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ARTICLE INFO ABSTRACT

Keywords: It is striking that all marketed SARS-CoV-2 vaccines are developed for intramuscular administration designed to
COVID-19 produce humoral and cell mediated immune responses, preventing viremia and the COVID-19 syndrome. They
SARS-CoV-2

have a high degree of efficacy in humans (70-95%) depending on the type of vaccine. However, little protection
is provided against viral replication and shedding in the upper airways due to the lack of a local sIgA immune
response, indicating a risk of transmission of virus from vaccinated individuals.

A range of novel nasal COVID-19 vaccines are in development and preclinical results in non-human primates
have shown a promising prevention of replication and shedding of virus due to the induction of mucosal immune
response (sIgA) in upper and lower respiratory tracts as well as robust systemic and humoral immune responses.
Whether these results will translate to humans remains to be clarified. An IM prime followed by an IN booster
vaccination would likely result in a better well-rounded immune response, including prevention (or strong

COVID-19 vaccines

Vaccine immune responses
Intranasal COVID-19 vaccines
Intramuscular COVID-19 vaccines

reduction) in viral replication in the upper and lower respiratory tracts.

1. Introduction

Many human pathogens enter the human organism via a mucosal site
such as the gastrointestinal mucosa (e.g., poliovirus, Vibrio cholerae,
HIV-1), genital mucosa (e.g., human papilloma virus (HPV), HIV-1) and
respiratory mucosa (e.g., influenza virus, Mycobacterium tuberculosis,
coronavirus, adenovirus, rhinovirus, respiratory syncytial virus (RSV)
(Belyakov and Ahlers, 2009). Some mucosal pathogens can spread to
systemic sites by entering the blood circulation, whereas others only
develop the disease at a local site such as for HIV-1.

The innate mucosal immune system present in humans has evolved to
protect humans from invading pathogens, by specifically recognizing and
eliminating harmful species. The innate mucosal immune system com-
prises a variety of recognition receptor molecules (e.g., TLRs, NOD-like
receptors), which after activation can effectively recognize invading
pathogens and generate an immune response that prevents or limits

pathogen entry and neutralises any adverse reactions such as tissue
damage. Furthermore, it regulates the adaptive response in cases of se-
vere infection and also helps generate a memory response (Aich and
Dwivedy, 2011; Belyakov and Ahlers, 2009). A comprehensive review
(Poland et al., 2020) discusses in detail the innate immune response in
patients infected with the coronavirus SARS-CoV-2 and the effect of age,
sex, ethnicity and disease severity on the human humoral and cellular
immune responses. It has been shown that patients infected with the virus
develop IgM, IgA and IgG antibody responses together with CD4 + and
CD8 -+ T-cells responses within 1-2 weeks after infection, the longevity of
which are dependent on the factors listed above.

In humans, the airways are highly prone to the risk of viral infections
which can be the cause of seasonal epidemics or even pandemics and
thereby pose a severe health risk to the world’s population, especially
those with underlying medical conditions or those of certain ethnicities.
For example, one of the most widespread viral infections is caused by the
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influenza virus which exists as four types, A, B, C and D. It is, however,
the influenza virus A and B that are the cause of seasonal epidemics
every year and only influenza A virus is known to cause flu pandemics.
Pandemics generally occur when a variant influenza A virus emerges
that is highly infective and with the ability to efficiently transmit be-
tween people (Rose et al., 2012).

Influenza A viruses are normally characterized by two proteins on
the surface of the virus: hemagglutinin (H) and neuraminidase (N) with
18 different hemagglutinin subtypes and 11 different neuraminidase
subtypes. Subtypes of influenza A viruses seasonally circulating in
people include: A(H1N1) and A(H3N2). The A(H1N1) viruses appeared
in the spring of 2009 causing a flu pandemic with a morbidity of about
200,000 people around the world. This virus, called the “A(HIN1)
pdmO09 virus”, or in common terms “2009 HIN1”, has since continued to
circulate in the population and has undergone relatively limited genetic
changes and changes to their antigenic properties that affect immunity
over time.

The COVID-19 pandemic, that started in Wuhan, China in the end of
2019, was caused by the transmission of “severe acute respiratory syn-
drome coronavirus 2" the so-called SARS-CoV-2 virus. SARS-CoV-2 is a
member of the coronavirus family which can cause common colds and
the more fatal Middle East respiratory syndrome (MERS). The SARS-
CoV-2 is a positive-sense single-stranded RNA (+ssRNA) virus with a
single linear RNA segment. The genome of CoV is the largest RNA
genome (26.4-31.7 kilobases) of all known RNA viruses (Woo et al.,
2009). Each virion is from 50 to 200 nm in diameter and comprises four
different structural proteins, namely S (spike), E (envelope), M (mem-
brane) and N (nucleocapsid), where the N protein surrounds the RNA
genome and the S, E and M proteins form the viral envelope (Fig. 1).

The S protein (a glycoprotein) forms homo trimeric spikes on the
virion and is responsible for the ability of the virus to attach to and fuse
with the membrane of the host cell, engaging the cell surface receptor
angiotensin-converting enzyme 2 (ACE2), and thereby allowing it cell
entry (“Coronaviruses - a general introduction”; Letko et al., 2020; Wu
et al., 2020). SARS-CoV-2 is efficiently transmitted from person to per-
son and therefore rapidly spread across all continents. The transmission
of the virus occurs via respiratory droplets from cough and sneezes, from
speaking and also at least indoors with air flow, suggesting that the virus
may be airborne (“239 Experts With One Big Claim: The Coronavirus Is
Airborne - The New York Times”, “Talking is worse than coughing for
spreading COVID-19 indoors | Live Science”). It has been shown that the
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Fig. 1. The structure of SARS-CoV-2 virion.
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nasal epithelium has the highest concentration of ACE2 and the lowest is
found in the alveoli (Hou et al., 2020). Hence, it is to be expected that
the replication of the virions mostly takes place in nasal mucosa (Sims
et al., 2005) and furthermore in the salivary gland ducts that also are
rich in the expression of ACE2 (Liu et al., 2011).

The SARS-CoV-2 has a high mutation rate because of the error prone
RdARp (RNA-dependent RNA polymerases) of the virus which is
responsible for the duplication of genetic information. Hence, the virus
is prone to create variants of the virus, of which the most prominent at
present are a) the UK (or Kent) variant known as B.1.1.7, which show
several mutations and especially one in the S protein that causes the
virus to bind more tightly to the ACE2 receptor; b) the South African
variant known as B.1.351, also with mutations in the S protein and c) the
Danish variant appearing in minks and mink farmers with four changes
in the spike protein which makes the virus moderately resistant to
neutralizing antibodies, d) the Brazilian virus, known as P1, that is
feared to be more contagious than the original virus and very recently
the Indian variant that appears to have two mutations (“Science Brief:
Emerging SARS-CoV-2 Variants | CDC”, “WHO | SARS-CoV-2 mink-
associated variant strain — Denmark”).

In order to combat such viral infections, developed countries at least,
have immunization programmes for yearly vaccination, for example
against influenza, with most emphasis on vaccination of the older part of
the population. This is also reflected in the current situation with the
COVID-19 pandemic where at least the developed countries presently
are competing to vaccinate as quickly as possible their most vulnerable
subjects. For example, the UK has managed to vaccinate more than 30
million people over a period of 4 months (Jan-April 2021) which has
taken planning, co-ordination and investment of a magnitude only
previously seen in wartime. So far, all the approved vaccines are by
intramuscular (IM) injection only, although different research in-
stitutions are working on development of an intranasal (IN) SARS-CoV-2
vaccine. Ideally a vaccine, at least against mucosal pathogens, should
induce not only systemic but also mucosal immune responses and while
until recently it has been the general understanding that parenteral
vaccines are poor inducers of mucosal immunity, and hence would be
expected to be less effective against mucosal antigens, this concept has
now been challenged. It has become evident through numerous studies
for at least some mucosal pathogens (e.g., influenza virus and poliovirus)
that vaccines can induce mucosal immune responses after systemic
vaccination (especially if an effective vaccine formulation is developed)
showing high titres of neutralising antibodies capable of preventing
disease (Clements and Freytag, 2016; De Haan et al., 2001; Herremans
et al.,, 1999). However, whether this is the case for the present IM
COVID-19 vaccines has not been fully evaluated.

In general, for mucosally transmitted infections, such as for influenza
and SARS-CoV-2 viruses, it is considered highly attractive to administer
vaccines via the nasal route, since this route has the advantage of inducing
both a systemic and a strong local mucosal immune response. Furthermore,
for IN administration there is no requirement for specialised medical per-
sonal to administer the dose, hence the product should have a higher pa-
tient compliance. This is beneficial especially in less developed countries
and hence nasal immunisation is a more cost effective and efficient means
of delivering vaccines in a time of pandemics. So far, the intranasal influ-
enza vaccines Fluenz Tetra™, licensed in EU for children between 2 and 18
years of age, and FluMist Quadrivalent, licensed in USA and Canada for
persons between 2 and 49 years, are tetravalent cold adapted live attenu-
ated influenza vaccines produced by Medimmune/AstraZeneca, UK,
respectively (FluMist Quadrivalent | FDA [WWW Document]. URL https
://www.fda.gov/vaccines-blood-biologics/vaccines/flumist-quadrivalent
(accessed 3.22.21)). The yearly vaccine strains are based on recommen-
dation from the WHO, but basically contains two A strains and two B
strains. The IN spray is applied with 0.1 mL of liquid vaccine in each nostril.
Furthermore, a similar live attenuated (trivalent) nasal flu vaccine (Naso-
vac-S) has been developed and marketed in India by CiplaMed in collab-
oration with the Serum Institute of India (Kulkarni and Raut, 2013).
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Several reviews have in the last twenty years dealt with nasal versus
injectable vaccines in general and the correspondent immune responses,
among others, Van Ginkel et al. (2000); Davis (2001); Jabbal-Gill (2010);
Borges et al. (2010); Rose et al. (2012); Kraehenbuhl and Neutra (2013);
Yusuf and Kett (2017); Mato (2019); Hellfritzsch and Scherlie (2019).
Few has dealt in particular with the SARS-CoV-2 virus, to mention Isho
et al. (2020); Ludwig and Zarbock (2020); Jeyanathan et al. (2020); Dong
et al. (2020).

The present review sets out to evaluate IN vaccination as an alter-
native to IM administration of vaccines particularly related to the cur-
rent SARS-CoV-2 pandemic and the existing SARS-CoV-2 vaccines either
already marketed or in the pipeline for approval within the foreseeable
future. Of special interest is the difference in immune responses between
IN and IM SARS-CoV-2 vaccines and any potential toxicological issues
for IN vaccines. The review will also discuss formulation aspects of such
vaccines and touch upon the immune system of the upper respiratory
tract and the immune response versus that after an IM injection of the
vaccine.

