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Abstract

Based on mucosal immunization to promote both mucosal and systemic immune
responses, next-generation COVID-19 vaccines would be administered intranasal or
oral. The goal of SARS-CoV-2 vaccines is to provide adequate immune protection and
avoid severe disease and death. Mucosal vaccine candidates for COVID-19 including
vector vaccines, recombinant subunit vaccines and live attenuated vaccines are under
development. Furthermore, subunit protein vaccines and virus-vectored vaccines have
made substantial progress in preclinical and clinical settings, resulting in SARS-CoV-2
IN vaccines based on the previously successfully used nasal vaccines. Additional to
their ability to trigger stable, protective immune responses at the sites of pathogenic
infection, the development of 'specific' mucosal vaccines targeting coronavirus antigens
could be an excellent option for preventing future pandemics. However, their efficacy

and safety should be confirmed.

INTRODUCTION

The current COVID-19 pandemic, characterized by the ongoing rapid spread and high
mutation rate of SARS-CoV-2, emphasizes the need_for more efficient vaccinations to
avoid preventable illness and mortality. In addition, SARS-CoV-2 is a mucosal pathogen
that spreads via person-to-person respiratory droplets ['land infects human respiratory

epithelial cells and gastrointestinal tract by attaching to angiotensin-converting enzyme




2 (ACE2 ) via the spike (S) receptor-binding domain (RBD) 2 Thus, mucosal immunity
will be primary for adequate and long-term viral protection [3I:

To date, there are over 300 potential anti-SARS-CoV-2 vaccines at various stages
of preclinical and clinical trials and 24 vaccines approved for emergency use in humans
146l (https:/ /covid19.trackvaccines.org/ trials-vaccines-by-country /). Approved vaccines
and most of the preparations under development are intended to be administered
intramuscularly to provide high levels of antibodies against systemic viral infection [71.
This method of administration is the most common immunization method. While it is
not the most efficient option to protect against pathogens entering through the mucous
membranes, it is still an effective method.

Thus, current vaccines against COVID-19 failed to fully prevent viral infection,
which is partly due to the lack of mucosal immune activation. On the other hand,
mucosal immunization has the ability to promote both mucosal and systemic immune
responses [8].

Over 10 different vaccines against SARS-CoV-2 are in various stages of
development, including virus-based vaccines, recombinant subunit vaccines, and live
attenuated vaccines. [*13l. Their development and application are encouraging because
of the expected efficacy of the mucosal and systemic immune response they will elicit.
Despite the emergence of SARS-CoV-2 variants, people will be prefer the next
generation COVID-19 vaccine (i.e., intranasal (IN) immunization). This vaccine is
expected to be very effective in producing both mucosal and systemic immune
responses [131.

Various IN vaccines against SARS-CoV-2 are now being studied, even though they are
not yet approved, with 12 candidates advancing to multiple stages of clinical trials,
including virus-vectored vaccines, recombinant subunit vaccines, and live attenuated

vaccines [14],

NATURAL AND VACCINE-INDUCED MUCOSAL IMMUNITY. PRINCIPLE OF
MUCOSAL VACCINES




The rationale for the need for effective COVID-19 vaccines that elicit mucosal immunity
is to use early mucosal immune responses against the virus to prevent the virus from
entering mucosal layers and causing infection. This is also called “sterilizing immunity”
15 So far, the data show that people naturally infected with SARS-CoV-2 produce
mucosal IgA antibodies (e.g., saliva, nasal swab/wash, or BAL fluid) and systemic IgG
antibodies. [1617],

However, firstly, when SARS-CoV-2 infiltrates the nasal and/or oral cavities,
nasal- (NALT), bronchial- (BALT) and mucosa-associated lymphoid tissue (MALT) act
as the first line of defense against viral infection [18l. In addition, all components of the
innate immunity of the upper respiratory tract and/or the gastrointestinal tract
(phagocytic neutrophils, macrophages, dendritic cells (DC), resident microfolded M
cells, innate lymphoid cells, natural killer cells and mast cells) [l and immune
molecules (i.e. galectins, collectins, cytokines and others) are involved in the immune
response against the virus in various ways [2. Additionally, Thl- and Th2 cells,
immunoglobulin (Ig)A-switched B cells are also rapidly activated after the initial
interaction of SARS-CoV-2 with the innate immunity of the host [2!].

