transient expression systems but the
time required for the development of antigen-producing lines
is the main constraint. However, oral vaccines could be possi-
bly developed by plant-based vaccine technology, using plant
cell as an antigen delivery agent and may prove an attractive
approach in terms of cost, induction of mucosal immunity and
easy delivery.*”®!

Live viral vector-based vaccines

These include the vaccines that are based on chemically wea-
kened viruses, which are exploited for carrying antigens or
pathogens of interest for inducing the immune response.
They induce potent immunity including cell-mediated immu-
nity (https://www.who.int/biologicals/publications/trs/areas/
vaccines/typhus/viral_vectors/en/). Commonly adenovirus-
based vectors expressing SARS-CoV-2 protein or similar viral
vectors are being explored; however, the use of other vectors
such as vaccinia virus, the canarypox virus, attenuated polio-
virus, attenuated strains of Salmonella, the BCG strain of
Mpycobacterium bovis, and certain strains of streptococcus
that normally exist in the oral cavity is also a possibility. The
most promising approach is combining “prime-boost” strate-
gies that utilize different vaccines like recombinant antigens
and DNA vaccines together (https://www.who.int/biologicals/
publications/trs/areas/vaccines/typhus/viral_vectors/en/). An
adenovirus type 5 vector-based vaccine by CanSino Biological
Inc./Beijing Institute of Biotechnology that uses a non-
replicating viral vector platform has reached Phase 2
(ChiCTR2000031781) and Phase 1 (ChiCTR2000030906) of
clinical evaluation (https://www.who.int/blueprint/priority-
diseases/key-action/Novel_Coronavirus_Landscape_nCoV_
11April2020.PDF?ua=1). Former trial uses middle dose
(1E11vp); low dose (5E10vp); and placebo (http://www.chictr.
org.cn/showprojen.aspx?proj=52006), whereas latter trial uses
low dose (5E10vp); middle dose (1Ellvp) and high dose
(1E11vp) (http://www.chictr.org.cn/showprojen.aspx?proj=
51154) of vaccine candidate. Phase 2 trial is a randomized,
double-blinded, placebo-controlled clinical trial with interven-
tional type and parallel study design (http://www.chictr.org.cn/
showprojen.aspx?proj=52006) whereas phase 1 is a single-
center, open and dose-escalation trial with prevention type
and non-randomized control of study design (http://www.
chictr.org.cn/showprojen.aspx?proj=51154).

Using the same platform, the University of Oxford is explor-
ing ChAdOx1 nCoV-19, a derivative of ChAdOx1 virus which
is the weakened adenovirus that causes common cold and
affects chimpanzees but is not able to replicate in humans, as

a vaccine candidate against COVID-19 (Phase 3,
ISRCTN89951424)  (http://www.ox.ac.uk/news/2020-05-22-
oxford-covid-19-vaccine-begin-phase-iii-human-trials). ~ In

preclinical trials, modified vaccinia virus Ankara (MVA)-
encoded VLP is being explored by GeoVax/BravoVax, Ad26
(alone or with MVA boost) by Janssen Pharmaceutical
Companies, MVA-S by DZIF-German Center for Infection
Research, adenovirus-based NasoVAX expressing SARS2-
CoV § protein by Altimmune, and Ad5S (GREVAX™ platform)
by Greffex using non-replicating viral vector platforms
(https://www.who.int/blueprint/priority-diseases/key-action/
Novel_Coronavirus_Landscape_nCoV_11April2020.PDF?
ua=1).

Chimeric viral vaccines and membrane vesicle-vaccines are
other probable options.*® Both aerosol and oral routes need to be
explored as possible modes of administration.”® Until potential
vaccine candidates are explored, evaluated, and safe and effective
vaccines are developed, preventive measures need to be taken at
all levels, i.e., in affected®>®” or containment areas,”” predisposed
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84,85
areas, affected persons, or vulnerable groups.