1.1. The mucosal immune system

Humans should theoretically be protected against pathogens entering
the body through mucosal membranes by the mucosal immune system,
also called the mucosa-associated lymphoid tissue (MALT) which is sit-
uated in the mucosal tissues of the nose, lungs, gastrointestinal tract,
vagina, and rectum. The MALT encompasses proximal structures that,
dependent on the location, are named the e.g., nasopharynx-associated
lymphoid tissue (NALT), the bronchus-associated lymphoid tissue
(BALT) and the gut-associated lymphoid tissue (GALT) (Brandtzaeg et al.,
2008). Therefore, mucosal immunity often is best induced by adminis-
tration of vaccines by a mucosal route since mucosal immunisation
generally, if an optimal vaccine formulation is developed, will result in
both a mucosal and a systemic immune response (Borges et al., 2010). Of
the various routes of mucosal administration, the nasal and the oral routes
are the most acceptable and accessible, but due to the hostile gastroin-
testinal environment, where the antigen can potentially be degraded or
denaturated, and the dilution by intestinal content requiring high doses of
antigenic material and specialised vaccine formulations, the nasal route is
preferential to the oral.

1.1.1. Nasal associated lymphoid tissue (NALT)

In humans the nasal lymphoid tissue is situated in the oropharynx
and described as a ring of tissues (Waldeyer’s ring), comprising the
nasopharyngeal adenoids (or tonsils), the paired tubal tonsils and the
paired palatine and lingual tonsils (Fig. 2).

The adenoids are similar to the Peyer’s patches in the intestines in
that they contain aggregates of lymphoid tissue. The NALT is

Adenoid

Tubal tonsil

Palatine tonsil

Lingual tonsil

Fig. 2. Pharyngeal lymphoid tissue of Waldeyer’s ring.
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strategically placed in the nasopharynx and oropharynx areas so that
they can be exposed not only to airborne antigens but also alimentary
antigens. Furthermore, the epithelial surface of the NALT invaginates
into valleys, the so-called crypts that increases the area for antigen
interaction and for retainment. M—like cells (or microfold cells) are
located in these crypts (Brandtzaeg, 2011; Cesta, 2006). It should also be
noted that the epithelial cells are covered with mucus that acts as a
barrier to invasion of pathogens and cilia that through the mucociliary
clearance mechanism may quickly transport the pathogens down the
esophagus.

Antigens reaching the nasal mucosa can be transported to the NALT.
Soluble antigens can penetrate between epithelial cells and reach the
antigen-presenting cells (APC) such as macrophages and dendritic cells
whereas particulate antigens are transported across the epithelium via
M-—1like cells (or microfold M—cells) that are present in the epithelial cell
layer overlying the NALT. The APC process and present the antigen to
the T cellse.g., CD4 + T cells in the lymphoid tissue that can then induce
IgA-committed B-cell development in the lymphoid follicle. The B-cells
migrate from the NALT to the regional cervical lymph nodes via the
efferent lymphatics and then the antigen specific CD4 + cells and IgA +
B cells migrate to the nasal passage through the thoracic duct and the
blood circulation. The IgA + B cells then, in the presence of cytokines (e.
g, IL-5 and IL-6 produced by T helper cells), differentiate into IgA pro-
ducing plasma cells that create dimeric forms of IgA which subsequently
become secretory IgA by binding to polymeric Ig receptors present on
the epithelial mucosal cells. This secretory IgA is then released into the
nasal mucosal surface. Specific neutralising IgG (antibodies) are also
present within the mucosal tissues derived from local plasma cells or
from blood by diffusion from local fenestrated epithelia (Fig. 3) (Kiyono
and Fukuyama, 2004).

Hence, as has been reported by some researchers, after an appro-
priate antigen stimulation of the NALT, both a potent humoral and
cellular immune response is normally elicited both at a mucosal and
systemic level (Rose et al., 2012; Van Ginkel et al., 2000a). The antigens
reaching the NALT are met with two different defence mechanisms
involving antibodies namely the production of secretory IgA which helps
in preventing further viral infection and IgG antibodies which can
neutralize viruses that are generated in the mucosa.

As indicated above, secretory IgA is an important effector molecule for
protecting the mucosal surface, however, the contribution of the cellular
immune system in this defence should not be underestimated. A cell-
mediated immune response has a strategic advantage, as opposed to an
antibody-mediated immune response, in that T cells can recognize pep-
tides from the core proteins of for example influenza virus and that the
core proteins are normally expressed and presented earlier during infec-
tion than proteins that are targeted for neutralising antibodies, as for
example is the case for hemagglutinin and neuraminidase of influenza
virus (Van Ginkel et al., 2000a). Two mechanisms are involved in the
killing of infected cells that entail specific cytotoxic T lymphocytes (CTLs)
or antibody-dependent cell-mediated cytotoxicity (ADCC), a collabora-
tion between natural killer (NK) cells and antibodies. It should be noted
that vaccination by a mucosal route such as the nasal can induce gener-
alized mucosal immune responses, not only at the nasal mucosa but also
at distant mucosal effector sites (Belyakov and Ahlers, 2009).

2. Vaccine design approaches
2.1. SARS-CoV-2 antigen selection

The SARS-CoV-2 S protein binds primarily to the ACE2 receptors to
mediate viral entry, in the upper and lower respiratory tracts. The mature
S protein is a trimeric class I fusion protein located on the surface of the
virion. It possesses two fragments, the S1 containing the receptor binding
domain (RBD) and the S2 containing the fusion peptide. Different studies
with monoclonal antibodies have demonstrated that infected humans
develop robust neutralizing antibodies against the S protein and in
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particular against the S1 fragment with the receptor-binding domain
(RBD) of the SARS-CoV-2 (Baum et al., 2020; Hansen et al., 2020; Ju
et al., 2020). In early studies for SARS-CoV-2 vaccines, the N protein was
also evaluated for effectiveness but, using in vivo models, N-based vac-
cines resulted in no protection. Furthermore, they showed an exacerba-
tion of the infection due to increased pulmonary eosinophilic infiltration
(Deming et al., 2006). M and E proteins are of less interest as vaccine
targets due to lower immunogenicity (Du et al., 2008).

2.2. Vaccine platforms

Advances in virology, molecular biology and immunology have
created many alternatives to traditional vaccine approaches. More than
100 vaccine candidates against the SARS-CoV-2 virus are currently in
development (“Vaccines — COVID19 Vaccine Tracker”), based on several
different platforms (Fig. 4). These platforms can be divided into
“traditional” approaches (i.e., live attenuated or inactivated virus vac-
cines) and “innovative approaches” such as RNA or DNA vaccines and
recombinant viral-vectored vaccines.

2.2.1. Live attenuated viral vaccines

Live attenuated vaccines derive directly from the pathogenic viruses
that still possess the ability to infect cells and replicate but are treated in
order to cause no or only very mild disease. The attenuation can be
completed by growing the virus at unfavourable conditions such as at
non-optimal temperature or by rational modification of the virus
genome (e.g., codon de-optimization, removal of genes responsible for
counteracting innate immune recognition (Broadbent et al., 2016; Talon
et al.,, 2000)). However, these techniques are time-consuming and

technically challenging, resulting in a difficult and long development.
Being nearly identical to the natural virus causing the infection, a live
attenuated virus usually creates a strong and long-lasting humoral and
cell-mediated immune response after a prime/boost vaccination
regimen. Moreover, since the virus is replicating after the vaccination,
the immune response is targeting both structural and non-structural
viral proteins, widening the humoral and cellular immune responses
without the use of adjuvants since these vaccines already contain
naturally occurring adjuvants (Lee and Nguyen, 2015). This type of
vaccine can be given intranasally to induce a mucosal immune response
such as in the case of the quadrivalent influenza vaccine against A
(HIN1), A(H3N2) and two influenza B viruses available in the market
with the brand name FluMist Quadrivalent (“FluMist Quadrivalent |
FDA”). It is easily administered as 0.2 mL suspension supplied in a
single-dose pre-filled intranasal spray device to be divided approxi-
mately one-half into each nostril.

2.2.2. Inactivated viral vaccines

In inactivated viral vaccines the whole disease-causing virus or a part
of it (where the genetic material has been wrecked) is usually present.
Compared to live attenuated viral vaccines, they are considered safer and
more stable and although their genetic material has been destroyed, they
still contain many antigenic proteins and hence, as in the case for coro-
naviruses (e.g. SARS-CoV-2), the immune responses are likely to target
many different proteins such as the S but also M, E, and N. Inactivated
vaccines only stimulate antibody-mediated responses, which can be
weaker and less long-lived, as compared to live attenuated vaccines, and
hence, inactivated vaccines are often administered alongside adjuvants
and also booster doses may be required. The vaccine production requires
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Fig. 4. Vaccine platforms under development against SARS-CoV-2.

biosafety level 3 facilities in which the virus is grown in a cell culture
(usually Vero cells) followed by the inactivation. The productivity of the
virus in cell culture could affect the final production yield (Yadav et al.,
2021). This type of vaccine has proven to be safe and effective in the
prevention of diseases like polio and influenza (https://www.who.int/va
ccine _safety/initiative/tech_support/Part-2.pdf - accessed March 22,
2021).

2.2.3. Recombinant viral-vectored vaccines

Viral vector-based vaccines (in the form of a modified harmless
version of an alternative virus) use a modified virus (the vector) to
deliver the genetic code (RNA or DNA) for an antigen, (e.g., in the case of
COVID-19 the S protein) into human cells which then will produce the
antigen. Infecting the cells and instructing them to produce the antigen,
this type of vaccine mimic a natural viral infection in order to generate
the requested immune response (Rollier et al., 2011). This mechanism
induces a strong cellular immune response by T cells as well the pro-
duction of antibodies by B cells. The viral vectors are grown in cell lines
and their production is quick and easy (Sebastian and Lambe, 2018).

Viral vectors can be replicating and non-replicating. Replicating viral
vectors possess the ability to replicate and thus they can produce new
viral particles providing a continuous source of vaccine antigens for
prolonged periods. This results in a stronger immune response with a
single dose compared to the non-replicating viral vectors. Replicating
viral vectors are selected so that the virus cannot cause a disease whilst
infecting the host. They typically derive from attenuated viruses engi-
neered to express the specific antigen protein such as the S protein for
COVID-19 vaccine. On the other hand, non-replicating viral vectors do
not retain the ability to make new viral particles because the key viral
genes for the replication have been previously removed. The most
common approaches of this vaccine type are based on an adenovirus
delivered intramuscularly. As an advantage of viral vectored vaccines,
their production does not require the use of live pathogen viruses, the

vectors can be easily produced in large quantities showing a good
stimulation of both B and T cell responses in vivo (Zhu et al., 2020a). As
a disadvantage, pre-existing vector immunity can neutralize the vaccine
efficacy. However, this problem can be easily avoided by using vectors
that are rare in humans (Mercado et al., 2020), derived from animals
(Folegatti et al., 2020) or viruses that do not generate much immunity.
Moreover, as vector immunity can be problematic during the second
dose in a prime-boost regimen, the use of two different viral vectors
during the two doses can help avoiding this problem. Nevertheless, in
this case, vaccine antigen can only be produced as long as the initial
vaccine remains in infected cells, resulting in a generally weaker im-
mune response. Booster doses are likely to be required.