These immune cells can work together to produce an integrated system that
includes pattern-recognition receptors such as the Toll-like receptors TLR7 or TLR8 [22].
They identify molecular patterns (i.e., single-stranded RNA) associated with viral
pathogens, resulting in increased production of pro-inflammatory cytokines such as
Type I Interferon (IFN-I). IFNs have an essential role in the early stages of viral infection
[3]. However, SARS-CoV-2 possesses the ability to suppress the production of IFNs. The
omplement system is a vital part of innate immunity against SARS-CoV-2, which
contributes to acute respiratory distress syndrome (ARDS) and cytokine storm (24,
Therefore, it is important to consider antibody-based treatments and vaccines when
developing strategies to fight SARS-CoV-2.

After the innate immune system activation, through dendritic cells, T and
subsequent B cells specific to SARS-CoV-2 are recruited, mainly in the systemic

bloodstream [#l. However, the simultaneous expansion of CD4+ T-helper cells, CD8+




cytotoxic T cells, and plasma cells is crucial for viral elimination. Specific SIgA protects
against SARS-CoV-2 by neutralizing it, suppressing its adhesion ability and
agglutinating. This allows for a stronger anti-inflammatory response. (201,

Traditional injectable vaccines are not very effective at inducing mucosal
immunity. Furthermore, the benefits of such vaccination which leads to mucosal (SIgA)
and circulating (IgG and IgA) antibody formation, as well as SARS-specific effector and
memory T cell responses, have not been demonstrated in conventional vaccines [27.25],

However, a study showed induced spike (S1)- specific neutralizing IgA and IgG
responses in the nasal mucosa following BNT162b2 but not after inactivated virus
vaccine [, Additionally, it was shown that nasal immunization after an intramuscular
vaccine could induce robust mucosal immunity to prevent mucosal pathogen entrance
and development. A recent animal study showed promising results for using mucosal
booster immunizations after mRNA priming to elicit mucosal immunity in addition to
systemic responses [30],

There is evidence that SARS-COV& nasal vaccination provides protection against
both ancestral and mutant strains (i.e., variants of concern (VOC) - B.1.1.7 and B.1.351)
131, Furthermore, the authors suggest that Adenovirus-vectored multivalent vaccination
delivered via the respiratory mucosa is a viable next-generation COVID-19 vaccine
approach for inducing overall mucosal immunity against existing and future VOC [31],

Similarly, a combination of mucosal prime and systemic booster vaccines has
been shown to increase the lifespan of lung CD8+ resident memory T cells 2. In
addition, CD4+ resident memory T cells are essential to developing protective CD8+
memory cells and B lymphocytes 3334, The ability of nasal vaccinations to induce
resident memory T cells in the respiratory and gastrointestinal considerably increases
their effectiveness. The development of nasal vaccines also relies on the data that
mucosal immunization can elicit a wide range of adaptive immune responses, including
sIgA antibodjes and resident memory T cells 35. NALT is an important location for the
induction of mucosal immune responses. Thl- and Th2-polarized lymphocytes, as well

as IgA-secreting B cells, proliferate there. SIgA antibodies neutralize toxins and




pathogens wvia immunological exclusion, antigen excretion, and intracellular
neutralization [36-38],

Additionally, we must keep in mind that mucosal SIgA levels raise up rapidly in
babies and these levels reach adult levels early in the childhood. [*°l. This should be
considered when developing vaccines for children [0 Also, although the titers of
protection are not known now, virus-neutralizing antibodies are needed to protect and
control the infection 411,

Nasal vaccination successfully stimulates resident memory T cell production,
and persistent antigens in the lungs and gut can support long-term memory cell
maintenance [42l. Resident memory T cells (especially CD8+) in the mugosa may help
protect the body against virus infection by producing cytokines that mediate tissue
antiviral resistance and chemokines that attract additional immune cells [43. It is known
that resident memory T cells are more effective at protecting the lungs than circulating
T cells. [#1. Furthermore, these memory cells can move from the lungs to mediastinal
lymph nodes viz a mechanism known as "retrograde migration" to maintain the

memory phenotype and provide long-term protection [4],

The principle of intranasal vaccines, the vaccine-induced immune responses,
mucosal involvement, and benefits are shown in Figure 1.