Scientific guidelines pertaining to prevention and control mea-
sures need to be implemented until the vaccine trials carried out
by various research institutions and vaccine manufacturing
companies produce satisfactory results.””****>> In addition,
careful evaluation of vaccine during each step of development
is crucial which includes identification of target antigen, route of
immunization, correlated-immune protection, various animal
models, probable scalability, production facility, determination
of target population, forecasting of the outbreak and target
product profile.*

18,82 84,85

Product candidates in development

There are more than 149 vaccines and immunotherapeutics
under development, with 132 being at the clinical trial stage
and 17 reaching clinical evaluation (https://www.who.int/
publications/m/item/draft-landscape-of-covid-19-candidate-vac
cines). Using ChAdOx nCoV-19 as vaccine candidate and
employing nonreplicating viral vector platform, University of
Oxford/AstraZeneca is currently leading the Phase 3 of clinical
evaluation (ISRCTN89951424). An mRNA-based vaccine by
Moderna® is believed to induce antibodies against the
S proteins of SARS-CoV-2, and a batch of vaccine has been
delivered to National Institute of Allergy and Infectious
Diseases. This vaccine was developed 42 days after the DNA
sequence of SARS-CoV-2 was disclosed. It has reached Phase 2
of clinical evaluation (NCT04405076). A vaccine candidate,
INO-4800, is being evaluated by Inovio Pharmaceuticals®; it is
a DNA plasmid vaccine that is at Phase 1 of clinical evaluation
(NCT04336410). The other candidate at clinical evaluation is
adenovirus type 5 vector being explored by CanSino Biological
Inc./Beijing Institute of Biotechnology. It has reached Phase 2
(ChiCTR2000031781) and Phase 1 (ChiCTR2000030906) of
clinical evaluation or regulatory approval (https://www.who.
int/blueprint/priority-diseases/key-action/Novel_Coronavirus_
Landscape_nCoV_11April2020.PDF?ua=1).

Johnson and Johnson® is also working on the development
of vaccines against COVID-109. It is planning to deactivate the
virus to produce a vaccine that triggers an immune response
without causing any infection. GlaxoSmithKline® has pro-
duced a pandemic vaccine adjuvant platform, through
which it is collaborating with other institutes and companies
for assessing candidate COVID-19 vaccines. Recombinant
DNA vaccines are being investigated by Sanofi® (https://
www.forbes.com/sites/alexknapp/2020/03/13/coronavirus-
drug-update-the-latest-info-on-pharmaceutical-treatments-
and-vaccines/). A VLP vaccine has been developed by
Novavax® (http://ir.novavax.com/news-releases/news-release-
details/novavax-advances-developmentnovel-covid-19-
vaccine). Genexine Inc. is developing a vaccine against
COVID-19 using the Hyleukin-7 platform technology,
which enhances the immunological responses by fusion of
IL-7 to hyFc and designed to hybridize IgG4 and IgD in
order to produce a long-acting effect of Fc fusion
proteins.”’ " An oral subunit vaccine is being developed by
MIGAL Galilee Research Institute. It uses an oral Escherichia
coli-based protein expression system of S and N proteins and
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is in late-stage preclinical development (file:///C:/Users/M%
20IQBAL/Downloads/novel-coronavirus-landscape-covid
-19fbda851295d245e48d8d0a78b35af7ft.pdf).

