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Abstract: There are several emerging strategies for the vaccination of COVID-19 (SARS-CoV-2)
however, only a few have yet shown promising effects. Thus, choosing the right pathway and the
best prophylactic options in preventing COVID-19 is still challenging at best. Approximately, more
than two-hundred vaccines are being tested in different countries, and more than fifty clinical trials
are currently undergoing. In this review, we have summarized the immune-based strategies for the
development of COVID-19 vaccines and the different vaccine candidate platforms that are in clinical
stages of evaluation, and up to the recently licensed mRNA-based COVID-19 vaccines of Pfizer-
BioNtech and Moderna’s. Lastly, we have briefly included the potentials of using the ‘RPS-CTP
vector system’ for the development of a safe and effective oral mucosal COVID-19 vaccine as an-
other vaccine platform.

Keywords: COVID-19; vaccine candidates; licensed vaccines; humoral/CMI; oral-mucosal vaccine
platform; RPS-CTP vector system

1. Introduction

The coronavirus disease 2019 (COVID-19) outbreak was first reported in December
2019, in Wuhan, China. Since then, it has spread across the globe making it prevalent in
around 216 countries and still counting. This makes COVID-19 the largest pandemic since
the 1918 Spanish flu that made a medical nightmare into a reality transcending continents
and boundaries [1]. The COVID-19 disease is caused by a positive-stranded respiratory
RNA virus known as severe acute respiratory syndrome coronavirus 2, SARS-CoV-2 [2].
Since its outbreak, scientists worldwide are trying to understand the nature and the path-
ophysiology of this novel coronavirus. Although, our understanding of the SARS-CoV-2
has improved, yet it still needs to be further probed deeper to develop a feasible explana-
tion of how it works and what drives its immunopathology. The COVID-19 disease man-
ifests itself in asymptomatic, mild or severe leading to death [3]. The respiratory tract is
the predilection site of the SARS-CoV-2 once it has entered via the mucosal barriers [4,5].
Upon entry, it binds to its receptor angiotensin-converting enzyme type 2 (ACE2) in the
respiratory tract (bronchial and epithelial cells) through the receptor-binding domain
(RBD) of the spike ‘S’ protein, followed by priming with a specific co-receptor, serine pro-
tease known as the transmembrane protease serine 2 (TMPRSS2) [6,7]. It is crucial to un-
derstand how this virus elicits immune responses and whereby evades those immune re-
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sponses to survive and replicate in the body, and this information is vital for the develop-
ment of a safe and efficient vaccine and/or immunotherapy against the virus. Like MERS-
CoV and SARS-CoV, two of the phylogenetically similar viruses, SARS-CoV-2 causes sup-
pression of the innate immune system including the dendritic cells (DCs) and diminishes
the antiviral interferons (type I and III IENs) [8-11]. Meanwhile, it has also been demon-
strated that SARS-CoV-2 elicits an acute hyper-inflammatory response, like cytokine
storm, leading to worse prognosis and increased fatality rate (FR) in infected patients [12].
Therefore, both neutralizing antibodies for prevention and cytotoxic T lymphocyte (CTL)
responses for inhibition of propagation right after infection are vital to helping fight the
COVID-19 infection at an early stage [13,14]. Several vaccine candidates and immune ther-
apies are being developed and evaluated since the COVID-19 outbreak. However, most
of the COVID-19 vaccine studies are focused on only one of these two immune responses
rather than both. Besides, there are a number of variables that come into play when mov-
ing into the clinical phase of the vaccine development especially concerning the safety,
dose and dosage and route of administration along with the duration time after vaccina-
tion. This review focuses on the various vaccine platforms that are considered potential
COVID-19 vaccine candidates in the aspects of both effective prophylaxis and therapeutic
potential even after infection. In addition, this review covers an oral mucosal vaccine can-
didate for the development of a preventative and therapeutic double-targeting SARS-
CoV-2 vaccine.

2. Discovery/History of Coronavirus

The current coronavirus, also known as nCoV-19 (Novel Coronavirus-2019) or
COVID-19, is not a new type of virus but it belongs to the family of SARS coronavirus
[15]. It was first reported in China (November 2002) and named SARS-CoV-1. Since it
mainly affects lungs through the respiratory tract, hence named Severe Acute Respiratory
Syndrome (SARS). SARS-CoV-1 has affected nearly 29 countries with the total confirmed
cases 8096 and 774 deaths with the fatality rate (FR, the proportion of people died with
certain disease among the total diagnosed individuals) of 9.6% [16]. This was followed by
MERS (Middle East Respiratory Syndrome) outbreak in Saudi Arabia (June 2012), which
was also caused by the same family of coronavirus named MERS-CoV (MERS corona-
virus). Since then, MERS-CoV has affected 26 countries with confirmed 2519 cases and 866
deaths with an FR of 34.4% [16]. Currently, COVID-19, still spreading, is caused by SARS-
CoV-2. It was initially named Novel Coronavirus-2019 (nCoV-2019) and then it was
changed to SARS-CoV-2 [17]. On 11 February 2020, the World Health Organization
(WHO) renamed the disease as COVID-19 and then announced pandemic in March 2020.
It was first reported in Wuhan (China, Hubei province) on December 2019, and so far, it
has affected over 213 countries and infected more than 79.8 million people with more than
1.75 million deaths with the FR of 1.0-15.2% worldwide as of 26 December 2020 [18,19].
The history of past epidemics caused by other viruses, for example, West Nile in the
United States (2002) with FR 4-15% [20], Dengue in America (2000-2010) with FR 2-5%
[21,22], Marburg (MARYV) in Western Africa, Angola (2004-2005) with FR 90% [23,24],
Chikungunva, Across Indian Islands (2005-2006) with FR 4.5% [25], Ebola (Zaire strain)
in West Africa, Guinea (2013-2016) with FR 75% [26], Zika in South America (2015-2016)
with FR 3.4-19% [27], Yellow fever (YFV) in Brazil (2016-2017) with FR 35% [28] and Lassa
(LASV) in Nigeria (2018) with FR 25.1% [29]. The past pandemics caused by other viruses
like Swine flu (HIN1) in Mexico (2009-2010) has been reported to be 12,469 deaths among
60.8 million cases with 274,304 hospitalizations with the FR of 0.02% in the U.S. alone [30-
32]. The other epidemics caused by a family of coronaviruses includes human corona-
virus, HuCoV-229E (a-type) [33], HuCoV-OC43 (3-type) [34], NL63 (a-type) the Nether-
lands and HKU1 (B-type), Hong Kong [33] are also summarized in Figure 1.
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Figure 1. Viral pandemics in the 21st century and their fatality rate (FR) (Upper left). Discovery of human coronaviruses
and their FRs (Upper right): Pharmaceutical companies developing COVID-19 vaccine and their clinical stages (Lower).