Intranasal and oral COVID-19 vaccines promise to generate both local and
systemic immune responses. Fortunately, the local activation of innate antigen-
presenting cells by viral antigens leads to the stimulation of adaptive immune cells and
an efficient immune response against the virus. Once occurred, this local immune
response has the potential to spread to other mucosal surfaces in the organism. It is
assumed that local immunity will prevent virus entry and shedding, and keep low
levels of inflammation in the mucous membranes. Some adaptive cells remain in the
mucosa and act as effector T cells or specific IgA-plasmacytes. Some of them exert

systemic antiviral effects by going to the periphery. Additionally, activated innate and




adaptive immune cells can clear the virus at the infection site, leading to undetectable

viral RNA in airways and gut mucosa, leading to long-term immunity.

SUCCESSFUL MUCOSAL VACCINES IN HISTORY

Humans have been licensed to eight oral and one intranasal vaccines against various
mucosal infections. All of these vaccines are complete viral vaccines .32 These types of
vaccines are exceptionally preferred since they do not involve needles. In addition,
subunit protein vaccines and virus-vector vaccines have significant advantages.
Therefore, using all the scientific data and knowledge gained over the years about these
types of vaccines, the scientific community is trying to create nasal vaccines SARS-CoV-
2 based on already used ones in human history 32,

Oral vaccination can be used prophylactically in human populations at high risk
for SARS-CoV-2. Thus, it could be the most cost-effective and efficient way to reduce
the transmission of infection and morbidity. As we already stated, a needle-free vaccine
eliminates the risk of transmitting blood-borne infections. Another benefit is that
healthcare staff can perform oral vaccination without medical training. Pain and
discomfort from a needle stick are avoided, as is the need to monitor side effects [32,

Type 1 and 2 monovalent oral poliovirus (mOPV) vaccines (serotypes 1 or 3) and
bivalent containing serotypes 1 and 3) were approved and licensed in 1961 and type 3
mOPV vaccine in 1962. A trivalent OPV (tOPV) vaccine was approved in 1963. The
World Health Organization (WHO) has announced that types 2 and 3 have been
eradicated in 2015 and 2019, respectively. It turns out that OPV is the most effective and
successful polio vaccine by inducing poliovirus-specific mucosal immunity [4],

The oral polio vaccine (OPV) contains live poliovirus strains (Sabiﬁ. The strains
are derived from wild polioviruses and have been reduced in virulence. Poliovirus is a
member of the enterovirus subgroup of the Picornaviridae family. Picornaviruses are
small viruses with an RNA genome, characterized by three poliovirus serotypes (typel,
type 2, and type 3). Scientists have proven that immunity to one serotype does not

confer significant immunity to other serotypes [47- 4. The virus enters the mouth and




spreads throughout the oropharynx and gastrointestinal tract. The poliovirus is usually
present in the nasopharynx for 1 to 2 weeks and can be excreted in the feces for several
weeks after infection. Even people with mild symptoms or without illness can be
sources of infection [49].

In 2020, a global campaign was launched to end OPV use and switch to
inactivated polio vaccination (IPV). But the last reports show that the neutralizing
antibodies found in the nasopharynx of patients treated with OPV were more than
those treated with IPV 1501 a

After being ingested, the OPV vaccine replicates i the intestinal mucosa and
lymphoid cells in the oropharynx and intestine. It behaves similarly to wild poliovirus.
Vaccine strains are excreted in the feces of the vaccinated individual up to 6 weeks after
a dose, with maximum excretion occurring in the first 1 to 2 weeks.

The OPV vaccine is very effective in protecting people frorﬁ poliovirus.
Interference among serotypes was observed during replication in the gut. A single dose
of tOPV elicits immune responses to all three vaccine viruses in half of recipients [51.

It is crucial that the OPV vaccine produces localized immunity in the intestines.
This decreases the amount of virus that is shed when someone is re-infected with the
same poliovirus serotype and reduces the chance of potential transmission. Subsequent
vaccine doses retﬁce interference during gut replication. In contrast, three doses of
vaccine provide immunity to all three poliovirus serotypes in more than 95% of
recipients in industrialized countries. The immunity from the oral poliovirus vaccine is
probably lifelong (5251,

The OPV vaccine has been proven to have many benefits over the years,
including providing non-specific protection against other infections. In addition,
various studies have been conducted to research the effects of OPV and live enterovirus
vaccines (LEVs) on the induction of non-specific immune responses, which show the
non-reactogenicity and safety of vaccines [54-571,

All these studies demonstrated that cytopathic agents in the gastrointestinal tract

decrease and reduce isolated infections of influenza, adenovirus, parainfluenza,




herpesviruses etc. According to these findings, OPV may offer protection against other
viral respiratory infections.