Numerous immunotherapeutics are being explored for
COVID-19 (Casadevall and Pirofski 2020; Shanmugaraj et al.
2020a).”*°° Antibody-based treatment is being evaluated by Eli
Lilly° (using monoclonal antibody LY3127804), Rochi®
(Tocilizumab) (https://www.clinicaltrialsarena.com/news/
roche-actemra-covid-19-trial/), Sanofi® (Sarilumab) (https://
www.sanofi.com/en/media-room/press-releases/2020/2020-
03-30-07-00-00) besides Temple University Hospital, USA
(Gimsilumab) (https://theprint.in/health/us-begins-clinical-
trial-of-an-artificial-antibody-for-covid-19-treatment/402978/
). These are monoclonal antibody (mAb) based approaches
under consideration. Takeda® is also working on antibodies
against COVID-19 (https://www.wsj.com/articles/drugmaker-
takeda-is-working-on-coronavirus-drug-11583301660).
Monoclonal antibodies are preferred because of their specifi-
city and effectiveness. Sarilumab, a rheumatoid arthritis treat-
ment developed by Regeneron Pharmaceuticals®, is being
tested for COVID-19 treatment (https://www.forbes.com/
sites/alexknapp/2020/03/13/coronavirus-drug-update-the-
latest-info-on-pharmaceutical-treatments-and-vaccines/).
Besides, Coalition for Epidemic Preparedness Innovations
(CEPI) has started funding vaccine development initiatives
for SARS-CoV-2 based on DNA, mRNA, and molecular
clamp platforms (https://cepi.net/get_involved/cfps).

Patents on coronavirus vaccines

There are more than 500 patent applications on SARS vaccines,
and around 50 for MERS vaccines.” It is unknown how many of
these will become granted patents given that the field is new as of
2020. Numerous vaccines are being explored for COVID-19
(research institutions as well as companies). Around 35 of these
organizations have started investigations, with few even reaching
clinical trials (Table 1). One of the following strategies is being
used: previous experience and technology are being utilized; novel
candidates are being exploited.” Patents like US20060039926 for
the live attenuated coronavirus or torovirus vaccines can guide the
exploration of such vaccines for COVID-19; however, limitation
of re-infection should be taken into consideration. Similarly,
patent applications W02010063685, US20070003577, and
US20060002947 representing subunit vaccines based on
S protein, its subunits or hybrid peptides can prevent problems
of live or attenuated vaccines. Patent W(02015042373 can be
explored for virus-like particles (VLPs), W02005081716 and
WO02015081155 for DNA-based vaccines, W02017070626 and
WO02018115527 for mRNA-based vaccines, which have been
evaluated in other coronaviruses as detailed in Table 1. In future,
there can be an exploration of combined vaccines also as evaluated
in patent WO2017176596A1 for rabies and coronaviruses.”

Although global research has focused on various epidemio-
logical, genomic, and therapeutic aspects of COVID-19, devel-
opment of vaccines and early prophylactic modalities have
become a priority at this moment (summarized in Table 1),
due to the lack of vaccines as well as an alarming rise in the
incidence of COVID-19, worldwide.>**?
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An overview on designing and developing COVID-19/
SARS-CoV-2 vaccines is illustrated in Figure 1.

Challenges for developing SARS-CoV-2 vaccines

There are huge challenges for the development of SARS-CoV-2
vaccines. Emergencies due to frequent and continuously emer-
ging new COVID-19 cases have caused a panic around the
globe. Lack of complete understanding of SARS-CoV-2 and
absence of information and research on putative vaccine can-
didates adds to the challenge.”® In addition, the lack of suffi-
cient time for evaluation of the safety and efficacy of the
candidates may undermine vaccine quality.”*”® Although
researchers are working around the clock to produce an

effective vaccine that would be available as soon as possible,
sentiments associated with the heavy death toll associated with
the ongoing illness may prove a major hurdle in the strict
implementation of the regulations proposed by the regulatory
bodies and approving authorities. Proper evaluation of
immune response and avoiding any untoward immune reac-
tion that may prove harmful to the body are very
important.”””” ADE may affect immune response.”’ Immune
responses aggravation by ADE may affect efforts in developing
vaccine and hence require focus while exploring vaccines
against COVID-19.°° Hence, utmost care must be taken before
finalizing a decision regarding any developed vaccines, clinical
trials, or market commercialization.”*”® In addition, robust
infrastructure and financial support needed for the purpose
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Figure 1. An overview of the design and development of COVID-19/SARS-CoV-2 vaccines.