3. COVID-19 (SARS-Cov-2) Vaccine Platforms

Following vaccine platforms are being used for COVID-19/SARS-CoV-2 vaccine de-
velopment (Figure 2).

3.1. Inactivated Or Killed Vaccines

Inactivated or killed vaccines, as the name suggests, are vaccines in which the viru-
lent agent e.g., infectious virus is killed or inactivated either by chemical or physical
means [35,36]. In the case of SARS-CoV-2, the virus usually grown on Vero cells (estab-
lished cell line from African green monkey kidney epithelial cells) is chemically inacti-
vated [37,38]. Many human vaccines successfully used against Influenza, Hepatitis A and
poliomyelitis were killed or inactivated vaccines [39—-42]. Unlike their counterparts, these
inactivated or killed vaccines are safer to use, which is a major concern in the case of SARS-
CoV-2 vaccines [43,44]. Apart from being safer, these inactivated or killed vaccines express
surface antigens which retain their epitope conformations to play an important role in
inducing strong preventative humoral responses especially with reference to SARS-CoV-
2 [45,46]. Their production is relatively easier but limited in terms of the yield due to re-
duced SARS-CoV-2 viral productivity in cell cultures as well as the biosafety level 3 (BSL3)
production facility requirements. The most common route for the administration of these
inactivated or killed vaccines is intramuscular (i.m.) and are usually adjuvanted with
alum, for instance [38,47]. Since the whole virus is presented to the immune system, im-
mune responses are likely to target not only S but also the matrix (M), envelope (E) and
nucleoprotein (N). Although, apart from the S protein antigen, the humoral immune re-
sponses against M, E and N proteins may have nothing to do with the preventative im-
munity against COVID-19. Several inactivated vaccines against SARS-CoV-2 are currently
being produced and some have even entered in the clinical trials (Chines candidates in
Phase III and one Indian, a Kazakh and a Chinese candidate in Phase I/II clinical trials.).
Sinovac’s CoronaVac in China [44] is one prime example of inactivated vaccine which is
discussed in detail later. Apart from China, India and Kazakhstan and some other coun-
tries are also focusing on this vaccine platform for the production of SARS-CoV-2 vaccines
[48].

3.2. Live-Attenuated Vaccines

Unlike inactivated or killed vaccines, activated or live-attenuated vaccines use the
live but weakened or attenuated strain of the virulent agent [49]. This weakened or atten-
uated agent has the ability to replicate but to a limited extent so that it can elicit or mimic
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an immune response as would be in case of natural infection but without causing the dis-
ease itself [50]. This attenuation is achieved either by continuous passage either in vitro or
in vivo of the virulent agent by exposing it to unfavorable conditions or by means of ge-
netic manipulation like mutagenesis (e.g., modifying the virus by deleting viral genes es-
sential for replication, host-tropism, immune evasion or invasion or by codon de-optimi-
zation) [51-56]. Several successful human vaccines have been made using this live atten-
uated vaccine platform including the Bacillus Calmette-Guérin (BCG) vaccine for tuber-
culosis (TB), the Measles vaccine, oral polio vaccine (OPV), and live attenuated seasonal
influenza vaccine [54,57-61]. Except for BCG and measles vaccines, an important feature
of these live attenuated vaccines is that they can be administered by routes other than
parenteral i.e., oral or intranasal routes. This intranasal route of vaccine delivery can pro-
tect the upper respiratory tract which in SARS-CoV-2 case is the major portal of entry [62—
65]. Furthermore, since the attenuated vaccine agent is replicative inside the subject, it can
induce both humoral and cellular immune responses by presenting foreign proteins of
infectious agent expressed in the cytoplasm to adaptive immune cells. However, unlike
their inactivated counterparts, this live vaccine platform is at a disadvantage of being less
safe due to the live nature of the virus. Besides, it is still not well- established which com-
ponents or genes of SARS-CoV-2 are critical or essential for the fatal symptoms of COVID-
19 after infection. Moreover, the generation of genetically modified and live attenuated
vaccine candidates with such a big RNA virus-like SARS-CoV-2 is itself another laborious
time-consuming job, to say the least [66-69]. This seems to be the reason that only three
live-attenuated vaccines are in preclinical trials including the one developed by Co-
dagenix Inc. in collaboration with the Serum Institute of India [48]. Recently, a live-atten-
uated vaccine against SARS-CoV-2 was developed by gradually adapting the SARS-CoV-
2 strain (SARS-CoV-2/human/Korea/CNUHV03/2020) from 37 °C to 22 °C in Vero cells
and its preclinical outcomes were reported [70]. Interestingly, even a single dose of this
cold-adapted SARS-CoV-2 vaccine administered by the intranasal route was able to in-
duce both high titers of neutralizing antibody (>640 along with mucosal IgA) and cellular
immune responses in immunized K18-hACE2 mice with no systemic weight loss or lung
disease pathologies [70]. These findings instigate the importance of these live-attenuated
vaccines since the ACE2 receptor is highly concentrated in the oro-nasal epithelia whereby
the viral entry and early replication occur [71].

3.3. Recombinant Vaccines

Recombinant vaccines employ recombinant technology to use one to multiple anti-
gens to induce the immune response against the pathogen in question. This feat can be
achieved in a number of ways including subunit vaccines or expression vector-based vac-
cines using delivery vectors like plasmids or viral/bacterial vectors [72-76]. In the case of
recombinant viral vector-based vaccines, a viral backbone, which is either replication-de-
ficient or replication-competent, is engineered to express the target-pathogen-derived an-
tigens. This vaccine platform is widely investigated for the development of vaccines like
Ebola due to its strong CTL (cytotoxic T lymphocyte) immunogenicity and safety [77,78].
On the other hand, FluBlok vaccine for influenza is an example of a successful recombi-
nant subunit vaccine [79-83]. In the case of SARS-CoV-2, recombinant vaccines can be
classified into VLP (virus-like particle) vaccines, recombinant ‘S’ subunit vaccines and re-
combinant RBD vaccines which can be manufactured in a variety of eukaryotic expression
systems including insect cells, mammalian cells, yeast, plants and in case of RBD, ex-
pressed even in prokaryotic E.coli [48,52,84]. Another advantage of this platform apart
from the CTL response is that they can be produced without handling live viruses [85-
87]. However, there are some limitations in developing the recombinant vaccines. For in-
stance, the spike ‘S’ protein has a relatively low yield since it is hard to express, which
begs the “number of doses” question consequently. On the other hand, RBD peptide is
easier to express, but despite its potent immunogenicity [88], it is lacking other neutraliz-
ing epitopes which are otherwise present on the S protein vaccines, thus more prone to
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the antigenic drift than their spike counterparts. Many recombinant vaccines are currently
being produced and evaluated in pre-clinical stages in several countries based on either
of these protein systems (S/RBD) [89-91]. Of those, Novavax (described below) has re-
ported non-human primate (NHP) and Phase I data (NCT04368988). One VLP vaccine,
produced by Medicago Inc, has also entered clinical trials Similar to inactivated vaccines,
these candidates are typically injected and thus are not expected to induce effective mu-
cosal immunity as well as strong T cell responses (NCT04450004) [92].