In 2015, another research group conducted a retrospective cohort study in
Denmark. They studied how the incidence of infection among the children wjth various
infections changes depending on the last vaccine children received - OPV, DTap-IPV-
Hib (diphtheria-tetanus-acellular pertussis-inactivated poliovirus - Haemo type b) or
MMR (measles, mumps, rubella) [3]. A similar study was conducted in the United
States. The results show the most significant reduction in non-specific infections with
live vaccines [59].

When COVID-19 cases began to rise worldwide, the researchers began studying
the effects of OPV vaccines in symptomatic and asymptomatic patients because the
SARS-CoV-2 virus suppresses the innate immune system, which affects adaptive
immunity %, Suppose the damage to the innate immune system is crucial for the
transmission and infection of SARS-CoV-2. In that case, it may be suggested that
preparing the immune system before infection can alleviate theéourse of the COVID-19
disease. Furthermore, evidence suggests that the prophylactic use of OPV or other live
vaccines prior to COVID-19 may activate innate immunity and strengthen the immune
system for the subsequent SARS-CoV-2 infection [¢-]. Therefore, it is necessary to
consider the potential benefits of the OPV vaccine and its application before or together
with the available COVID-19 vaccines.

Since the start of the COVID-19 pandemic, scientists have been scrutinizing
rotavirus vaccines. Rotavirus is a double-stranded RNA virus (Reoviridae family). The
outer capsid contains two important proteins, VP7 (G-protein) and VP4 (P-protein),
which stimulate neutralizing antibodies. It is believed that they play an important role
in immune protection [#. The scientists proved that up to 60-70% of children with
severe rotavirus gastroenteritis demonstrate rotavirus antigen and RNA in serum
(antigenemia). However, the immune correlates of protection for rotavirus are still not

fully understood [64].




The antibodies against VP7 and VP4 that are found in the serum and mucosa
probably play a crucial role in protecting against disease. Cell-mediated immunity
probably helps to protect from infection and recover from it. Unfortunately, immunity
usually does not last long after a vaccine is given. Re-infection can happen at any age.
[64],

Two live oral rotavirus vaccines - RV5 (RotaTeq) and RV1 (Rotarix), are currently
approved for use [¢5]. In Finland and United States, Phase III clinical efficacy trialaof the
RV5 vaccine were conducted. The data proved 74% efficacy after a 3-dose series against
G1-G4 rotavirus gastroenteritis, and 98% against severe G1-G4 rotavirus gastroenteritis,
during the first entire rotavirus season after vaccination. Furthermore, scientists
observed children during the first 2 years of life in a large health care utilization
study. Among them, the RV5 vaccine decreases the incidence of G1-G4 rotavirus
gastroenteritis - medical visits by 86%, emergency department visits by 94%, and
hospitalizations by 96% [661.

In Latin America and Europe, Phase II] clinical efficacy trials of RV1 vaccine
were conducted. This study found that the 2-dose series against severe rotavirus
gastroenteritis is 85% effective to age 1 year. The European study estimated the vaccines
efficacy against severe rotavirus gastroenteritis is 96% through the first rotavirus season
and 87% against any rotavirus gastroenteritis.The trial data also showed that
vaccinating against rotavirus resulted in a 96% reduction in the number of
hospitalizations for rotavirus gastroenteritis in the second season after vaccination. [¢7.

In the United States, several RV5 and RV1 case-control vaccine effectiveness
evaluations have been conducted among children lﬁtween 2 or 3 years or younger. The
scientists found that the vaccine effectiveness against the combined outcome of
emergency department visits or hospital admission for rotavirus is estimated at 84% for
the RV5 and 83% for the RV1 vaccine. Evaluations of vaccine effectiveness tends to
increase as the severity of rotavirus disease. Both vaccines have been shown to be

effective against a wide range of rotavirus genotypes [©8l.




The exact duration of immunity with rotavirus vaccine is still unknown.
However, effectiveness has been demonstrated in the first 2 to 3 years of life in the US.
Vaccine efficacy was generally lower in the second year of life than in the first year in
low-income countries [66: 6%, 701,

In the last two years, two more vaccines have received much attention
concerning COVID-19. These are the tuberculosis vaccine (BCG - Bacille Calmette-
Guerin) and MMR (measles, mumps, and rubella vaccine).