An example of a viral vector vaccine is the recombinant, replication-
competent rVSV-ZEBOV vaccine against Ebola (Marzi et al., 2011)
approved by FDA in 2019. It consists of vesicular stomatitis virus (VSV)
genetically modified to express the main glycoprotein from the Zaire
ebolavirus. It is a suspension administered intramuscularly with a single
dose (https://www.fda.gov/media/133748/download - accessed March
22, 2021).

2.2.4. Protein subunit vaccines

Protein subunit vaccines (also called acellular vaccines) do not
contain any whole virus, but instead purified antigenic fragments such
as isolated proteins (e.g., the S protein on the SARS-CoV-2 virus) spe-
cifically selected because of their capacity to stimulate the immune
system.

Many different antigens can be selected to develop acellular vaccines
such as specific isolated proteins from viral or bacterial pathogens,
chains of sugar molecules (polysaccharides) found in the cell walls of
some bacteria or a carrier protein binding a polysaccharide chain in
order to boost the immune response. Acellular vaccines are generally
considered very safe since they cannot cause the disease. The immune
response usually is not as robust as for live attenuated vaccines, hence,
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booster doses are most often required. A possible disadvantage of this
type of vaccine is that isolated proteins could be denatured and thus bind
to different antibodies than the protein of the pathogen. In the case of
SARS-CoV-2, the antigenic proteins used are the S protein or the RBD.
The advantage of this type of vaccine is that live virus is not handled.
Commonly used protein subunit vaccines are the acellular pertussis (aP)
vaccines that contain the inactivated pertussis toxin detoxified either by
treatment with a chemical or by using molecular genetic techniques
(https://www.who.int/vaccine_safety/initiative/tech_support/Part-2.
pdf - accessed March 22, 2021). To improve the efficacy of this vaccine,
alum is added as adjuvant to promote a stronger antibody response.
(Allen and Mills, 2014). Another acellular vaccine is against Hepatitis B
containing the hepatitis B virus surface antigen (HBsAg) produced with
recombinant technology. Even this vaccine contains aluminium phos-
phate or aluminium hydroxide as adjuvant to boost the immune
response after the administration (https://www.who.int/vaccine_safety
/initiative/tools/Hep_B_Vaccine_rates_information_sheet.pdf - accessed
March 22, 2021).

2.2.5. RNA and DNA vaccines

Nucleic acid-based vaccines follow a different strategy compared to
the other vaccines. Instead of directly providing the protein antigen to
the body, they deliver the genetic code of the antigen to the cells in the
body instructing the cells to produce the antigen that then will stimulate
an immune response. This type of vaccines is quick and easy to develop
and are the most promising vaccines for the future. They are divided into
RNA- and DNA-based vaccines. RNA vaccines use messenger RNA
(mRNA) or self-replicating RNA normally formulated in a particulate
carrier such as a lipidic bilayer membrane (liposome). This formulation
protects the mRNA when it first enters the body and helps cell inter-
nalization (Pardi et al., 2015). Higher doses are required for mRNA than
for self-replicating RNA, which amplifies itself. When the mRNA is in-
side the cells, it can be translated into the antigen protein by ribosomes
to start the stimulation of the immune response. Then the mRNA is
naturally broken down and removed by the body. A main advantage of
this technology is that the vaccine can be produced completely without
the use of cell cultures, however, the long-term storage stability is
challenging since it requires frozen storage. RNA-based vaccines are
usually administered by injection and are therefore unlikely to induce
strong mucosal immunity (Pardi et al., 2018).

Being more stable than mRNA/RNA, DNA do not require to be
formulated in particulate carriers. They are based on plasmid DNA that
can be produced at large scale in bacteria. The DNA contains mamma-
lian expression promoters and the specific gene that encodes for the
antigen (e.g, the spike protein) produced after the uptake in the cells of
the vaccinated person. To be delivered, they usually need delivery
strategies such as electroporation that help the DNA cellular uptake.
Both these technologies based on nucleic acids are the latest frontier of
vaccination and up till now two different mRNA vaccines have been
approved for human use (i.e., Moderna and Pfizer/BioNTech (Baden
et al., 2021; Polack et al., 2020)) meanwhile the most advanced DNA
vaccine so far is the INO-4800 from Inovio that has entered Phase 2/3
clinical trials (“Safety, Immunogenicity, and Efficacy of INO-4800 for
COVID-19 in Healthy Seronegative Adults at High Risk of SARS-CoV-2
Exposure - Full Text View - ClinicalTrials.gov™).

2.3. Adjuvants

Many vaccine formulations contain an adjuvant or adjuvants com-
binations that enhance the immune response to the vaccination. The
word “adjuvant” means “to help/aid”, and initially adjuvants were used
only to increase the immunogenic potential of purified antigens. Not all
the types of vaccines need an adjuvant such as the live attenuated virus
that possess naturally occurring adjuvants. In recent years, by knowing
and understanding the immunology of vaccination, the role of adjuvants
has expanded (Pasquale et al., 2015).
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The first adjuvants authorized (nearly 70 years ago) for human use
were aluminium salts (e.g., aluminium hydroxide, aluminium phos-
phate, aluminium potassium sulphate (alum)). They are still the most
widely used because of their wide-spectrum ability to strengthen im-
mune responses and their safety. They act primarily to increase antibody
production with an immune mechanism that remains incompletely un-
derstood (Lee and Nguyen, 2015).

Newer adjuvants have been developed to target specific components
of the body’s immune response such as the tall-like receptors (TLR) that,
when triggered, stimulate the production of pro-inflammatory cyto-
kines/chemokines and type I interferons that increase the host’s ability
to eliminate the pathogen. Adaptive immunity is developed immediately
after the innate immune response so that the protection against disease
is stronger and lasts longer (Steinhagen et al., 2011).

Among new adjuvants already licensed, AS04 (Didierlaurent et al.,
2009) is a mixture of monophosphoryl lipid A that act as TLR4 agonist
and aluminium salt, MF59 (Liang et al., 2020) is an oil in water emulsion
composed of squalene that act by improving antigen uptake, recruiting
immune cells and promoting the migration of activated APS, ASO1B
(Alving et al., 2012) is a liposomal combination of monophosphoryl
lipid A and a natural compound extracted from the Chilean soapbark
tree (ie., QS-21), and Cytosine phosphoguanine (CpG) (Liang et al.,
2020) that is a synthetic form of DNA that mimics bacterial and viral
genetic material acting as TLR9 agonist. Different examples of vaccines
that uses adjuvants are reported in Fig. 5.

3. Marketed injectable SARS-CoV-2 vaccines

So far, at the time of writing this review, ten SARS-CoV-2 vaccines
have been fully approved or approved under Emergency Use Author-
isation (EUA) (or similar) by the regulatory authorities and distributed
for use in various countries such as EU, UK, Russia, USA, India and
China. The marketed injectable vaccines are listed in Table 1.

3.1. Pfizer/BioNTech COVID-19 vaccine

The BioNTech/Pfizer COVID-19 vaccine was the first vaccine to be
approved by regulatory authorities (in the Western world) 2nd
December 2020, first in the UK as a temporary marketing authorisation,
then in US with an Emergency Use Authorisation (EUA) (11th December
2020) and then in EU with a conditional marketing authorisation (21st
December 2020) for active immunisation by IM injection to prevent
coronavirus disease 2019 (COVID-19) caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) in individuals 16 years of
age and older. The BioNTech/Pfizer vaccine is a nucleic acid-based
vaccine supplied as a frozen suspension in a multiple dose vial (5-6
doses) stored at between —80 °C and —60 °C. Before use, each vial is
diluted with 1.8 mL of sterile 0.9% sodium chloride injection, USP and
can be stored at between 2 °C and 25 °C for no more than 6 h (FDA full
emergency use authorisation (EUA) prescribing information, 2021).
Data for storage at —25 °C and —15 °C have been submitted to the FDA
and if approved will allow storage at this temperature range for a total of
two weeks (“Pfizer and BioNTech Submit COVID-19 Vaccine Stability
Data at Standard Freezer Temperature to the U.S. FDA Nasdaq:BNTX”).
The vaccine, code-named BTN 162b2, is administered IM as a series of
two doses (0.3 mL each) three weeks apart.

Each dose contains 30 mg of a nucleoside-modified messenger RNA
(mRNA) encoding the trimerized receptor-binding domain (RBD) of the
viral full-length spike (S) glycoprotein of SARS-CoV-2 and is formulated
in a lipid nanoparticle formulation (Walsh et al., 2020).

The approval of the vaccine is based on a range of preclinical studies
and Phase 1, 2 and 3 clinical studies comprising formulation, dose range,
and age group efficacy studies. For example, in a phase 1 and 2 clinical
study it was found that the vaccine induced robust S protein-specific
antibody and CD4 + and CD8 + T cell responses after two repeated
vaccine injections (Mulligan et al., 2020; Sahin et al., 2020). In a Phase


https://www.who.int/vaccine_safety/initiative/tech_support/Part-2.pdf
https://www.who.int/vaccine_safety/initiative/tech_support/Part-2.pdf
https://www.who.int/vaccine_safety/initiative/tools/Hep_B_Vaccine_rates_information_sheet.pdf
https://www.who.int/vaccine_safety/initiative/tools/Hep_B_Vaccine_rates_information_sheet.pdf
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Fig. 5. Timeline of the main adjuvants used in human vaccines.

Table 1
Approved injectable COVID-19 vaccines.

Developer name Code name Vaccine type ImmunisationSpecifics Efficacy Storage Conditions
Moderna/NIAID, USA mRNA-1273 mRNA (Lipid Expressing S protein - Dose After 2nd dose 95.6% in 18-65 year =~ —25 to —15 °COpened vials:
nanoparticles) and booster dose IM group and 86.4% in over 65 year 2-25°Cfor6h
group.Overall 94.1%
BioNTech/Pfizer, Germany/ BTN162b2/ mRNA (Lipid Expressing S protein - Dose 95% after 2nd dose —80 to—60 °CApplication to
USA Comirnaty nanoparticles) and booster dose IM FDA to change to —25 to
-15°C
AstraZeneca/Oxford Jenner AZD1222 Non-replicating Expressing S proteinDose 70% an average from two different 2 - 8 °C for up to 6 months
Inst., UK viral vector and booster dose IM dosing regimens, against severe/
(ChAdOx1) critical about 100 %
Gamaleya Research Institute, Sputnik V/ Non-replicating Heterologous Ad26 prime/ Greater than 90% Full trial results Suspension at — 18 °C /
Russia Gam-COVID- viral vector Ad5 boost doses IM not published Lyophilised at 2 °C - 8 °C
Vac (Ad26/Ad5)
Johnson & Johnson/Janssen Ad26.COV2.S Non-replicating Expressing S protein.Single Against moderate -severe/critical 2-8°C
Pharmaceuticals, USA/ viral vector (Ad26) dose IM COVID-19 at 28 days, 66% and
Belgium against severe/critical at 28 days
85.4%
CanSino Biological/Beijing Ad5-nCoV Non-replicating Expressing S protein.Single Against moderate -severe/critical 2-8°C
Institute of Biotechnology/ viral vector (Ad5) dose IM COVID-19, 65.7% and against
Academy of Military Medical severe/critical 74.8%
Sciences, China
Sinopharm CNBG/Beijin BBIBP-CorV Inactivated SARS- Multiple viral antigens -Dose ~ Phase 3 studies not 2-8°C
Institute of Biological CoV-2 virus and booster dose IM publishedSinopharm: 79%UAE: 86%
Products, China
Bharat Biotech/Indian Council Covaxin®/ Inactivated SARS- Multiple viral antigens - Dose ~ 80.6%Interim Phase 3 data Full trial 2-8°C
Medical Res./National BBV152 CoV-2 virus and booster dose IM data not published
Institute of Virology, India
Sinovac Biotech, China CoronaVac® Inactivated SARS- Multiple viral antigens - Dose ~ 78% for mild cases but later changed 2 -8°C
CoV-2 virus and booster dose IM to 50%
Anhui Zhifei Longcom ZF2001 Protein subunit SARS-CoV-2 RBD-dimer - 3 Data not published 2-8°C