3.4. Nucleic Acid-based Vaccines

Nucleic acid-based vaccines are vaccines that use nucleic acid either DNA or RNA as
a source of antigen against certain pathogens. These DNA or RNA vaccines were devised
as an alternative to live or subunit vaccines (which are grown in eggs or cells ex-vivo) and
are thereby stable, cost-effective, cheaper and developed more quickly [93]. Recombinant
DNA vaccines have been in development for quite some time however mRNA vaccines
have been recently used as a promising vaccine platform [94,95]. COVID-19 DNA vaccines
are plasmid DNA vector-based vaccines encoding the SARS-CoV-2 ‘S” gene. Despite the
high yield of production, DNA vaccines fall short when it comes to immunogenicity com-
pared to their live vaccine counterparts. Therefore, they require booster doses and special
intracellular delivery systems (electroporation) to achieve the required effect in-vivo.
There are several DNA vaccines that are currently in clinical trial stages for SARS-CoV-2
vaccine (Table 1) [48]. On the other hand, RNA vaccines can be divided into two parts:
modified mRNA and self-replicating RNA. These two technologies are utilized to deliver
the antigen’s genetic information instead of the antigen itself [96]. The difference between
the two RNA technologies comes in terms of number of doses i.e,, mRNA requiring high
doses as compared to the self-replicating RNA. These are usually delivered by lipid-based
nanotechnology known as LNPS or lipid nanoparticles [97-100]. Considering the recently
licensed mRNA vaccines for COVID-19, the RNA vaccine platform seems quite promising
in other viral diseases such as influenza, Zika virus and rabies. [101-105]. There are several
RNA-vaccine candidates in development for SARS-CoV-2 vaccine (Table 1). Pfizer and
Moderna have RNA vaccines in the clinical phase III trials which have recently been
granted emergency-use authorization (EUA) by the US FDA [106,107] while other candi-
dates by Arcturus, Curevac, the Imperial College and the Chinese Liberation Army are in
Phase I/II of clinical trials [48,108,109]. Although there seems to be not much difference
between DNA and RNA vaccines when it comes to immunogenicity, however, the RNA
(mRNA or RNA) vaccines have one key advantage since DNA vaccine needs an additional
transcription step in in-vivo systems. These nucleic acid-based vector vaccines are safe
and are easy to produce but require multiple doses along with a special delivery system
due to its poor immunogenicity by itself [110]. A key advantage of these mRNA vaccines
is that they can be easily synthesized in the lab provided the target viral protein is known,
which in SARS-CoV-2 case, is mostly the spike ‘S’ glycoprotein. This facilitates in gener-
ating the specific segments of the ‘S’ protein instead of using the whole protein itself.
However, these mRNA vaccines require very low storage temperatures due to their ther-
molabile nature (unstable at high temperatures) [111]. On the other hand, DNA vaccines
offer higher stability over the mRNA vaccines yet the non-integrating nature of the latter
reduces the risk of insertional mutagenesis [112], which in COVID-19 case, is very crucial
in developing the COVID-19 vaccine since the virus has known to mutate quite rapidly as
witnessed with the new mutant UK ‘B.1.1.7’ strain [113]. Additionally, modifications can
be made in the mRNA vaccines to enhance the vaccine’s stability and half-life (e.g., Arc-
turus Therapeutics utilizes the STARR™ technology, which is a self-replicating mRNA
combined with the LUNAR® nanoparticle non-viral delivery system) [114] and immuno-
genicity (Pfizer’s T4 fold-on modification [115]). Furthermore, the use of nanotechnology
for vaccine delivery is another feat that has ramifying advantages over the usual adjuvant-
based delivery mechanisms [116]. Synthetic nanocarriers (polymeric nanoparticles and
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cationic liposomes) have been used for DNA vaccine delivery while lipid nanoparticle
(LNP) platform has been utilized by Moderna for its mRNA vaccine [35].
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Figure 2. Platforms for the COVID-19 Vaccine Development. (A) DNA vaccine: Plasmid DNA expressing S protein. (B)
RNA vaccine: mRNA-based (RBD of S-protein). (C) Inactivated vaccine: Inactivated whole SARS-CoV-2. (D) Subunit vac-

cine: Recombinant S-protein and (E) Vector-based vaccine: Replicating or Non-replicating viral vector used for the delivery
and expression of S protein.

Table 1. Current COVID-19 vaccines in clinical trials.

C"m?a“?'/ Brand Name Vaccine Type/Platform Phase Country Referenc?/.Trlal Iden-
Organization tifier
Inactivated/Killed Vaccines
Inactivated

Bharat Biotech, Indian SARS-CoV-2

Council of Medical Research, Covaxin . . /11 India NCT04471519
. . . (multiple viral
National Institute of Virology

antigens)
Inactivated SARS-CoV-2 NCT04470609
hi Acad f Medical VID-1 !
Chinese Csiiee:;zso ediea C‘%Cdne ? (multiple viral I China NCT04470609,
antigens) NCT04412538
Inactivated [37]
. . CoronaVac SARS-CoV-2 China, NCT04456595,
Sinovac Biotech (PiCoVacc) (multiple viral VL g il NCT04383574,
antigens) NCT04352608
Sinopharm Inactivated
) o SARS-CoV-2 . [38]
Beijing Institute of Biological BBIBP-CorV (multiple viral /NI China ChiCTR2000030906
Products Co. Ltd .
antigens)
Live attenuated Vaccines
Recombinant Vaccines
. . [117-119]
CanSino Biologics Inc., N China,
. Non-replicating NCT04313127
Bel].mg Institute of Ad5-nCoV adenoviral (Ad5) vector I/TI/IIT Canac‘ia, NCT04313127
Biotechnology Russia