BCG vaccination is an effective intervention against tuberculosis, and the
researchers could make an effort to create a novel BCG-based vaccine for COVID-19.
However, many studies reported non-specific cross-protective effects of the vaccine
against other infectious diseases. For example, in 1932, the BCG vaccine was introduced
for tuberculosis prevention in Northern Sweden [7ll. Later, two groups studied the
protective effect of BCG and, for the first time, reported for 45% reduction in child
mortality from respiratory infections in West Africa [7273]. Other examples of BCG-
mediated non-specific effects were also reported by Stensballe and Wardhana 74751,

Furthermore, the BCG vaccine has recently been found to protect against
different virus infections such as influenza virus, herpes simplex virus, human
papillomavirus, respiratory syncytial virus and virus for yellow fever (7],

With the occurrence of the SARS-CoV-2 worldwide, different agencies, including
the World Health Organization (WHO), have called to explore every possible solution,
even already approved therapies and vaccines, to slow transmission and reduce the
effects of the COVID-19 pandemic. However, the obtained data suggest that BCG does
not reduce COVID-19 mortality. Still, BCG vaccination may reduce the incidence of
frequency during the COVID-19 crisis [77/78].

Only randomized controlled trials will show whether BCG reduces the frequency
and severity of COVID-19. A recent study, a Phase III ACTIVATE trial (NCT03296423),
confirmed that adults over 65 years who have recently been vaccinated against BCG

are less likely to get new virus infections.The study found that the incidence of new




respiratory infections after receiving a placebo vaccine (42.3%) was different from the
incidence of new respiratory infections after receiving BCG vaccine (25.0%). [75].

Another clinical trial in Brazil, BATTLE (NCT04369794), is designed to test BCG-
like therapeutic vaccination. The aim is to show if it affects the elimination of SARS-
CoV-2 and the degree of seroconversion and titration (IgA, IgG and IgM) [°l. In murine
models, the new BCG:CoVac form, which combines BCG with the stable form of
Spike(S) protein, simultaneously stimulates SARS-CoV-2 and T-cell responses even at
levels equivalent to or higher than expected by current vaccines. 80,

In March 2020, with the rise of COVID-19 cases in the UAE, the Emirates
International Hospital Safety Committee decided to offer a BCG booster vaccination to
hospital staff, which is 280 people. 71 of them received the BGG vaccine. None of the 71
people who received the BCG booster vaccine tested positive for the SARS-CoV-2 virus.
For the other 209 individuals that had not received booster BCG, there are 18 positive
PCR cases of COVID-19. No available reports of complications with the BCG booster
group Bl In conclusion, BCG vaccination may protect medical staff who work or who
are vulnerable to SARS-CoV-2 infection. Further studies are needed to determine if BCG
vaccine is effective against COVID-19.

MMR (measles-mumps-rubella) vaccine is another childhood vaccine relevant to
the COVID-19 pandemic. Homologies of the amino acid sequence between SARS-CoV-2
and measles, rubella, and mumps viruses have been found 8283, A study found that
there is a strong correlation between mumps IgG titers and the severity of COVID-19 in
people vaccinated with the MMR vaccine in childhood. 4. There are also data that
recently vaccinated with the MMR people vaccine had less severe COVID-19 and lower
mortality rate [,

Until the end of 2021, a placebo-controlled randomized clinical trial was
conducted with 30,000 individuals to investigate the protective effect of MMR
vaccinati(ﬁ after a positive test and symptomatic COVID-19 [56l. A case-control study
indicates that there may be a protective effect of the MMR vaccine against SARS-CoV-2

in males but not in females [¥7]. Several other studies have shown that recently receiving




the MMR vaccine may protect against SARS-CoV-2 and/ or the development of severe
Covid-19. 8891 They showed that the MMR vaccine can stimulate innate immunity
inducing non-specific protection against other infections. Compared with those in the
placebo group, participants who received at least one dose of MMR had a significantly
decreased risk for symptomatic COVID-19 and need for treatment.

These data were used to make assumptions about the potential efficacy of
COVID-19 vaccine administered live or nasal/oral. We summarize the information in

Table 1.

MUCOSAL VACCINES FOR COVID-19 - RISKS AND BENEFITS

Since the discovery of the first vaccine, always been a question about the benefits and
risks of vaccines. However, over the years, vaccination programs that have been
introduced and updated have managed to achieve their goals: smallpox has been
eradicated, polio and measles have been almost eradicated, and other diseases have
been controlled [#11.