Biopharm/Chinese Academy doses

of Medical Sciences, China

2/3 clinical study, approximately 44,000 volunteers of 12 years and
older were given two doses of the BTH162b2 vaccine 21 days apart or a
saline placebo injection and assessed for safety and efficacy of the vac-
cine. The age groups were 12-15 years (0.3%), 16-17 years (0.4%),
16-64 years (77.9%), 65-74 years (17.4%) and more than 75 years
(4.4%), and similar distribution for the placebo group. In terms of vac-
cine efficacy measured as first COVID-19 occurrence from day 7 after the
second vaccine dose, it was found that in all subjects, the occurrence of
infection in the treatment group was 9 subjects out of 19,965 and in the
placebo group 169 subjects out of 20,172, giving a similar vaccine

efficacy of 94.6% in all age groups. The safety profile of the vaccine was
characterised by short-term, mild-to-moderate pain at the injection site,
fatigue and headache. The occurrence of serious side effects was low and
similar to the placebo group (Fact sheet for healthcare providers
administering vaccine (Vaccine Providers)), n.d.; Polack et al., 2020).

3.2. AstraZeneca/Oxford Jenner Inst COVID-19 vaccine

The AstraZeneca/Oxford Jenner Institute COVID-19 vaccine was
approved the 30th December 2020 as a conditional marketing
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authorisation (CMA) by the MHRA in the UK and as a CMA in the EU by
EMA the 29th January 2021 for active immunisation to prevent coro-
navirus disease 2019 (COVID-19) caused by SARS-CoV-2 in individuals
18 years of age and older. Approval in the USA is pending. The vaccine
(ChAdOx1-S) is supplied as a ready-made aqueous suspension for IM
injection. Each multidose vial contain 8 x 0.5 mL doses with not less
than 2.5 x 108 infectious units and can be stored for six months at 2 °C to
8 °C and when opened for no more than 48 h at the same temperature.
The vaccination regimen is two separate doses of 0.5 mL each with an
interval of 4-12 weeks between doses.

The AstraZeneca COVID-19 vaccine works by delivering the genetic
code of the SARS-CoV-2 spike protein to the body’s cells, that will
produce the antigen (i.e., the S-glycoproteins). It is a monovalent vac-
cine comprising a single recombinant replication-deficient chimpanzee
adenovirus vector encoding the full-length SARS-CoV-2 spike glyco-
protein gene (DNA), where the immunogen in the vaccine is expressed in
the trimeric pre-fusion conformation. After administration, the S
glycoprotein is expressed locally and able to stimulate the production of
neutralising antibody (humoral response) and cellular immune
responses.

The conditional approval of the COVID-19 vaccine was based on a
range of preclinical and phase 1, 2 and 3 clinical studies evaluation
safety and efficacy of the vaccine of which some results are described
here. A recently reported phase 1/2 clinical study in 5,258 healthy
volunteers of age 18-55 years were administered either ChAdOx1 nCoV-
19 at a dose of 5 x 10'° viral particles or the meningitis vaccine control
(MenACWY) as a single IM injection whereas ten participants also
received a booster dose 28 days after the first ChAdOx1 nCoV-19 dose.
There were no serious adverse events related to ChAdOx1 nCoV-19. It
was found that the vaccine induced a spike-specific T-cell responses that
peaked on day 14, whereas a potent anti-spike IgG response rose by day
28 and were augmented following a second dose. The trial did not show
to what extent both CD4 + and CD8 + T cell subsets were activated
(Folegatti et al., 2020). Vaccine efficacy was found to be 62.6% in
subjects receiving two recommended doses with any dose interval be-
tween 3 and 23 weeks with no cases of COVID-19 hospitalisation in
subjects who received two doses of the COVID-19 vaccine as compared
to eight in the control.

A single blind, randomised, controlled phase 2/3 clinical in healthy
volunteers of 18 years and older were divided in age groups of 18-55
years, 56-69 years and 70 years and older. In a low-dose cohort subjects
received either IM ChAdOx1 nCoV-19 (2.2 x 10'° virus particles) or a
control vaccine (MENACWY) using a complicated block randomisation
and stratified by age and dose group and study site. Secondly, subjects
were recruited to the standard dose cohort (3.5 x 1010 virus particles)
and a similar randomisation procedure. The specific aim of the study
was to assess the safety and humoral and cellular immunogenicity of
single-dose and double-dose regimen in subjects older than 55 years. In
subjects who received two doses of vaccine the median anti-spike SARS-
CoV-2 IgG response were similar in all age groups at 28 days after the
booster dose. By 14 days after the booster dose, 99% of the boosted
subjects had neutralising antibody responses. The T-cell responses
peaked at 14 days after a single standard dose. It was also concluded that
the ChAdOx1 nCoV-19 vaccine was better tolerated in older subjects
than in younger but had a similar immunogenicity across all age groups
(Ramasamy et al., 2020).

Recently, Voysey et al. (2021) published an interim analysis of four
randomised controlled trials (phase 1/2/3) pooling results from studies
COVO001 (UK), COV002 (UK), COV003 (Brazil) and COV005 (South Af-
rica). Pooling all results, the mean efficacy was 70.4%. But remarkably, in
subjects who received a low dose (LD) followed by a standard dose (SD)
the efficacy was 90.0%. There were ten subjects hospitalised due to
COVID-19 but these were all in the control group. The duration of the
protection was not determined. On the 22nd March AstraZeneca
announced that a US phase 3 trial (two doses 4 weeks apart) showed a
statistically significant vaccine efficacy of 79% at preventing
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symptomatic COVID-19 and 100% efficacy at preventing severe disease
and hospitalisation. Notably in subjects aged 65 years and over the vac-
cine efficacy was found to be 80%. The study was based on 32,449 sub-
jects, with a 2:1 randomisation of vaccine to placebo and accruing 141
symptomatic cases of COVID-19 (“AZD1222 US Phase III trial met pri-
mary efficacy endpoint in preventing COVID-19 at interim analysis™).

It should be noted that in an earlier study in non-human primates,
although the rhesus macaques showed a reduced viral load in the
bronchoalveolar lavage (BAL) fluid after IM vaccination there was no
difference in nasal viral shedding between vaccinated and control SARS-
CoV-2 infected macaques (van Doremalen et al., 2020).

The Oxford Vaccine Group published a study (yet to be peer reviewed)
in Lancet on February 4th 2021 that analysed the efficacy of ChAdOx1
nCoV-19 against a novel variant B.1.1.7 of SARS-CoV-2 and showed that
the efficacy was similar to that against other lineages of the virus.
Furthermore, the vaccination resulted in a reduction in viral load and
duration of shedding. This could impact on the transmission of disease
(Emary et al., 2021). Finally, recently scientists from Scotland evaluated
data from people who had received, either the Pfizer/BioNTech or the
ChAdOx1 nCoV-19 vaccine and found that four weeks after receiving the
initial dose, the AstraZeneca/Oxford vaccine appeared to reduce the risk
of hospitalisation of infected patients by 94% whereas for the Pfizer/
BioNTech vaccine the reduction in risk of hospitalisation 28-34 days after
the first dose was reduced by 85%. These were very encouraging results in
terms of life saving vaccinations (“COVID-19: Single vaccine jab linked to
85% and 94% drop in risk of coronavirus hospital admissions in Scotland,
study shows | UK News | Sky News” URL https://news.sky.com/story/co
vid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospi
tal-admissions-in-scotland-study-shows-12225532 (accessed 3.22.21).).

3.3. Moderna COVID-19 vaccine

The Moderna COVID-19 Vaccine was developed through a collabo-
ration between Moderna Inc. and The National Institute of Allergy and
Infectious Diseases (NIAID) and was given EUA approval by the FDA in
the US the 18th December 2020, in Canada on the 23rd December 2020
under an Interim Order, in the EU (URL https://news.sky.com/story/co
vid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospi
tal-admissions-in-scotland-study-shows-12225532 (accessed 3.22.21).)
and in the UK on the 6th and the 8th January 2021, respectively, as
CMAs for active immunisation to prevent COVID-19 cases by SARS-CoV-
2 in individuals aged 18 and over. The Moderna COVID-19 is a mRNA-
based vaccine (mRNA-1273) comprising a sequence mRNA encoding the
spike glycoprotein encapsulated in lipid nanoparticles similar to the
Pfizer/BioNTech COVID-19 vaccine. It is supplied in multiple-dose vials
as a frozen suspension that needs to be stored at —25 °C to —15 °C, but
can be stored thawed at between 2 °C and 8 °C for up to 30 days prior to
first use. Hence, this vaccine is easier to handle and distribute at storage
temperature than the Pfizer/BioNTech COVID-19 vaccine. Each 0.5 mL
IM prime/boost dose of Moderna COVID-19 vaccine contains 100 pg of
nucleoside-modified messenger RNA (mRNA) encoding the prefusion
stabilized spike glycoprotein (S) of SARS-CoV-2 virus (Corbett et al.,
2020a) in lipid nanoparticles (66-107 nm in diameter; Hassett et al.,
2019). (“COVID-19 Vaccine Moderna | European Medicines Agency”).