NCT04341389
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Non-replicating viral vect UK,
AstraZeneca, University of Ox- ChAdOxnCoV-19 on re}z Clifl Al(rilévi;a vecor I South Af- [120,121]
ford, Serum Institute of India (AZD1222) expressin SX rotein rica ’
pressing >p USA, Brazil
. Recombinant non-replicating [122]
Gameleya Research Institute Sputnik \\;a(iarg COVID- viral (Ad5- or Ad26)-vec-  I/II Russia NCT04436471,
y tored NCT04437875
Ad26.COV2-S Ad26-vectored, USA, [123]
Johnson & Johnson (NJ-78436735)  non-replicating, nanoparticle " Belgium NCT04436276
USA
COVID-19 VSV-vectored, 4 NCT04498247,
Merck, IAVI vaccine replicating VL Austris, NCT04498247
Belgium
Novavax NVX-CoV2373 Recombinant Il Australia  NCT04368988
S-protein
DNA-based Vaccines
AnGes Inc., Osaka Plasmid DNA NCT04527081,
University, Takara Bio AG0302-COVIDIY (expressing S protein) i/ Japan NCT04527081
Entos Pharmaceuticals Covigenix VAX-001 Plasmid DNA ¢ i Cemada, NCT04591184
(expressing S protein) USA
Genexine Consortium GX-19 Plasmid DNA i oouth NCT04445389
(expressing S protein) Korea
Inovio Pharmaceuticals, . [124]
International Vaccine NO-4800a (o iissﬁldg Tiein) VI USA NCT04336410,
Institute pressing >p NCT04447781
. Plasmid DNA . CTRI/2020/07/026352,
Zydus Cadila ZyCov-D (expressing Sprotein) 1 B orin000/07/026352
RNA-based Vaccines
Academy of Military
Medical Sciences, Walvax Bio- mRNA . [125]
technology, Suzhou Abogen Bio- ARCoV (expressing S protein) L China i eTRo000034112
sciences
Arcturus Therapeutics, Self-replicating NCT04480957
Duke-National University of Lunar-COV19 mRNA I/Il  Singapore NCT04480957
Singapore (expressing S protein) NCT04480957
CureVac CVnCoV Lipid nanoparticle- Cermany, - \1cT04449276
mRNA Belgium
Imperial College London, LNP-nCoVsa- Lipid ::;‘;F:r“de' UK [126,127]
Morningside Ventures RNA . . ISRCTN17072692
(expressing S protein)
[97,108]
mRNA-based
Moderna, .. . NCT04283461,
NIAID (VRC) mRNA-1273 (Lipid :;;ﬁi?rhde_ I USA NCT04470427,
NCT04405076
Pfizer, Germany,
BioNTech, BBEEZ?Z’ R;“gié’_"“i@ , U UsA, NCT04368728
Fosun Pharma ( O >rprotemn China
Subunit Vaccines
Anhui Zhifei Longcom NCT04445194
Biologic Pharmacy, COVID-19 Protein subunit VI Chi NCT04466085
Chinese Academy of vaccine (dimeric RBD) na NCT04646590
Medical Sciences
Clover Pharmaceuticals, Protein subunit . [128]
GlaxoSmithKline, Dynavax SCB-2019 (trimeric S protein) I Australia NCT04405908
 Kentucky KBPCOVID-19 Protein subunit U USA NCT04473690
Bioprocessing Inc. (RBD-protein)
Medicago, COVID-19 Virus-like particle 1 Canada [92]
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Laval University

vaccine (VLP) NCT04450004

Medigen Vaccine Biologics,
Dynavax

MVC-COV1901 Protein subunit I Taiwan NCT04487210
(S-protein)

University of Queensland

Protein subunit
(molecular Clamp-stabilized 1  Australia NCT04495933
S-protein)

COVID-19
vaccine

Vaxine Pty Ltd,
Medytox,
Central Adelaide Local
Health Network

Protein subunit
COVAX19 (S-protein with 1 Australia NCT04453852
Advax-SM adjuvant)

4. SARS-CoV-2 (COVID-19) Vaccines in Clinical Trials (Phase I-1II)

In this section, recent clinical trials conducted by several different institutions and
pharmaceutical companies for the development of COVID-19 vaccines are summarized in
Table 1 and briefly discussed.

4.1. AstraZeneca’s ChAdOxnCoV-19 (AZD1222) Vaccine

The University of Oxford together with the Serum Institute of India and AstraZeneca
have developed the vaccine candidate based on non-replicating ‘ChAdOx1’ vector which
was previously termed as ‘ChAdOxnCoV-19' and is now known as ‘AZD1222'. AZD1222
vaccine expresses a full-length unmodified wild-type (wt) version of the ‘S’ (spike) protein
[120]. The advantage of ChAdOx1 vector-based vaccine over commonly used human Ad5
(hAd5) vector-based vaccines is that it is non-human primate-derived i.e., originated from
Chimpanzee. Due to its simian origin, the vaccine lacks preexisting vector-mediated im-
munity which is usually observed in the case of hADv5 vector-based vaccines since most
of the human population is seropositive to the hAD5 [129]. Therefore, the AZD1222 vac-
cine candidate induces strong anti-S antibodies (First dose: median 157 ELISA Units-EU;
booster dose: 639 EU) and unhindered neutralizing antibody response [121]. Regarding T
cell responses, ChAdOxnCoV-19 vaccine induces Thl as well as strong CD8* T cell re-
sponses and lung resident memory T cells (Trm). The route of administration is parenteral
i.e., intramuscular (i.m.) and it is being evaluated as a single or two-dose regimen in Phase-
III clinical trials in several countries. They recently reported preliminary results from a
Phase I/Il single-blind randomized control trial in 1077 participants aged 18-55
(NCT04324606) [120,121,130]. The vaccine had mild adverse reactions including chills, fa-
tigue, headache, fever, nausea, muscle aches, malaise, and painful injection sites within a
week post-vaccination. As a prophylactic measure, paracetamol was included in the trial
protocol to reduce these post-vaccination local and systemic reactions [121]. One patient
developed neurological symptoms due to which the phase I/Il was paused briefly. Later,
however, these neurological symptoms were attributed to the MS (multiple sclerosis). An-
other patient developed symptoms that were consistent with transverse myelitis in the
Phase III trial and the trial was paused consequently. Due to these unforeseeable halts, the
US trial has not yet resumed but the UK trial was resumed. Since AZD1222 vaccine re-
quires refrigeration, it could be problematic for use in under-developed countries [131].
Recently, apart from the UK and Pakistan, five other countries have granted EUA to the
AZD1222 vaccine including India, Argentina, Dominican Republic, El Salvador, Mexico
and Morocco [132].

4.2. Sinopharm’s BBIBP-CorV Vaccine

Another candidate for COVID-19 vaccine is being developed by the Sinopharm, Bei-
jing Institute of Biological Products Co. Ltd. Sinopharm has developed two inactivated
vaccines against SARS-CoV-2 and is currently being evaluated in clinical trials in China
and UAE in different phases (I-III). Both of these inactivated vaccine candidates use the
whole SARS-CoV-2 virus with alum as an adjuvant (ChiCTR2000030906) [38]. Since the
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whole virus is used, so it uses multiple viral antigens to elicit an effective immune re-
sponse post-immunization by the parenteral i.e., i.m. route. Two-to-three repeated doses
are required to produce a sufficient immune response by the i.m. route and strong neu-
tralizing dose-dependent antibody titers (GMT: 2 ug, 87-7; 4 ug, 158-9; and 8 ug, 186-1 in
18-59 age group), and (GMT: 2 ug, 80-7; 4 ug, 131-5; and 8 ug, 170-87 in 60 age group) were
observed at 42nd day of vaccination [133]. It is termed as Sinopharm’s BBIBP-CorV. Pub-
lished data from phase I and II trials show that this version of the inactivated vaccine was
able to provide protection and humoral immune response by producing neutralizing an-
tibodies. (ChiCTR2000034780, ChiCTR2000032459) [38,44,134]. The local and systemic ad-
verse reactions to the vaccine were comparable to the ‘only alum controls’ [133]. The vac-
cine has been granted EUA (emergency use authorization) for health-care providers in the
UAE [131] and has been administered to hundreds of thousands of people under the EUA
condition in China [134].