The vaccines being administered now are given by injection. The mucosal
vaccines can superior this process because they will elicit protective immune responses
from the mucosa, blocking infection at the site of infection. The nature of the infection
should be well known when developing mucosal vaccines - invasive (in intestinal
pathogens), locally invasive (in shigellosis) or strictly mucosal (in cholera) [9-%3]. This
will affect the proper access of the circulating antibodies, as well as the longevity of the
immune response.

A large part of the population is willing to accept vaccines, but the claims about
their risks have a greater impact than before. Therefore, the risks associated with a
potential decision must be discussed in light of the best available scientific information.

When countries are faced with the decision to include a new vaccine in their
national immunization programs, the relevant scientific, clinical, epidemiological and

economic factors of the immunization program need to be considered.




Today, many vaccine production platforms ). For example, the live attenuated
oral polio vaccine has a significantly lower cost of production. In contrast, the highly
complex pneumococcal conjugate vaccine is much more expensive [,

Financial cost-effectiveness is one of the most important factors when choosing a
financial product or service. When a vaccine is cost-effective, it can help to manage both
the health and financial consequences in a country. Oral vaccines offer great potential
for preventing pandemics because they are very efficient, low cost, require no medical
personnel, and can elicit both systemic and mucosal immune responses.

This type of vaccine is one of the most successful and cost-effective public health
investments a country can make to improve people's health.

Oral vaccines require protection in the harsh environment of the gastrointestinal
tract, where the pH is low and the proteases are present. Under normal circumstances,
antigens that enter orally are treated as nutrients. If a vaccine does not trigger the
appropriate danger signals, it is recognized as non-pathogenic by the intestinal tissue.
[9I. High doses are usually required for successful immunization, but this may increase
the risk of tolerance [*7l. These barriers are the main reasons there are so few effective
oral vaccines.

Mucosal vaccines against SARS-CoV-2 are incredibly challenging to develop and
confirm their safety. However, they will offer the ability to trigger stable, protective
immune responses at the sites of pathogenic infection. Unfortunately, mortality and
morbidity associated with various infectious diseases caused by mucosal pathogens
have remained very high over the last 10 years.

Data so far demonstrated several attempts to develop intranasal vaccines against
SARS-CoV and MERS, based on viral vector, subunit, DNA, Virus-like particle,
inactivated and live-attenuated, described extensively somewhere else [%-102], Based on
our experience with mucosal vaccine platforms at SARS and MERS, could be develop
effective mucosal vaccines against SARS-CoV-2. There are different types of correlates
of protection, both humoral and cellular, are associated with different goals of

vaccination - prevention of infection at the mucosal or systemic level. However, until




their efficacy and safety have been proven in clinical trials, their use is not
recommended.

According to WHO data from 2020, wer respiratory tract infections are the
fourth leading cause of death worldwide [193l. Developing an effective vaccine to protect
against SARS-CoV-2 infection is a worthwhile endeavor. An extensive risk-benefit
analysis of COVID-19 vaccines was published in 2021 1%, The study was focused on
thrombocytopenia and thromboembolism. It demonstrated that the risks of
thrombocytopenia, venous or arterial thromboembolism, CVST and ischemic stroke
were much higher after SARS-CoV-2 infection than after vaccination.

The COVID-19 pandemic will continue and hit low-income countries. Although
there are already effective vaccines against SARS-CoV-2, mass production is still
difficult, with no global coverage. The development of 'specific’ mucosal vaccines

targeting coronavirus antigens could be an excellent option for preventing future

pandemics.

INTRANASAL AND ORAL COVID-19 VACCINES ON THE GO

As mentioned earlier, intra-muscular injections are not effective at reducing viral
replication or nasal secretions in the upper respiratory tract. This leads to asymptomatic
or mild symptomatic disease, which helps to spread the virus. On the other hand,
intranasal vaccinations may generate sterilizing immunity against mucosal infections
[105], In addition, the principle of antigens exposed at the initial site of the viral infection
will help to elicit a stable immune response in mucosa [1%. The systemic immune
response induced by intranasal vaccination is equivalent to or even stronger than the
response caused by intramuscular immunization. This suggests that a lower dose will
be needed to increase the efficacy anésafety of vaccination.