A phase 1, dose escalation (25 mg, 100 pg and 250 pg), open-label
clinical trial included 45 healthy subjects 18-55 years of age (15 sub-
jects in each group), receiving to doses of mRNA-1273 vaccine 28 days
apart. After the first vaccination neutralising antibodies were detected in
less than half the subjects. A dose response effect was seen with antibody
responses, highest for the 250 ug dose group. After the booster vacci-
nation the higher responses in the 100 pg and 250 pg vaccination groups
were similar in magnitude. Adverse effects occurred in more than half of
the subjects and included fatigue, chills, headache, myalgia and pain at
injection site. Systemic adverse effects more commonly occurred after
the second vaccination in particular with the 250 pug dose (Jackson et al.,
2020).


https://news.sky.com/story/covid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospital-admissions-in-scotland-study-shows-12225532
https://news.sky.com/story/covid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospital-admissions-in-scotland-study-shows-12225532
https://news.sky.com/story/covid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospital-admissions-in-scotland-study-shows-12225532
https://news.sky.com/story/covid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospital-admissions-in-scotland-study-shows-12225532
https://news.sky.com/story/covid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospital-admissions-in-scotland-study-shows-12225532
https://news.sky.com/story/covid-19-vaccine-rollout-linked-to-85-and-94-drop-in-coronavirus-hospital-admissions-in-scotland-study-shows-12225532
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In an expansion of the Phase 1, dose-escalating, open-label clinical of
the mRNA-1273 vaccine described above, 40 older subjects (56-70 or
more than 70 years of age) were recruited and received two doses of
either 25 pg or 100 pg 28 days apart. Interestingly, by day 57 the anti-S-
2P geometric mean titre was higher among subjects of more than 70
years than of subjects between 56 and 70 years of age. It was also
confirmed that the 100 ug dose of vaccine induced higher binding and
neutralising antibody titres than the 25 pg dose, supporting the use of
the 100 pg dose in the Phase 3 study (Anderson et al., 2020). In a further
“correspondence paper” the authors reported that serum neutralizing
antibodies continued to be detected (with a slight expected decline in
titres of binding and neutralising antibodies) in all participants at day
119 and that, although correlates of protection against SARS-CoV-2
infection in humans have not been established, the mRNA-1273 had
the potential to provide durable humoral immunity (Widge et al., 2021).

A Phase 3, randomised, placebo controlled blinded clinical efficacy
and immunogenicity trial of Moderna COVID-19 Vaccine in subjects of
18 years and older is presently ongoing in the USA with 14,134 subjects
receiving the vaccine and 14,073 subjects the placebo injection (type
unknown), two doses 1 month apart. The median age was 53 years
(range 18-95 years), 25.3% of the subjects were 65 years or older and
18.5% of the subjects were considered at increased risk of severe COVID-
19 due to pre-existing medical conditions. The study found a median %
vaccine efficacy of 94.1%. In the subgroup analyses, the efficacy in the
18-65 years group was found to be 95.6% whereas, in the over 65 years
group, it was 86.4%. No cases of severe COVID-19 were reported in the
Moderna COVID-19 vaccine group compared to 30 cases in the placebo
group (www.modernatx.com/covidl9vaccine - accessed March 22,
2021). As far as the authors of the present review are aware the Phase 3
study results have as yet not been published.

3.4. Gamaleya Research Institute COVID-19 vaccine (Sputnik V)

The Gamaleya Research Institute has developed a vaccine
comprising two vector-based components, i.e., recombinant adenovirus
type 26 (rAD26-S) and type 5 (rAd5-S) that both carry the gene for
SARS-CoV-2 full length spike glycoprotein. The vaccine received regu-
latory approval in Russia by the Ministry of Health of the Russian
Federation on the 11th August 2020, before the availability of Phase 2/3
clinical trials data. The vaccine is given as two separate component
vaccines, rAD26-S as the prime IM injection and rAd5-S as the booster
injection administered 21 days apart. Each dose contains 1.0 x 1011
viral particles. The vaccines are produced both as frozen vaccines (Gam-
COVID-Vac) for large scale use with a volume of 0.5 mL (storage at —
18 °C) and in a lyophilised form (GAM-COVID-Vac-Lyo; storage at 2 °C
to 8 °C) (to be reconstituted in 1.0 mL of sterile water for injection before
use) for delivery to distant regions of Russia (Logunov et al., 2020).
(https://roszdravnadzor.gov.ru/i/upload/files/HoBoctu/®aiins/
28.12.2020/uncrpyxuusno npuMenenuto JIC.pdf - accessed March 22,
2021).

The two-component vaccine was evaluated for safety and immuno-
genicity in two separate open, non-randomised phase 1/2 clinical
studies in 76 healthy subjects, planned to be aged 18-60 years of age
(although the authors declared that the “volunteers were fairly young”).
In the first stage of the study (36 subjects) the subjects were given either;
a single dose of rAd26-S or rAd5-S (either frozen or lyophilised) and
assessed for safety for 28 days. In Stage 2 of the studies 40 subjects were
given a prime dose of rAd26-S and on day 21 a booster dose of the rAd5-
S. Both vaccine formulations were safe and well tolerated and most
adverse effects were mild, and no serious adverse events were found. All
subjects in both studies were, according to the authors, found to have
seroconverted at day 21 showing RBD-specific (neutralising) IgGs with
titres observed equal to or higher than those seen in patients recovered
from COVID-19. Furthermore, T cell responses (CD4 + and CD8 + ) were
detected in all subject at day 28 (Logunov et al., 2020).

An interim analysis of a controlled phase 3 clinical trial, initiated
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September 7th 2020, evaluating the safety and efficacy of the rAd26-S or
rAd5-S heterologous vaccine, was published February 2nd, 2021
(Logunov et al., 2021). The study was randomised, double-blind and
placebo controlled and took place at 25 hospitals or polyclinics in
Moscow. The primary outcome was the proportion of subjects confirmed
with COVID-19 infection 21 days after receiving the first dose. Sec-
ondary outcomes were the severity of COVID-19 infections, changes in
antibody levels against the spike protein S and N protein, changes in
neutralising antibody titres and changes in antigen specific cellular
immunity levels. 19,866 subjects received either two doses of vaccine or
placebo and were included in the analysis. From day 21, 0.1% of the
vaccination group subjects and 1.3% of the placebo group subjects, were
found to have contracted COVID-19. The vaccine efficacy was calculated
to be 91.6%. No serious side effects were considered to be associated
with vaccination. RBD-specific IgG was detected in 98% of the samples
with a seroconversion rate of 98.25%, whereas, the data for the placebo
samples were 15% and 14.9%, respectively. In terms of neutralising
antibodies, on day 42 after first vaccination, the GMT was 44.5 and the
seroconversion was 95.83%, compared to 1.6 and 7.14%, respectively,
in the placebo group. The cellular immune response was highest in the
vaccine group (expressed as IFN-g secretion 28 days after the first
vaccination. The tolerability profile of the vaccine in subjects aged 18
and older was good. Studies are ongoing to investigate a single dose
regimen of vaccination (Logunov et al., 2021).

Warnings were published from the Paul-Ehrlich Institute in Ger-
many, together with the WHO, on the 11th August 2020 against the
limited transparency of the regulatory approval of the Sputnik V vac-
cine, when at that time no data from phase 2/3 clinical trials with
thousands of subjects (or even interim data) had been released (“Paul-
Ehrlich-Institut - Homepage - Statement: Regulatory Approval in Russia
of a COVID-19 Vaccine Developed by Gamaleya Institute”). Another
concern, in our opinion, is that the vaccine was approved for subjects
over 18 but the mean age of the volunteers was between 25.3 years and
31.4 years which (as was also admitted by the authors) would (taking
into account the standard deviations), mean very few if any volunteers
were over 40 years of age. (https://cattiviscienziati.com/2020/09/07/
note-of-concern/ - accessed March 22, 2021).

3.5. Johnson & Johnson/Janssen Pharmaceuticals COVID-19 vaccine

The Johnson & Johnson COVID-19 vaccine was developed in
collaboration with its subsidiary, Janssen Pharmaceuticals, in Belgium.
The vaccine was authorised by the FDA the 27th February 2021 for use
under an EUA for active immunisation to prevent COVID-19 caused by
SARS-CoV-2 in subjects 18 years of age and older. The vaccine is a re-
combinant, replication-incompetent adenovirus type 26 (Ad26) (previ-
ously used in J & J’s Ebola vaccine) that encodes the full-length SARS-
CoV-2 S protein in a stabilized conformation. The vaccine is in the form
of a administered IM, as a single dose vaccine (0.5 mL), stored frozen
(-20 °C, two years stability) at the manufacturer and then shipped and
stored at 2 °C to 8 °C (3 months only) at the end user. After puncture of
the vial, it can be stored for 6 h at 2°C to 8 °C .

The interim results from a phase 1-2a multicentre, placebo controlled
clinical trial of the Ad26.COV2.S COVID-19 vaccine, in subjects between
the ages of 18-55 years and those 65 years or older, was published by
Sadoff et al. (2021). The trial will eventually consist of 3 cohorts, but
initially the younger group of subjects was divided into cohort 1a (target
375 subjects) and cohort 1b (target 25 subjects for in-depth analysis of
immunogenicity) and the older group in cohort 3 (target 375 subjects).
Enrolment to Cohort 2, comparing longer term data on single dose
versus prime/boost dose regimens, started 4 month later and are not
discussed in the publication. Cohort 1 and 3 received Ad26COV2.S at
low dose (5 x 10'° viral particles per mL), high dose (1 x 10! viral
particles per mL) or placebo (0.9% NaCl solution) given IM in a single
dose or two-dose regimen 56 days apart. The results showed that the
vaccine was safe, with only mild side effects and that it induced an


https://roszdravnadzor.gov.ru/i/upload/files/Ho%d0%b2oc%d1%82%d0%b8/%d0%a4a%d0%b9%d0%bb%d1%8b/28.12.2020/%d0%b8%d0%bdc%d1%82py%d0%ba%d1%86%d0%b8%d1%8f%d0%bfo
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immune response both in younger and in older subjects. Neutralising
antibodies were detected in at least 90% of the subjects on day 29 after
first vaccine dose and reached 100% on day 57. Titres remained stable at
least to day 71, with a second dose providing an increase in titre. Spike
binding antibody responses were similar to neutralising antibody re-
sponses. The cell mediated response was skewed towards Th1 cells, with
CD4 + detected in 76-83% of the subjects on day 14 and CD8 + T cell
responses were robust but lower in the older group (Cohort 3).

The safety, efficacy and immunogenicity of a single dose Ad26COV2.
S vaccine is now being assessed in a Phase 3 multicentre, double-blind,
randomised and placebo-controlled clinical trial (Ensemble 1) taking
place in USA, South Africa, Brazil, Chile, Argentina, Columbia, Peru and
Mexico, in subjects aged 18 years and older (FDA, Full Emergency Use
Authorisation (EUA), prescribing information-Janssen COVID-19 vac-
cine. February 27th 2021) (https://www.cdc.gov/vaccines/covi
d-19/clinical-considerations/managing-anaphylaxis.html - accessed
March 22, 2021)).

A total of 44,325 subjects were randomised into two groups,
receiving either a single dose vaccine (5 x 10'° viral particles) or a
placebo injection. The side effect profile of the vaccine could generally
be considered as mild. A causal relationship could not be determined
between severe adverse events and the vaccine. The efficacy (based on
468 cases of symptomatic COVID-19 among 43,783 subjects) of the
vaccine against moderate to severe/critical COVID-19, 14 days post
injection, was found to be 63.7% in the 18-59 year group and 76.3% in
60 years and older group, and at 28 days post injection 66.1% and
66.2%, respectively, for the same groups. The efficacy against severe/
critical COVID-19, in all subjects at day 14, was 76.7% and at 28 days
post injection 85.4%, respectively. The efficacy subgroup analyses from
USA, Brazil and South Africa, against moderate to severe/critical and
severe/critical, were not significantly different to the efficacies obtained
for analysis of the whole cohort (http://www.physics.emory.edu/facul
ty/weeks/lab/papers/bogner-micron07.pdf - accessed March 17,
2021) (February 26, 2021). A second phase 3 clinical trial (Ensemble 2)
started its enrolment in November 2020 and subjects will receive two
doses of Ad26COV2.S, separated by 56 days. It is assumed that the
reason for this change from a single dose to a prime/boost dose regimen
is the wish to investigate whether the efficacy and the longevity of the
protective immunogenicity will increase.