are also major concerns, and must be addressed properly. Even
if a large, international, multi-site, individually randomized
controlled clinical trial is conducted, enabling the concurrent
evaluation of the benefits and risks of each promising candi-
date vaccine will still take 3-6 months after the trial (https://
www.who.int/blueprint/priority-diseases/key-action/Outline_
CoreProtocol_vaccine_trial_09042020.pdf?ua=1), and the ran-
domized, placebo-controlled, multi-center study for determin-
ing efficacy, safety and immunogenicity of the vaccine
candidate can take up to 6 months after the trial (https://
www.clinicaltrials.gov/ct2/show/NCT04324606). ~ However,
the actual commercial vaccine under emergency use or similar
protocols may be available by early 2021 which otherwise
usually takes 10 years for development.”” Clinical trials invol-
ving hundreds of healthy adult volunteers in phase I, thousands
of adults in disease area in phase II and tens of thousands such
people in area where the disease has spread will take around
18 months (6-8 months for each phase) (https://www.
weforum.org/agenda/2020/03/vaccine-covid-19-coronavirus-
pandemic-healthcare/).

Conclusion and future prospects

Zoonotic viruses are an unavoidable threat to humankind,
which always pose new challenges to prevent and control the
associated disease without or with minimum loss of human
lives. Prevention is always considered better than cure, which
can be accomplished effectively by immunization of the naive
population to save human lives. The world is suffering due to
COVID-19, mainly because of the lack of vaccines and thera-
peutics against SARS-CoV-2. An alarming rise in confirmed
COVID-19 cases, severity of the disease, and global spread has
resulted in a huge demand and necessity for the development of
prophylactics and therapeutics. Global research and investiga-
tions are focusing on exploring vaccine candidates and thera-
peutic targets of SARS-CoV-2 in a few studies, with little success.
Availability of genomic and structural data has encouraged the
immuno-pharmacological evaluation of vaccine candidates. In
addition to convalescent sera or plasma therapy and immuno-
globulin administration, live attenuated or killed vaccines are
evaluated for this purpose. Potential structural and non-
structural proteins are being explored as subunit vaccines,
mRNA- or DNA-based vaccines, or novel recombinant vaccines.
Viral-like particle- (VLP-), vector- and non-vector-based vac-
cines are other possibilities of utmost importance. Many com-
panies have come up with encouraging vaccines, such as
mRNA-based vaccines, subunit vaccines, and VLP vaccines;
however, there is enough scope and demand for exploring anti-
genic structures and therapeutic modalities for developing spe-
cific and effective curative, preventive, and control strategies for
COVID-19. Although a few international companies and agen-
cies have decided to fund this noble cause, a collaborative effort
by government, semi-government, and private organizations is
crucial to meet the increasing demand. However, by the time
vaccines for COVID-19 become available commercially, the
ongoing pandemic might have subsided, but the efforts and
knowledge acquired during vaccine development would help
the scientific fraternity to fight against such pandemics in the
near future. Development of a highly safe and efficacious drug or
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vaccine for COVID-19 that can prevent or minimize the suffer-
ing of the global population is the need of the hour. Sufficient
time and due care must be taken before the launch of any
vaccine along with a genuine approval from the concerned
authorities to avoid any untoward effect or vaccine-related
health-care accidents. After the pandemic subsides, it is highly
unlikely that SARS-CoV-2 will disappear, rather it is likely to
return next year, and thus a vaccine will still benefit that great
majority of people who have not been exposed to the virus.
Further, considering the changing nature of the coronaviruses,
regular updating of COVID-19 vaccines may be required.
Considering challenges for the development of COVID-19 vac-
cines probability of successful development is unknown in this
early field and that the timing of licensure of a safe and effective
vaccines also is unknown.
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