Intranasal vaccination with chimpanzee adenovirus (Ad) vector SARS-CoV-2
vaccine (ChAd-SARS-CoV-2-S) was shown to generate more significant levels of S-
specific neutralizing antibodies in hamsters [1%7]. Such vaccination can produce pan-

reactive antibodies %], which is particularly attractive given the emergence of new




SARS-CoV-2 mutants. The development of this type of vaccine would have a significant
socio-economic impact. A huge population in a very short time in a global pandemic,
such as COVID-19, could be vaccinated. The vaccines are supplied with nasal devices,
which are preferred and convenient for patients. It is unnecessary from very low
storage temperatures and a sterile environment that make them suitable for use.
Furthermore, mucosal vaccination may hasten herd immunity, owing to its ease of
delivery to impoverished individuals in low- and middle-income countries [%I,

Because most clinical trial results have not yet been available, preclinical research
is required to investigate the immunogenicity and safety of intranasal COVID-19
vaccines.

Preclinical studies of intranasal COVID-19 vaccines include a variety of
mechanisms, which have been extensively described by Alu et al. 18l. Studies on
intranasal/mucosal COVID-19 vaccines, both preclinical and clinical trials I®], are shown

schematically in Figure 2.

Oral Mucosal COVID-19 Vaccine - Vaxart

Vaxart’s vaccine is an tablet vaccine that contains an adenoviral vector. The
vector encodes the SARS-CoV-2 spike (S) and the nucleocapsid (N) proteins. The
vaccine has progressed to a Phase-I trial (NCT04563702). Therefore, the film-coated
tablets provide mucosal immunity by dissolving in the digestive tract. In addition, the
active ingredient is protected from the aggressive action of the stomach's acidic
environment by its enteric coating 7}

Studies show a significant increase in the titer of neutralizing antibodies against
SARS-CoV-2 two weeks after the first vaccination in all animals, that received the
vaccine, compared to the unvaccinated group [110l. Comparing the mucosal application
of full-length wild-type S-protein antigens and those of the S1-domain or stabilized S-
antigen, mucosal administration induced higher neutralizing antibody titers in the

lungs and periphery.




Vaxart’s tablet vaccine studies have shown that both low and high doses induce
antigen-specific CD4* and CD8" cells. It is in the process of undergoing clinical phase
evaluation 111,

OralPro-COVID-19™ Vaccine - losBio’s (Sabilitech’s)

Another interesting project underway is the iosBio Pharma's vaccine (UK). They
also participate in the rat race for the golden choice SARS-CoV-2 vaccine by developing
an oral dual-antigen COVID-19 vaccine in capsule form called OraPro-COVTB—lQ (1121,
This candidate is based on a human Adenoviral vector (hAd5). It expresses modified
SARS-CoV-2 spike protein and nucleocapsid protein genes with enhanced T-cell
stimulation domain (N-ETSD), which is predicted to enhance MHC class II responses
3] Gabitzsch et al first investigated this adenoviral vector platform against various
viral antigens such as Influenza, HIV-1 and Lassa fever. Their previous and current
results show that this immunization model both promotes humoral and cell-mediated
immunity. [114-116],

In investigating the role of T-cell-mediated immunity in SARS-CoV-2 infection,
Sekine ef al highlighted its importance by detecting virus-specific T-cells in the serum of
patients with SARS-CoV-2 negative antibodies, including asymptomatic individuals or
exposed family members 171,

Gabitzsch et al also developed a dual-vaccine model to ensure T-cell activation
and more durative protective immunity. First, they studied a murine model using hAd5
S-Fusion + N-ETSD. They proved that this type of immunization elicits not only a
protective humoral, but also a Th1-dominant T-cell response. Furthermore, they found
that if the vaccine was stored at room temperature, subcutaneous application, followed
by oral boost, elicited both antibody-mediated and T-cell responses. In addition, they
also demonstrated that applications of hAd5 S-Fusion + N-ETSD inhibited viral
replication in both nasal and pulmonary mucosa within 24 h, with complete clearance 7

days after administration [115].




Human clinical trials are still underway to determine dose strengths and the
number of vaccine applications. However, more research is needed to determine if this
oral dual vaccine model is effective in managing COVID-19.

COVID-19 Oral Mucosal Vaccine - RPS-Vector System Platform

DNA vaccines have some limitations, such as the need for high doses, suitable
adjuvants, and unique technologies for delivering them to specific sites in the body
[119120], So Poliovirus (PV) has been used as a vaccine vector to overcome these barriers
due to its safety, low cost, and ability to be used orally.