3.6. CanSino Biological/Beijing Institute of Biotechnology/Academy of
Military Medical Sciences COVID-19 vaccine

The Ad5-nCoV COVID-19 vaccine has been developed in a collabo-
ration between CanSino Biological, Beijing institute of Biotechnology
and the Academy of Military Medical Sciences and contains the infor-
mation that codifies for the SARS-CoV-2 full-length S protein delivered
in the human adenovirus serotype 5 vector (Ad5). The vaccine has been
approved for emergency use in China (February 2021), Mexico
(February 2021), Pakistan (February 2021), and Hungary (March 2021)
(“China approves two more domestic COVID-19 vaccines for public use |
Reuters”, “Mexico approves China’s CanSino and Sinovac COVID-19
vaccines | Reuters” (Mexico approves China’s, xxxx), “Pakistan ap-
proves Chinese CanSinoBIO COVID vaccine for emergency use | Reu-
ters”, “UPDATE 2-China’s CanSino Biologics COVID-19 vaccine receives
emergency use approval in Hungary | Reuters”).

Preliminary Phase 1 safety and immunogenicity data obtained from
108 participants (18-60 years old) showed an acceptable safety and
immunogenicity profile with two doses of 5 x10'° and 1 x 10! viral
particles (Zhu et al., 2020b). The results from the double blind, rando-
mised placebo-controlled phase 2 trials were performed with the two
selected doses (5 x10'° and 1 x 10! viral particles) on a total of 508
volunteers, 18-83 years of age. Both dose groups elicited anti-RBD an-
tibodies in more than 95% of the participants after 28 days. Moreover,
around 90% of the vaccinated participants showed the activation of
specific T-cell responses. No serious adverse reactions were reported,
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meanwhile less than 10% of participants reported severe adverse re-
actions and 72% reported mild adverse effects (Zhu et al., 2020b).

Two Phase 3 efficacy trials are ongoing (Clinical Trial Identifier:
NCT04526990 and NCT04540419) with the enrolment of 40,000 and
500 volunteers respectively in Argentina, Chile, Mexico, Pakistan, and
Russia to evaluate the protection from the incidence of severe COVID-
19.

3.7. Sinopharm CNBG/Beijin Inst. Biological Products COVID-19 vaccine

Sinopharm CNBG’s COVID-19 vaccine was developed as a collabo-
ration between Sinopharm CNBG and Beijing Institute of Biological
Products which comprises the inactivated SARS-CoV-2 whole virus in
combination with the adjuvant, alum. The National Medical Products
Administration (NMPA) granted a conditional market approval to the
vaccine on the 30th December 2020, but was already approved ahead of
Phase 3 clinical trials for emergency use in China (China Approves
Sinopharm’s Covid-19 Vaccine as it Moves to Inoculate Millions - The
New York Times [WWW Document]. URL https://www.nytimes.com
/2020/12/30/business/china-vaccine.html (accessed 3.22.21), the
United Arab Emirates (UAE), Bahrain, Egypt and Jordan and reportedly
was administered in hundreds of thousands of people (China Injects
Hundreds of Thousands With Experimental Covid-19 Vaccines - WSJ
[WWW Document]. URL https://www.wsj.com/articles/china-injects
-hundreds-of-thousands-with-experimental-covid-19-vaccines-1159983
4029?tesla=y (accessed 3.16.21)). There also seems to be a second
similarly produced vaccine developed in a collaboration between Sino-
pharm and Wuhan Institute of Biological Products. Studies with both of
these vaccines are described below.

As described above, the use of inactivated whole virus has been a
standard method of development of vaccines against a range of viral
infections such as influenza, polio and hepatitis and often need coad-
ministration with an adjuvant in order to induce efficient immunoge-
nicity (Murdin et al., 1996; Vellozzi et al., 2009). Sinopharm’s COVID-
19 vaccines are cultivated in a qualified Vero cell line and the super-
natant of the infected cells inactivated twice with B-propiolactone. The
inactivated viruses are adsorbed onto 0.5 mg of alum, dispersed in 0.5
mL sterile phosphate buffered saline and packed into prefilled syringes
(Xia et al., 2020).

Phase 1 and phase 2 studies have been published by the same first
author, but it seems that the first phase 1/2 study was performed on the
Wuhan vaccine, whereas, the second phase 1/2 study related to the
Beijing vaccine BBIBP-CorV. The first published clinical study showed
the results of an interim analysis of two randomised placebo-controlled
trials (phase 1/2) that evaluated the effect of the inactivated vaccine
against SARS-CoV-2 on safety and immunogenicity. The phase 1 study,
comprising 96 subjects (mean age 41.2 years), were assigned to one of
three vaccine dose groups (2.5, 5 and 10 pg/dose) and a control group
that received the alum adjuvant only (24 in each group) received three
IM injections on days 0. 28 and 56. The phase 2 study had 224 subjects
enrolled (mean age 43.5 years) that were randomised to a 5 pg dose
given in one group on day 0 and day 14 and in the other group on days
0 and 21, and a control group receiving alum only. The inactivated
vaccine was well tolerated in all dose groups and no serious vaccine
related side effects, were seen. The vaccine induced neutralising anti-
bodies, the titres of which was higher for the vaccine given with a longer
interval between prime and boost dose. The authors claimed that in
general the titres were similar to those produced by other COVID-19
vaccines. The authors also reported that no notable changes were
found in the lymphocyte subset distribution or various cytokines (e.g., T
helper 2 cells, IL-4, IL-5 and IL-10), indicating that a cellular response
had not been induced by the vaccine (Xia et al., 2020).

As explicitly stated in the paper, the second safety and immunoge-
nicity phase 1/2 study of inactivated SARS-CoV-2 vaccine used the
BBIBP-CorV vaccine. The study was randomised, double blind and pla-
cebo controlled and divided up in two stages. Phase 1 enrolled 192
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healthy subjects age 18-80 years, negative for serum specific IgM/IgG
antibodies against SARS-CoV-2. The subjects were separated into two
age groups 18-59 years and more than 60 years of age and randomised
to receive a two-dose regimen of vaccine or placebo of 2, 4 or 8 ug on
days 0 and 28. In Phase 2 of the study, 448 subjects (18-59 years of age)
were enrolled and assigned randomly to receive vaccine or placebo on a
single dose regimen of 8 pg on day 0, or on a two dose regimen of 4 ug on
days 0 and 14, 0 and 21 or 0 and 28. Participants in each cohort were
allocated 3:1 to receive vaccine or placebo, respectively. The vaccine
was well tolerated, and the adverse reactions were mild to moderate. No
serious side effects were reported within day 28 of vaccination. Humoral
immunogenicity responses were induced in all vaccine recipients on day
42 after first vaccination. The prime/boost vaccination of 4 mg vaccine
on day 0 and 21 or 0 and 28 achieved the higher neutralising antibody
titres surpassing those from a single dose of 8 pg or 4 pg dose on day
0 and 14. Consistent with the results from the first publication of results
from vaccination with a similar vaccine (Xia et al., 2020), the present
study did not find any noticeable changes in lymphocyte subsets or cy-
tokines, indicating no cellular immunity was induced. It should be noted
that a seroconversion rate of 100% was reached earlier in the 18-59
years age group compared to the group aged 60 and over and more over
that the titres of neutralising antibodies were lower in the older group
(Xia et al., 2021).

As far as we are aware, results from Phase 3 studies have not been
published, but it has been reported by UAE that interim results showed
that the BBIBP-CorV vaccine had an 86% efficacy rate, 99% serocon-
version rate of neutralising antibody and 100% effectiveness in pre-
venting moderate to severe cases of COVID-19. However, Sinopharm
announced that its internal data showed an efficacy rate of 79% (“China
Approves Sinopharm’s Covid-19 Vaccine as it Moves to Inoculate Mil-
lions - The New York Times”, “UAE: Ministry of Health announces 86 per
cent vaccine efficacy | Health — Gulf News”).

3.8. Bharat Biotech/Indian Council Medical Res./National Inst Virology
COVID-19 vaccine

Bharat Biotech’s Covaxin® is developed in collaboration with the
Indian Council of Medical Research (ICMR) and the National Institute of
Virology (NIV). The vaccine is similar to the Sinovac and the Sinopharm
COVID-19 vaccines in that it is based on well-established vaccine tech-
nology ie., whole b-propiolactone-inactivated SARS-CoV-2 virions
cultivated in a qualified Vero cell line. After inactivation, the vaccine is
adjuvated with an imidazoquinoline (IMDG) class molecule (TLR7 and
TLR8 agonist) chemisorbed on alum (Algel) (Algel-IMDG). Imidazo-
quinoline molecules have been shown to induce cell-mediated immune
responses both in vitro and in vivo (Philbin et al., 2012; Smith et al.,
2016). The IM prime/boostvaccine (28 days apart) is in a liquid form
presented in multidose vials, with storage required at 2 °C — 8 °C. The
Covaxin® was granted approval for emergency restricted use in India by
the Drug Controller General of India - Central Drugs Standard Control
Organization (DCGI-CDSCO) January 3rd 2021.

Ella et al. (2020) reported (interim) results from a phase 1 clinical
trial in 375 subjects on the safety and immunogenicity of the inactivated
SARS-CoV-2 BBV152 vaccine from Bharat Biotech. The study was a
double-blind, randomised and controlled study carried out at 11 hos-
pitals across India in healthy subjects 18-55 years of age. Subjects were
randomised to receive one of three vaccine formulations i.e., 3 pg/dose
with Algel-IMDG, 6 pg/dose with Algel-IMDG, 6 pg/dose with Algel or
an Algel only control. The vaccines were administered IM on days 0 and
14. All solicited adverse events were mild (69%) or moderate (31%) and
most frequent after the first dose. One serious side effect was not related
to the vaccine. The study found IgG titres to all epitopes (S protein,
receptor-binding domain, nucleocapsid protein) increased rapidly after
administration of both doses. Further, the seroconversion rates (after
second dose, day 28) were found to be 87.9% for 3 pg/dose with Algel-
IMDG, 91.9% for 6 pg/dose with Algel-IMDG, and 82.8% for 6 ug/dose
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with Algel. The responses were similar to those observed in the conva-
lescent serum collected from 41 patients who had recovered from
COVID-19, and similar to those induced by other SARS-CoV-2 inacti-
vated vaccines. Notably, samples analysed at 104 days showed sero-
conversions of 73.5%, 81,1% and 73.1%, respectively. CD3+, CD4 +
and CD8 + T cell responses were detected in a subset of 16 patients in
both the Algel-IMDG-vaccine groups, whereas minimal levels were
detected in subjects vaccinated with the Algel-vaccine formulation.