4.3. CanSino’s AdV5-Based Vaccine

Another non-replicating COVID-19 vaccine candidate under development is
CanSino’s ADV5-based vaccine. This AdV5 vaccine also expresses the full-length-unmod-
ified spike ‘S” protein from the Wuhan-Hu-1 virus strain [118]. However, unlike its ChA-
dOxnCoV-19 counterpart, the durability and the quality of the neutralizing antibody re-
sponse is affected owing to the pre-existing anti-vector response. Higher anti-RBD anti-
body geometric mean titers (GMT) were observed on 28th day of vaccination and this titer
difference was subject to dose (low, 615-8; medium, 806-0; and high, 1445-8) and day of
immunization [118,119]. AdV5, like ChAdOxnCoV-19, also induces both Thl and strong
CTL immune responses however; the pre-existing vector-mediated immunity negatively
affects the CTL response. It also induces lung Trm but only by respiratory mucosal (RM)
route. The route of delivery is parenteral i.e., i.m. Currently, it is being used as a licensed
single-dose vaccine in the Chinese military [117]. CanSino reported its Phase-I clinical trial
(NCT04313127) and is under evaluation in other Phase-III clinical trials (NCT04341389,
NCT04526990, NCT04540419 etc.) [118,119]. Common mild vaccination adverse reactions
like painful injection sites, redness, headache, fever, malaise, muscle ache and fatigue
were observed within a week of vaccination [119]. No information as to what the storage
conditions of the vaccine will be has been published yet but since it is adenovirus vector-
based, it is safe to assume that it might need either refrigeration or —20 °C storage.

4.4. Gamaleya’s Sputnik V (Gam-COVID-VacLyo) Vaccine

Russia’s Gameleya National Research Institute for Epidemiology and Microbiology
has developed a recombinant non-replicating viral-vectored COVID-19 vaccine. The re-
combinant vaccine uses Adenovirus as a viral vector and is termed as Sputnik V (formerly
known as Gam-COVID-VacLyo). It consists of two recombinant adenoviral serotypes 26
and 5 namely rAD26 and rADS5 respectively. Both of these recombinant viruses carry the
spike ‘S” glycoprotein of the SARS-CoV-2 i.e., rAd26-S and rAd5-S. Sputnik V is currently
being evaluated in Phase I and II of clinical trials using either frozen (Gam-COVID-Vac)
or lyophilized (Gam-COVID-Vac-Lyo) vaccine formulations (NCT04436471,
NCT04437875) [122]. The vaccine is administered by the parenteral route i.e., i.m. in single
as well as combined with booster dose regimens. Adverse reactions were mild to the vac-
cine including pain, redness and fever, etc. However, the safety profile, as well as the ef-
ficacy of the vaccine, has not been verified in the Phase III trial which raises concerns and
which is crucial to take the vaccine into the next step of the evaluation [122]. The published
data from clinical trials (Phase I and II) showed that this version of the recombinant-ade-
novirus vectored, non-replicating vaccine containing the ‘S’ protein was able to produce
an immune response which was almost comparable to the one observed in the convales-
cent plasma of the recovered COVID-19 patients i.e., similar RBD ELISA titers, neutraliz-
ing antibodies and CTL responses were produced (NCT04436471, NCT04437875) [122].
The observed anti-RBD IgG titers were increased from GMT values; 3442 and 3442 to
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14,703 and 11,143 after booster immunization in both Gam-COVID-Vac and Gam-COVID-
Vac-Lyo respectively [122]. The vaccine was approved for use in small population groups
by the Institute of Biology at the Academy of Military Medical Sciences before the Phase
III trial initiation which has raised many eyebrows within the scientific community [135].
Safety concerns have been raised since the vaccine has not been tested and evaluated in a
Phase III clinical trial which is necessary for the vaccine to move forward to the final stages
of evaluation.

4.5. Novavax’ NVX-CoV2373

Apart from exploiting the unmodified spike ‘S” protein for a potential COVID-19 vac-
cine, there is another version of the vaccine that makes use of the recombinant technology
with nanoparticle technology [136]. Novavax is developing a recombinant vaccine “NVX-
CoV2373”, which employs the full-length spike ‘S” protein with some modifications (de-
leted polybasic cleavage site and two proline mutations) leading to rosette-shaped spike
with hydrophobic tails. The spike protein is perfused with the saponin-based Matrix-M1
adjuvant (Adjuvant Matrix-M™ is comprised of 40 nm nanoparticles composed of Quil-
laja saponins, cholesterol and phospholipid). NVX-CoV2373 has undergone Phase-I trial
(NCT04368988) which was recently published by Novavax. It is used as a two-dose regi-
men for vaccination and is currently in the Phase-II trials (NCT04533399) [137]. Results
have shown that this adjuvant-based recombinant ‘S” vaccine can induce neutralizing an-
tibodies and provide protection against SARS-CoV-2 challenge in immunized macaques
[137]. Immunized mice and baboons were able to generate T cell immunity (strong CD4*
and CD8* CTL responses) and B cells in the antigen-specific germinal center (GC) of the
spleen [138]. No serious adverse effects were observed in the first-in-human trials with
robust IgG anti-spike geometric mean ELISA units (GMEUs, 63,160) and neutralizing an-
tibodies (GMT, 3906) both of which were four times higher than those observed in the
convalescent serum of the COVID-19 clinical patients (GMEUs, 8344 and GMT, 983 re-
spectively). The high titer of neutralizing antibody, although observed in non-human pri-
mates, is hoped to be translated in the human trial subjects as well and it seems to be
higher than any other vaccine candidates. However, the data are not directly comparable
because the vaccines act through different mechanisms, and preclinical tests were con-
ducted under different dosing regimens [136]. Recently, the vaccine has entered into the
phase III of clinical trials in the UK (EudraCT 2020-004123-16, NCT04583995), Mexico,
Puerto Rico, the US (NCT04611802), South Africa (NCT04533399) and Australia
(NCT04368988).