One of the potential platforms for devgloping an effective vaccine against
COVID-19 for oral mucosa is based on the Sabin-1 poliovirus cDNA-based RPS
(recombinant poliovirus Sabin 1) vector system. Sabin-1 is one of three attenuated
poliovirus serotypes (OPV). The Sabin strains are safe and easy to store and manipulate
experimentally. Therefore, they are ideal vaccine vectors for foreign antigen expressign.
There are two variants of this system - RPS-Vax and RPS-CTP. The RPS-Vax has the
multiple cloning site (MCS) and 3C-protease cutting site, which allow the cloning of a
vaccine gene and the release of the Vacciﬁ protein from the viral particle during
replication. ['21l. The RPS-CTP vector system is a modified version of the RPS-Vax vector
system, which contains cytoplasmic transduction peptide (CIP) right above the
multiple cloning site.

Based on the RPS-CTP platform, the vaccine is designed to be used orally instead
of parenterally or intramuscularly. In this regard, it has advantages that can make it
convenient for patients with COVID-19 - easy to apply, no loss during application [122].
In addition, it has also been well established that OPV can induce long T-cell and B-cell
memory 12l Therefore, OPV is an effective and preferred vaccine in most of the world
because it has the potential to halt quickly viral transmission. Furthermore, it
successfully mimics infection that is naturally acquired, due to its oral application.

OPV also has the hypothetical ability to "vaccinate" indirectly through close

contact of vaccine recipients, who spread OPV through nasopharyngeal secretions and




feces!2tl. These results suggest that the vector system RPS-CTP can be used to develop
preventive or therapeutic mucosal vaccines against COVID-19 and other diseases.
NEXT-GENERATION RESPIRATORY MUCOSAL DELIVERY OF COVID-19
VACCINE CAN PROVIDE PROTECTION AGAINST SARS-COV-2 AND CONTROL
THE PANDEMIC

Although challenging, oral vaccination has many socio-economic benefits and
stimulates both the humoral and cellular immune responses. Easy to use, even in areas
without medical staff, with relatively few side effects and lower cost. Although there
are many oral vaccines currently undergoing clinical trials, only a limited number of

ese vaccines have been approved for human use. According to the WHO, most
COVID-19 vaccines are designed to be administered by the intramuscular route '] in
order to produce high titers of neutralizing antibodies. It is well established that
mucosal vaccines offer robust protective potential in pathogen infection sites.
Additionally, the adaptive immunity induction at mucosal sites comprises secretory
antibody production and T cell responses, preventing infection and developing disease
symptoms [7l. These data support developing an oral or nasal mucosal vaccine against
SARS-CoV-2, as this type of vaccine is known to activate the mucosal immune system
and have been successful in protecting people from other infections in the past [12°],

Identifying safe and effective mucosal adjuvants allied to innovative antigen
delivery plays a crucial role in advancing mucosal COVID-19 vaccines. The complex
mechanisms of innate and adaptive mucosal immunity regulation are not yet fully
understood. But the significant progress that has been made in recent years will help
create more effective oral vaccines. In addition, oral tablet versions of a COVID-19
vaccine will also reach regions without healthcare staff and healthcare infrastructure.

In addition, because the gut is already colonized with microorganisms, oral
vaccines do not require extensive and expensive antigen purification. This simplifies the
entire production process and reduces the cost. These benefits of oral vaccination may
be preferred over conventional vaccination methods during pandemic situations like

COVID-19.




The production of effective oral vaccines for COVID-19 must comply with high
safety standards, stability and immunogenicity. When oral vaccines succeed in
generating protective and therapeutic immune responses, we will be able to overcome

the global COVID-19 pandemic that has changed people's lives worldwide [127}

CONCLUSION

A mucosal SARS-CoV-2 vaccine, that targets the mucosal surfaces, such as the nose or
mouth, would be ideal if it was shown to be safe. However, there are still major
regulatory issues concerning stability and effectiveness. It is fascinating to see if the
intranasal application of SARS-CoV-2 mRNA vaccines may induce resident memory T
cells and B cells and protect the lungs and gut. Recent and ongoing studies highlight the
importance of understanding local immune responses and suggest on mucosal, innate,
and vaccine-mediated immunity to SARS-CoV-2 has enormous therapeutic implications

value.
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