The phase 2 clinical trial was a double-blind, randomised, multi-
centre study in India to evaluate the immunogenicity and safety of the
BBV152 vaccine. Healthy subjects (380; 12 — 65 years) were randomised
to receive, either a 3 ug/dose with Algel-IMDG vaccine, or a 6 pg/dose
with Algel-IMDG vaccine by IM injection four weeks apart. There was no
control vaccination. The study was conducted across nine states in India.
The plaque reduction neutralization test (PRNT5() seroconversion rates
of neutralising antibodies, found at day 56, were 92.9% and 98.3%,
respectively, for the 3 ug/dose and 6 pg/dose vaccinations, which were
higher than those measured in the Phase 1 study. This could possibly be
due to the longer time between doses. For both vaccine groups the ratio
of Th1/Th2 cytokines was biased towards a Th1 response (IFN-g + TNF-
a + IL-2) rather than a Th2 response (IL-5, IL10, IL13) both at day 42 and
day 56. The majority of the adverse events were mild and resolved
within 24 h and according to the authors, the safety profile of BV152 was
noticeably lower than for other SARS-CoV-2 vaccine platforms (Ella
etal., 2020). These results have been published in MedRxiv and have yet
to undergo peer review. The publication notes its preliminary status and
that the manuscripts should not be considered for clinical application,
nor relied upon as established information for news reporting. It should
be noted that no efficacy data are available from the two published
clinical trials. However, according to Bharat Biotech’s website, a phase 3
clinical trial that will enrol 25,800 subjects is under way (Bharat Biotech
to begin clinical trial of COVID-19 intranasal vaccine next week [WWW
Document], n.d. URL https://www.businesstoday.in/sectors/pharma
/bharat-biotech-to-begin-clinical-trial-of-covid-19-intranasal-vacc
ine-next-week/story/432938.html (accessed 3.22.21).), and interim
results were announced by Bharat Biotech on the 3rd March 2021. An
efficacy estimate based on 43 cases, where 36 cases of COVID-19 were
observed in the placebo group and 7 cases in the vaccinated group,
resulted in an efficacy of 80.6% (https://www.bharatbiotech.com/im
ages/press/covaxin-phase3-efficacy-results.pdf - accessed March 22,
2021).

3.9. Sinovac COVID-19 vaccine

Similar to Sinopharm, Sinovac Biotech Ltd in China has developed a
COVID-19 vaccine that comprises SARS-CoV-2 whole virus cultivated in
Vero cells and inactivated with -propiolactone. The inactivated virus is
injected IM in combination with the adjuvant, alum in phosphate buff-
ered saline (0.5 mL) (Gao et al., 2020).

The 8th February 2021, the National Medical Products Administra-
tion (NMPA) of China granted market approval for the vaccine.
Furthermore, the vaccine was already approved for emergency use in
China in July 2020, ahead of the initiation of Phase 3 clinical trials
(“Sinovac Covid-19 vaccine granted approval in China”) and in
Indonesia by BPOM on the 11th January 2021 (Indonesia green lights
China’s Sinovac COVID-19 vaccine [WWW Document]. URL
https://www.biopharma-reporter.com/Article/2021/01/11/Indonesia-
green-lights-China-s-Sinovac-COVID-19-vaccine (accessed 3.16.21)).

Zhang et al. (Zhang et al., 2021) reported results from a safety,
tolerability and immunogenicity phase 1/2 clinical trial in healthy
adults 18-59 years of age. The study was randomised, double blind and
placebo controlled, and as for the Sinopharm studies, the clinical trial
was separated in a phase 1 and a phase 2 study. 144 subjects were
enrolled in the phase 1 study and separated into two vaccination
regimen cohorts, i.e., vaccination at day 0 and 14 and vaccination at day
0 and 28. Also, within each of these cohorts, using block randomisation,
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the first 36 subjects were assigned to a low dose of CoronaVac (3 pg per
0.5 mL of alum diluent per dose) and the other 36 subjects to a high dose
of CoronaVac (6 pg per 0.5 mL of alum diluent per dose). Furthermore,
within each block, the subjects were given either two doses of Corona-
Vac or of placebo (aluminium hydroxide in phosphate buffered saline).
For the phase 2 study 600 subjects were enrolled and separated into two
vaccination regimen cohorts, i.e., vaccination at day 0 and 14 and
vaccination at day 0 and 28, as for the phase 1 study. The subjects were
randomly assigned (2:2:1) using block randomisation to receive two
doses of either low-dose or high-dose CoronaVac vaccine or the placebo.

No serious adverse effects were recorded for any of the subjects in the
two studies. For the phase 1 part of the study, seroconversion for neu-
tralising antibodies was seen in 83% in the 3 ug group, 79% in the 6 ug
group and 4% in the placebo group. For the phase 2 study, the sero-
conversion for neutralising antibodies, was 92% in the 3 pug group, 98%
in the 6 pug group and 3% in the placebo group at day 14 in the days 0-
and 14-day dosing regimen, whereas at day 28, in the days 0 and 28 day
dosing regimen, seroconversion was higher, with the respective results
of 97%, 100% and 0%. Importantly, the induced humoral immune re-
sponses (neutralising antibodies) were significantly higher in the
younger subjects (18-39 years of age) than in the older (40-59 years of
age). The study did not assess whether the vaccine induced cellular
immune responses (T cell responses) in the subjects (Zhang et al., 2021).

Zhang et al. (2021) states that three phase 3 studies are ongoing in
Brazil, Indonesia and Turkey evaluating the low vaccine dose of 3 pg
CoronaVac in 0.5 mL of diluent, with a 0- and 14-day vaccination
regimen. Future phase 3 trials will also evaluate the 0- and 28-day
dosing regimen. Further, the study in Brazil will also assess the T cell
responses in the subjects.

No formal scientific papers have been published describing the
outcome of the various Phase 3 studies. However, in a press release on
the 5th February 2021, Sinovac announced Phase 3 results from its
CoronaVac vaccine (“Sinovac Announces Phase III Results of Its COVID-
19 Vaccine-SINOVAC - Supply Vaccines to Eliminate Human Diseases™).
The Press release first states that Phase 3 trials started July 21, 2020 in
Brazil, Turkey, Indonesia and Chile and that a total of 25,000 subjects
have been enrolled across those four countries. All studies were rando-
mised, double blind and placebo controlled and followed a vaccination
regimen on days O and 14. The dose given was, as seen above, 3 ug
CoronaVac in 0.5 mL of diluent including alum. The press release goes
on to state that as of December 2020, 12,396 health workers of more
than 18 years of age were enrolled, presumably in Brazil only (Palacios
et al., 2020). The vaccine efficacy against SARS-CoV-2 was 50.65% for
all cases, but 83.7% for cases requiring medical treatment and 100% for
hospitalized, severe and fatal cases. The press release then describes the
outcome of the Turkish two stage study (first health workers and then
those from the general population) as of December 23, 2020 with all
subjects (7,371) ranging from 18 —59 years. The study found an efficacy
for prevention of COVID-19 injection of 91.25%. In a separate press
release (“Indonesia green lights China’s Sinovac COVID-19 vaccine”
data from the Indonesian trial showed a 65.3% efficacy, with no infor-
mation given on whether this efficacy data was the combined overall
result.

3.10. Anhui Zhifei Longcom Biopharm/Chinese Academy of Medical
Sciences COVID-19 vaccine

The Anhui Zhifei Longcom Biopharmaceutical COVID-19 protein
subunit vaccine developed in China contains the RBD-dimeric antigen
adjuvanted with aluminium hydroxide. At the time of writing, the vac-
cine has received approval for use in China (March 2021) and Uzbeki-
stan (March 2021) (China IMCAS’s COVID-19 vaccine obtained
emergency use approval in China | Reuters [WWW Document]. URL
https://www.reuters.com/article/health-coronavirus-china-vaccine-
idUSL4AN2LD3BZ (accessed 3.24.21), “Uzbekistan approves Chinese-
developed COVID-19 vaccine | Reuters”).
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In a phase 1 study, 50 healthy adults aged 18-59 years were enrolled
and randomly allocated to three groups to receive three times two
different doses of vaccine (25 pg or 50 pg RBD-dimer with adjuvant) or
the placebo (adjuvant-only) intramuscularly, 30 days apart. Systemic
adverse reactions were absent or mild in most participants without se-
vere adverse effects. After three doses, neutralizing antibodies were
detected in serum samples of all the participants receiving either the 25
pg or 50 pg dose of the vaccine. The SARS-CoV-2-neutralizing geometric
mean titres (GMTs) were 94.5 for the 25 pg group and 117.8 for the 50
pg group (Yang et al., 2020).

In a phase 2 study, 900 healthy adults aged 18-59 years were
enrolled and randomly allocated to six subject groups to receive vaccine
(25 pg or 50 pg RBD-dimer, with adjuvant) or placebo (adjuvant-only)
intramuscularly, with the first 3 groups given two doses of 25 g vac-
cine, 50 pg vaccine or placebo 30 days apart and the latter 3 groups
given three doses of 25 pg vaccine, 50 pg vaccine or placebo 30 days
apart. Systemic adverse reactions were absent or mild in most partici-
pants without severe adverse effects. After three doses, neutralizing
antibodies (RBD-binding IgG) were detected in the serum of 97% (the
25 pg group) and 93% (the 50 pg group) of participants. The SARS-CoV-
2-neutralizing GMTs were 102.5 for the 25 pg group and 69.1 for the 50
pg group after three doses, exceeding the level of a panel of COVID-19
convalescent samples (GMT, 51). Vaccine induced balanced TH1 and
TH2 responses. The 50 pg group did not show enhanced immunogenicity
compared with the 25 pg group (Yang et al., 2020).

A phase 3 clinical study started in the end of 2020 in China, Ecuador,
Indonesia, Pakistan, and Uzbekistan (Clinical Trial Identifier:
NCT04646590; Registration number: ChiCTR2000040153) enrolling
29,000 volunteers.

4. Nasal versus intramuscular vaccination
4.1. General advantages and disadvantages of nasal vaccination

As mentioned above, many human pathogens such as influenza virus
and SARS-CoV-2 enter the human body via the respiratory tract and
hence, it is a natural progression to investigate and exploit the possi-
bility of developing nasal vaccines to combat such infections. Nasal
vaccines offer an attractive alternative to injectable vaccines in that it
may be possible to use a lower dose than for IM/SC injection, the vaccine
can be delivered to the appropriate site, namely the NALT, nasal vac-
cines do not necessarily require to be administered by a health-care
person, and it is a better alternative for vaccination of children who
generally are not keen on injections. Furthermore, nasal vaccines can be
delivered in simple low-bioburden single/or bi-dose nasal devices,
avoiding the need for a sterile environment during administration,
which is of great benefit for vaccination programmes in third world
countries. Also, dry powder nasal vaccines have been developed that can
avoid the cold-chain production which is cost saving.

The nasal epithelium, especially at Waldeyer’s ring in the naso-
pharynx, encloses follicle-associated lymphoid tissue, the NALT, that is
important for creating (local and disseminated) mucosal immune re-
sponses. As discussed further below, nasal vaccines have been shown to
induce both humoral and cell mediated immune responses and
furthermore both serum IgG and local nasal neutralizing mucosal IgA
protecting against colonization by invading pathogens. Moreover,
intranasal immunization has been reported to enable the induction of
cross-reactive antibodies that could be indicative of cross-protection
(Jang et al., 2012). As further discussed below, after IM/SC injection
of vaccines systemic replication of virus is prevented, but only limited
mucosal protection in the form of IgG transudation to airways surfaces
are induced.