4.6. Sinovac’s CoronaVac (PiCoVacc)

Another COVID-19 vaccine under development is the Sinovac’s inactivated SARS-
CoV-2 vaccine. They termed the inactivated vaccine as the CoronaVac (PiCoVacc, as per
publication). It is a chemically inactivated, whole SARS-CoV-2 preparation [37]. PiCoVacc
is being evaluated in Phase I/II/III trials in Brazil and China (NCT04456595) in both adults
and geriatric patients. It is required as a two-dose regimen (at 0 and 28 days). The route
of inoculation is parenteral i.e., i.m. [47,48]. No serious local and systemic reactions to the
vaccine were observed [47]. Sinovac was granted EUA by the Chinese government in July
2020 before Phase III initiation which resulted in almost 90% of the company employees
being immunized with the vaccine [139]. It was observed that the neutralizing antibody
titers were comparatively higher in younger patients to older ones and the second dose
kinetics yielded different responses i.e., stronger immune responses with the second dose
on 28th day instead of the 14th day (NCT04352608) [47,131]. Anti-RBD antibodies, as well
as mean neutralizing antibody titers (GMT, 23.8-65.4), were observed two weeks after the
second dose of vaccination. Although these GMT values of the neutralizing antibodies
(GMT-maximum, 65.4) induced in response to the vaccination were lower than those ob-
served in the convalescent sera of the recovered COVID-19 patients (GMT-maximum,
163.7), however, it is still regarded as an attractive vaccine candidate for underdeveloped
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countries owing to its storage conditions (2-8 °C) [131]. Apart from humoral immunity,
no data have been provided about the cellular immune responses to the vaccine.

4.7. Johnson & Johnson (] & ])’s Ad26.COV2.S (JNJ-78436735)

Another vector-based recombinant vaccine is being evaluated in the Phase III clinical
trial by the Janssen Pharmaceutical Companies of Johnson & Johnson. The vaccine, known
as Ad26.COV2.S (JNJ-78436735), is based on a replication-defective human adenovirus
serotype 26 that expresses the full-length ‘S” glycoprotein of the SARS-CoV-2. The Janssen
platform used — AdVac vaccine platform- was initially developed for Ebola and later for
Zika, RSV, and HIV vaccines [140]. Results have shown that a single non-adjuvanted im-
munization with ] & J's Ad26.COV2.S vaccine can provide protection against SARS-CoV-
2 challenge in rhesus macaques aged 6-12 years by inducing strong neutralizing antibody
titers [123]. It can be stored at 2-8 °C for at least three months and has been estimated to
remain stable for two years at —20 °C. The vaccine is the Phase I/II clinical trials in the
States and Belgium. The Phase III trial was briefly paused due to some serious adverse
effects in a single patient post-vaccination but after careful investigation by the independ-
ent Data Safety and Monitoring Board (DSMB), the company has been granted permission
to resume the Phase III Ensemble trial [140]. According to an interim report on the vac-
cine’s efficacy and safety (published in NEJM, 2021), the first dose of the vaccine sustained
neutralizing antibody titers (GMT, 288-488) till day 71 and the second dose further en-
hanced the titer values (GMT, 827-1266). Spike-binding antibody responses were similar
to neutralizing-antibody responses. No severe adverse effects were observed in the study
[141].

5. Licensed SARS-CoV-2 (COVID-19) Vaccines
5.1. Pfizer-BioNTech’s BNT162b2 Vaccine

mRNA-based COVID-19 vaccine was developed in a collaborative effort by Pfizer
and German company BioNTech and approved most recently for emergency-use. This
mRNA-vaccine has two versions: BNT162b1 and BNT162b2 both developed by Pfizer-
BioNTech. BNT162b1 is a lipid-nanoparticle (LNP)-delivered mRNA vaccine that ex-
presses the RBD (trimeric form) of ’S” protein held together by a T4-foldon (the natural
trimerization domain of T4 fibritin) (NCT04368728) [115]. On the other hand, BNT162b2
expresses a full-length spike subunit protein with two proline mutations. Pfizer recently
published a comparative analysis of these two vaccine candidates and while these two
were quite comparable to antibody titers and the CD4*/CD8* T cell responses, the safety
profile of the later i.e., BNT162b2 was favorable. Due to the safety concerns, BNT162b2
was moved to the next stage of the clinical trials (NCT04368728) in both adults and the
elderly subjects [109,115,142]. Following Phase-III trial (the results have not been pub-
lished yet), Pfizer and BioNTech have submitted their COVID-19 vaccine candidate (code-
named BNT162b2, commonly known as the Pfizer-BioNTech COVID-19 vaccine, and sold
under the brand name Comirnaty) to the US Food and Drug Administration (FDA) for
emergency-use authorization in November 2020 [107]. The FDA panel issued an emer-
gency use authorization (EUA) for the Pfizer-BioNTech COVID-19 (BNT162b2) vaccine
on 11 December 2020, and has approved the vaccine for emergency-use [143]. However,
the UK had already approved the vaccine for use prior to the FDA’s authorization [144].
Pfizer and BioNTech have reported 95% efficacy in the Phase III trial of BNT162b2 [145].
According to a report published in the New England Journal of Medicine (NEJM), the
efficacy of the said vaccine was 52% after the first dose but it was significantly increased
to 95% following the second dose. Therefore, a two-dose vaccination regimen is recom-
mended against COVID-19 in people aged 16 years or older [146,147]. Despite its over-
whelming efficacy (>90%) across all demographics, the vaccine is advised to be used with
caution owing to certain side-effects in specific people. According to The Medicines and
Healthcare Products Regulatory Agency (MHRA), it has been advised to administer the
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vaccine with caution to individuals who have any history of an allergic reaction to a vac-
cine, drug or food and especially people who need an adrenaline auto-injector in emer-
gency cases if need be. The MHRA also insists on the availability of resuscitation facilities
for all vaccinations. This potential anaphylactic response was observed in two UK patients
who were vaccinated with BNT162b2 vaccine [148].

5.2. Moderna’s mRNA-1273 Vaccine

Another licensed vaccine for COVID-19 is mRNA-based “Moderna’s mRNA-1273
vaccine”. The mRNA-1273 encodes the full-length spike ‘S’ protein with two stabilizing
mutations and is encapsulated in lipid nanoparticles (LNPs) for delivery and the adjuvant
potential (NCT04470427, NCT04283461, NCT04405076) [97,108]. Due to the lack of pre-
existing anti-vector immunity, the neutralizing antibody response is unimpeded. It is ad-
ministered via the parenteral (i.m.) route in a two-dose regimen given at 4 weeks apart. In
the Phase I trial (NCT04283461), strong dose-dependent anti-S-2P antibody titers were ob-
served after first immunization at 25 pug and 100 pg doses among the age groups of 56—
70-year-old and 71 or above, the observed GMT values were 323,945; 1,183,066 and
1,128,391; 3,638,522 respectively. Following the booster dose, virus-neutralizing antibody
titers were observed across young and old patients. These humoral responses were almost
similar to the ones observed in the convalescent plasma of patients who had recovered
from COVID-19 [149]. Although good CD4* T cell responses were measured post-vaccina-
tion, however, the CTL responses were low as expected for the spike protein. Only high
doses caused adverse effects which were reduced in low dose regimen. The painful injec-
tion site, fever, chills and myalgia were observed within a few days of vaccination and no
safety concerns were observed with this vaccine [150]. Storage condition for the vaccine is
—20 °C which might be a problem for vaccine deployment [131]. This mRNA-1273 vaccine
is being evaluated in adults and geriatric patients in Phase-IIl clinical trials
(NCT04470427) [99,108,149,151]. Phase III trial was conducted and it was stated that the
mRNA vaccine showed 95% efficacy across all demographics and Moderna has sought
EUA from the US FDA in November 2020 [152]. The US FDA has granted EUA to Moderna
on 18 December 2020, which will allow the Moderna’s mRNA-1273 vaccine to be distrib-
uted in the US for use in individuals of 18 years of age and older [106].

6. Mucosal Vaccines-Platform for COVID-19 Vaccine Development

According to the guideline of The World Health Organization (WHO), most of the
COVID-19 vaccines are designed to be delivered by the parenteral intramuscular route to
produce high titers of systemic neutralizing antibody to cope with the systemic viral in-
fection [48]. However, this strategy leaves some questions about the durability and effi-
cacy of the mucosal immune response after vaccination which is essential for blocking the
viral entry through oro-respiratory tracts. Despite the dependence on the intramuscular
approach, mucosal-based immunizations have been well established for preventative im-
munity against several respiratory infectious diseases from antiquated through modern
times [153]. The late Norwegian immunologist, Per Brandtzaeg was a vocal advocate of
mucosal routes of immunization including the oral and intranasal routes partly because
he believed that the adenoids and tonsils of the upper airway tract (URT) were responsible
to provide both mucosal and systemic immunoglobulins i.e., IgA and IgG antibodies
[154]. This potential protective cover provided by the oral-nasal URT might be able to
explain why the SARS-CoV-2 leads more casualties in the elderly compared to the
younger groups. Since the COVID-19 epitomizes the mucosal disease process, SARS-CoV-
2 not only gains access to the host by mucosal routes but these mucosal sites seem to be
the predilection sites for the virus where it resides predominately. These oronasal and
conjunctival mucosa provide the transmission routes for the SARS-CoV-2 through aerosol
droplets, close contact or fomites. The virus enters via the mucosal barriers and thereby
invades the underlying mucosal and epithelial layers of the respiratory tract (lungs). It has
recently been shown that a high expression of SARS-CoV-2 receptor, ACE2 is observed in
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the mucosal linings of the enterocytes of the digestive system i.e., in the ileum and colon
[155] Interestingly, ACE2 is found to be highly concentrated in the oronasal epithelium
and the lowest in the alveoli [156]. This suggests that viral replication is profound in the
mucosal sites (oral/nasal) compared to that in the alveoli [71]. These findings support the
idea of an oral/nasal mucosal vaccine against SARS-CoV-2; since in nature oral vaccines
are well established to induce and activate the common mucosal immune system and
therefore have been successfully used for enteric and respiratory infectious diseases be-
fore [157]. The live oral enteric-coated adenovirus (AV) vaccines (type 4 and 7) approved
for use in the US military have shown to be tremendously effective [158]. The oral tablet
versions of the COVID-19 vaccine as discussed below would be used to reach regions
where proper health-care or professionals are not available especially in the under-devel-
oped countries. The tablet form of the vaccine would enable the common person who has
no reach to a proper vaccination site without having to need any health-care professional
or the fear of the common side-effects of the injectables such as malaise, pain, and inflam-
mation.

6.1. Vaxart’s Oral Mucosal COVID-19 Vaccine

Vaxart has recently developed an oral recombinant COVID-19 vaccine tablet that has
moved to the Phase-I trial (NCT04563702). The enteric-coated tablet vaccine contains an
adenoviral-vector that encodes the genes for spike ‘S” and the nucleocapsid ‘N’ proteins
of the SARS-CoV-2. The enteric coating prevents the tablet’s active ingredient from the
stomach’s acidic environment. These coated tablets dissolve in the digestive tract provid-
ing protective mucosal immunity against the viral infection. Vaxart reported that ham-
sters that received a two-dose regimen (at 0 and 4 weeks) of the oral vaccine showed nei-
ther systemic weight loss nor lung disease symptom, which is usually observed in non-
protected hamsters. All animals vaccinated with the Vaxart vaccine showed a significant
increase of neutralizing antibodies against SARS-CoV-2 compared to the non-vaccinated
group in the serum two weeks after the first vaccination [159]. According to the pre-clini-
cal report published by Vaxart, the full-length wild-type (wt) spike ‘S” protein antigen,
when administered mucosally, induces higher neutralizing antibody titers compared to
that of S1 domain or stabilized ‘S’ antigen both in the lungs and in the periphery. Both low
and high doses of the vaccine tablet were able to induce the antigen-specific CD4* and
CD8*T cells. Additionally, the recombinant adenoviral vector vaccine incorporating the
full-length ‘S” and ‘N’ antigens is underway to move to the clinical phase of evaluation
[160]. This opens new doors to the development of oral mucosal vaccines for SARS-CoV-
2. Recently, two vaccines have gained quite the attention in terms of COVID-19 vaccine
platforms: the BCG vaccine against TB and the OPV (oral polio vaccine) against poliomy-
elitis. It has been suggested that these pre-existing oral vaccines can ameliorate the
COVID-19 effects in patients via broader protection against unrelated pathogens likely by
inducing interferon (IFN) and other innate immune mechanisms that are yet to be identi-
fied [161,162].

6.2. IosBio’s (Sabilitech’s) OraPro-COVID-19™ Vaccine

Another oral vaccine candidate under development by a UK-based company isoBio
(previously known as Stabilitech) is OraPro-COVID-19™ [163]. As of June 2020, the com-
pany has started its collaboration with BioCell Corporation (New Zealand) to manufac-
ture its oral coronavirus vaccine, OraPro-COVID-19 [164]. It uses non-replicating viral-
vector that expresses the ‘S” protein and is used as a thermally stable capsulated form
[164]. A replication-defective adenovirus-5 (Adv5) vector encoding the ‘S’ glycoprotein of
the SARS-CoV-2 is enteric-coated (encapsulated) and delivered orally directly to the in-
testinal lymphoid tissues generating both humoral (antibody-mediated) and cellular
(CD4* and CD8* T cell-mediated) immune responses with impeded anti-vector immune
response [163]. The self-administered capsulated vaccine, if passes the clinical phases of
evaluation, would be a great achievement to immunize millions of people around the
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globe without the need of any assistance from a health-care professional. In addition, since
it is provided as a thermally-stable capsule, there is no need of refrigeration which could
be a major problem with many other vaccine candidates that need a lower temperature
for storage and deployment, especially in low-income countries. The company has not yet
published any safety and efficacy profile of the vaccine and has previously used its
ORAPRO™ (enteric-coated recombinant adenovirus vector-rAdv) platform for Zika virus
vaccination [164].

6.3. Broad-Spectrum of Pre-existing Mucosal Vaccines

Mucosal immunity plays a critical role in the inhibition of viral entry through oral
route or respiratory tract. Recently, two vaccines have gained quite the attention in terms
of COVID-19 vaccine platforms: the BCG vaccine against TB and the oral polio vaccine
(OPV) against poliomyelitis. It has been suggested that these pre-existing mucosal and
oral vaccines can ameliorate the COVID-19 effects in patients via broader protection
against unrelated pathogens likely by inducing interferon (IFN) and other innate immun-
ity that are yet to be identified [161]. Unlike IPV, OPV has been used as the most effective
successful preventative vaccine against poliomyelitis via induction of poliovirus-specific
mucosal immunity [5]. In addition, more neutralizing antibodies were detected in the na-
sopharyngeal of OPV-treated patients than in IPV-treated ones [6]. Most mucosal immun-
ity tends to decrease over time, but OPV can prevent reinfection by maintaining a mucosal
immune response in the intestine [165].

6.4. RPS-Vector System As A Potential Platform for COVID-19 Oral Mucosal Vaccine

In this section, Sabin-1 poliovirus cDNA-based RPS (recombinant poliovirus Sabin 1)
-vector system (Figure 3) is discussed as a potential platform for the development of an
effective oral mucosal COVID-19 vaccine. The RPS-vector system is a vector. Sabin-1 is
one of the three attenuated poliovirus serotypes (OPV) and is considered to be developed
as a safe and effective mucosal vaccine vector. The RPS-vector system has two versions:
the RPS-Vax and the RPS-CTP. The RPS-Vax is a recombinant Sabin-1 poliovirus vector
system that contains the multiple cloning site (MCS) and the 3C-protease cutting site for
cloning a vaccine gene and release the vaccine protein from the viral particle during their
replication, respectively [166]. RPS-Vax vector system was designed and constructed for
the development of the mucosal vaccine by exploiting the special characteristics of the
OVP vaccine.

MCS of RPS-Vax system
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Figure 3. RPS-vector system as a potential platform for COVID-19 oral mucosal vaccine (Seung-Soo et al., 2015).
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On the other hand, the RPS-CTP vector system is a modified version of the RPS-Vax
vector harboring CTL-inducible cytoplasmic transduction peptide (CTP) right above the
MCS. RPS-CTP vector-based recombinant poliovirus induces antigen-specific CTL re-
sponses by exploiting the CTP technology which delivers the CTP-fused vaccine protein,
expressed during the rec-poliovirus replication in the payer’s patch, into the cytoplasm of
the adjacent cells followed by presentation of CTP-fused antigen through MHC class I
[166]. When HIV-1 p24 was incorporated into RPS-CTP vector system, the recombinant
poliovirus vRPS-CTP/p24 was effective to induce high titers of p24-specific neutralizing
IgA and p24-specific strong CTL responses as well in Tg-PVR mice [166]. The vaccine ef-
ficacy of the vRPS-CTP/p24 was examined in the challenge experiment with recombinant
vaccinia virus expressing HIV-1 p24 (recVV-p24). Body-weight and survival rate were
least affected, and the titer of the recVV-p24 in the lung significantly decreased in mice
vaccinated orally with the vRPS-CTP/p24 [166]. Since the RPS-CTP platform-based muco-
sal vaccine was designed to be administered through the oral route instead of the com-
monly used parenteral or intramuscular routes, RPS-CTP-derived mucosal vaccine has
several advantages of preventing potential side-effects of injection ones and vaccine-loss
during the administration especially in geriatric patients which are mostly the victims of
the SARS-CoV-2 [167-169]. In addition, the rec-poliovirus vRPS-CTP/p24 was genetically
stable over 12 passages [166]. It is also well established that the OPV induces long-term T
cell and B cell memory [170]. Collectively, these results strongly suggest that the estab-
lished RPS-CTP vector system can be used as a potential platform technology for the de-
velopment of preventative and therapeutic mucosal vaccines against COVID-19 and other
pandemic viral diseases.

7. Conclusions

The COVID-19 pandemic has left the scientific community with many open questions
since it has taken almost a year to license a potential COVID-19 vaccine. This pandemic
provided the scientists around the globe with the opportunity to divulge into many facets
of the immunology including deep machine learning, genomics, virus surveillance, etc.
and paved the way to provide a suitable protective vaccine as a united front. Although,
we have learned a lot about the new coronavirus (SARS-CoV-2) and its immunity induced
by vaccines through these new technological advancements, still much remains to be
learned about its immunopathology, for instance, as to how this virus is able to evade the
immune response and mutate as a consequence. A new mutant COVID-19 strain named
as B.1.1.7 has recently emerged in the UK (8 December 2020), which has been speculated
to cause a surge in both the number of COVID-19 cases as well as in the severity of the
disease itself. This mutant strain is better adapted to spreading the previous strain and
has known to acquire 17 mutations all at once, a feat never seen before. This causes con-
cerns regarding the efficacy of the recently-licensed vaccines (Pfizer-BioNTech, Moderna)
in December 2020 and their protective cover against the new emerging COVID-19 mutant
strains. There is hope that the present vaccines and the many other vaccine candidates in
the process of the ongoing preclinical and clinical trials around the globe might provide a
singular protective vaccine against the COVID-19 and its emerging variants as an exten-
sion. However, much is still in the unknown as to what factors account into the viral-
mutagenicity and how this impacts different demographics in terms of age, sex, race and
ethnicity, not to mention the special cases including the immunocompromised and preg-
nant patients. Considering these difficult aspects, there is a view among some in the sci-
entific community that a single vaccine might not be the solution to this situation in par-
ticular. Therefore, in light of these findings, we have summarized current platforms for
the development of COVID-19 vaccine in this review. We have highlighted the possibili-
ties of using different kinds of vaccines targeting crucial SARS-CoV-2 genes, which in turn
can be utilized in controlling COVID-19 spread, that simultaneously boost the patient’s
immune system to fight subsidiary infections. Moreover, we have shed light on the on-
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going clinical trials of COVID-19 vaccines and the conducting institutes and pharmaceu-
tical companies involved. This review provides a better understanding of current plat-
forms for COVID-19 vaccine development and the potential use of the RPS-CTP vector
system for the development of oral mucosal COVID-19 vaccine as a new vaccine platform
for future challenges.
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