In order to induce the required immune response and provide long
term immunity after nasal vaccination it is of essence to select an
optimal delivery system for the specific nasal vaccine, since depending
on the type of vaccine formulation e.g live-attenuated vaccines,


https://www.reuters.com/article/health-coronavirus-china-vaccine-idUSL4N2LD3BZ
https://www.reuters.com/article/health-coronavirus-china-vaccine-idUSL4N2LD3BZ

M. Tiboni et al.

inactivated viral vaccines, MRA/ DNA encoded particulate systems,
subunit or purified antigens with or with/out the use of adjuvants,
different immune responses may be induced. Furthermore, it is impor-
tant that the nasal vaccine remains in the nasal cavity/nasopharynx at
sufficient time to enable the vaccine to reach the NALT. This can
generally be achieved as necessary with liquid or powder bio-adhesive
vaccine formulations, that to some extent is able to overcome the
mucociliary clearance system. The potential problem of toxicological
effects of nasally applying vaccines will be discussed below.

4.2. Mucosal immune response - injectable vaccines

A natural infection by a respiratory virus induces both systemic IgG
antibodies, T cell responses and mucosal antibody responses in the form
of secretory immunoglobulin A (SIgA) (Hagenaars et al., 2008; Isho
et al., 2020). The upper respiratory tract, such as the nasal cavity, is
suggested to mainly be protected by the SIgA, and the lower respiratory
tract, by IgG (Spiekermann et al., 2002). IM injected vaccine prevents
systemic replication of the virus but induces only limited mucosal pro-
tection through IgG transudation to airway surfaces, such as in the lungs.
It is the general perception that, whereas mucosal (e.g, nasal) vaccina-
tion results in high titres of protective secretory IgA antibodies at the
mucosal site with lower systemic IgG antibodies and cell-mediated im-
munity, the opposite is the case for parenteral vaccination (Krammer,
2020; MacPherson et al., 2008; Su et al., 2016; Van Ginkel et al., 2000b).

Matsuda et al. (2021) also state that there are many examples of a
failure to protect against respiratory virus infections when using IM non-
replicating vaccines, for example RSV, parainfluenza virus type 3, Ad4,
rotavirus and measles vaccines. It is possible that IM vaccines against
respiratory viruses induce disease-preventing or disease-attenuating
immunity but does not lead to “sterilizing” immunity (Krammer, 2020).

Experimental DNA vaccines have been shown to induce significant
protection against a pathogen challenge, where for example a DNA
vaccine, encoding the fusion gene of bovine respiratory syncytial virus
(BRSV), was administered IM to calves and induced antigen specific IgG
and IgA responses in sera and BAL fluids (Taylor et al., 2005). However,
the protection against BRSV infection was not as high as that induced by
a prior BRSV infection. For influenza vaccines, the administration of
either IN (30 pg) or IM (2 x 10 ug) inactivated influenza virus vaccine
elicited antibody secreting cells in the bone marrow and dispersion of
memory B cells to organised lymphoid tissue, however, the IgG response
was strongest after IM injection, whereas IgA production was only
prominent after IN vaccination. The authors suggested that the wide-
spread dispersion of IgG memory B cells to secondary lymphoid tissues,
including Peyer’s patches and the NALT, after the IM vaccination, would
ensure prompt activation in the event of an influenza infection (Joo
et al., 2010).

In another example, rabbits were immunised with an HPV 6bL1 DNA
vaccine against human papillomavirus by IM and vaginal administra-
tion. The mucosal administration induced 6bL1 virus specific IgA anti-
bodies in the vaginal secretions, showing neutralising activity in a
hemagglutination assay, for up to 14 weeks after vaccination. No
mucosal immune response was detected in vaginal secretions after IM
vaccination (Schreckenberger et al., 2000).

Furthermore, a study evaluated the immunological effect of a novel
inactivated whole trivalent influenza virus vaccine, given IN as a prime/
boost vaccine 21 days apart in 21 elderly subjects, compared with a
single dose (22 subjects) of a commercial IM influenza vaccine. Serum
IgG and IgM antibodies and nasal IgA were determined by a hemag-
glutination inhibition test and ELISA, respectively. The mucosal IgA
response was found to be 47.6-71.4% and 18.1-31.8% for subjects given
IN and IM vaccinations, respectively, whereas the detected serum anti-
body response was similar for the two routes of administration,
20.0-61.9% and 18.2-72.7%, respectively. On study completion, 57.1,
65.0 and 50.0% of the IN vaccinated subsets were seroprotected to A/
Beijin, A/Sydney and B/Harbin, respectively, and similarly 68.1, 77.2
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and 54.5% were immune after IM vaccination. The authors concluded
that the IN vaccination was significantly more effective than the IM
vaccine in inducing a mucosal IgA response, which they further sug-
gested, may prevent influenza at its early stages and contribute to the
reduction of morbidity and complications in the elderly (Muszkat et al.,
2003).

In a study published by Samdal et al. (2005), an inactivated whole
virus (A/New Caledonia/20/99(h;N1)-like re-assortant IVR116) influ-
enza vaccine, either in saline, mixed with formaldehyde inactivated
Bordetella pertussis or in a thixotropic vehicle, were given to 3 groups of
subjects for IN immunisation, as four doses, with one-week intervals. All
vaccinated groups developed significant IgG and IgA antibody responses
after four doses, and 6 weeks after the immunisation 80% of the subject
reached hemagglutination inhibition titres of more than 40, which was
considered to be protective. In addition, significant increases in CD4 +
T-cell proliferation and cytotoxic T-cells were detected. However, no
additive effect was found for the addition of B. pertussis or for the
thixotropic formulation, that probably was added to evaluate the effect
of a prolonged residence in the nasal cavity.

Recently, Matsuda et al. (2021) reported on a study in subjects
vaccinated with a replication-competent, Ad4-based vaccine carrying a
full-length HA gene from the influenza AH5N1 virus (A/Vietnam/1194/
2004) (Ad-4-H5-Vtn recombinant vaccine). The vaccine was given,
either orally (10 vp), directly to the tonsils (10% -108 vp) or nasally
(10 -108 vp). Viral shedding, from nose, mouth and rectum, together
with H5 specific IgG and IgA antibodies and T cell responses, were
detected. It was found that Ad-4-H5-Vtn DNA was shed from most
subjects immunised in the upper respiratory tract. The vaccine induced
increases in the H5, specific CD4 + and CD8 + T cells in the peripheral
blood, as well as increases in IgG and IgA in nasal, cervical and rectal
secretions and high levels of serum neutralising antibodies against H5
that remained stable for 26 weeks. The authors concluded that the Ad4
vaccine platform showed considerable promise for vaccines designed to
stimulate B cell response to viral surface glycoproteins.

Hence, as seen above, the literature does describe examples of
studies where mucosal immune responses, to some extent, are induced
after IM injection of a respiratory virus vaccine and that complete or
partial protection against such a virus is attainable. However, it is also
evident, that for some virus antigens mucosal strategies, including spe-
cific adjuvant formulations and a combination of antigens that activate
multiple arms of the immune system, would be necessary in order to
generate a robust up-front protective immunity.

It has been suggested by Bleier et al. (2021) that, although the IM
injected COVID-19 vaccines against SARS-CoV-2 virus presently avail-
able on the market are designed to produce an IgG response, preventing
viremia and the COVID-19 syndrome, they generally provide little
protection against viral replication and shedding in the airways, since
such protection requires the presence of a local secretory IgA response.
The authors state that preclinical studies of both adenovirus (Ad26) and
mRNA (mRNA-1273) IM vaccines demonstrated “persistent virus in
nasal swabs although the animals were protected against COVID-19”
and refer to two publications by Mercado et al. (2020) and Corbett et al.
(2020b). Furthermore, the authors state that vaccinated subjects may
still become infected and transmit live virus from the upper airways,
although they are themselves asymptomatic.

In the study by Corbett et al. (2020b), non-human primates (rhesus
macaques) were vaccinated IM at week 0 and 4, with 10 pg or 100 pg
mRNA-1273 SARS-CoV-2 vaccine from Moderna and compared to a
control (IM saline). Four weeks after the second vaccination all animals
were challenged with a total of 7.6 x 10° SARS-Cov-2 plaque forming
units (PFU) intranasally (0.5 mL per nostril) and by the intratracheal
route (3 mL). The vaccine induced S-specific antibodies and neutralising
activity, together with Th1 helper cells and predominantly CD4 + T cell
responses with low or undetectable Th2 or CD8 + responses. Only one in
eight of the vaccinated animals, in each of the 10 pg and 100 pg dose
vaccine groups, showed viral replication (subgenomic RNA) in the BAL
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fluid by day 2 after the virus challenge, compared to all eight animals in
the control group. However, in nasal swab (NS) samples, none of the
animals in the 100 pg dose group, showed viral replication, whereas in
the 10 ug dose group, five out of eight animals and six out of eight in the
control group did.

Mercado et al. (2020) studied a single dose of AD26 vector-based IM
vaccines expressing SARS-CoV-2 S protein in non-human primates
against a sham control. The rhesus macaques were challenged with
SARS-CoV-2 virus (1.0 x 10° TCIDso ~ 1.2 x 10% RNA copies) by the
intratracheal and the nasal routes at six weeks. One of the six vaccine
variants tested, comprising an Ad26 vector encoding a prefusion stabi-
lised S immunogen (S.PP), induced a robust neutralising antibody
response and a Th1-biased T cell response. Furthermore, all animals that
received the Ad 26-S.PP vaccine variant, demonstrated no detectable
virus in BAL fluid and one showed a low amount of virus in the nasal
swab (NS) sample, compared to sham animals that showed a medium
peak both in BAL fluid and NS. The animals, that received other vaccine
variants, generally demonstrated reduced viral loads in NS compared
with controls, although protection was not as good as for the Ad26-S.PP
vaccine variant, which became the marketed Johnson & Johnson SARS-
CoV-2 vaccine, Ad26.COV2.S.

In a similar study in non-human primates (rhesus macaques), van
Doremalen et al. (2020) found that animals vaccinated IM with the
ChAdOx1nCov-19 vaccine encoding for the S protein of SARS-CoV-2,
using either a single dose or a prime-boost regimen, induced a
balanced humoral and cellular immune response (Th1/Th2 T helper
cells). The animals were challenged with 2.6 x 10° TCDIDs SARS-CoV-
2 virus to both the upper and the lower respiratory tract 28 days after
vaccination. Compared with control animals, a significantly reduced
viral load in the BAL fluid and lung tissue was observed in vaccinated
animals, whereas, no difference in nasal shedding of SARS-CoV-2 virus
was found between vaccinated and control animals in the NS. These
results suggest that the IM vaccination prevented replication of virus in
the lower respiratory tract, but not in the nasal cavity. It should be noted
that no evidence of immune enhanced disease was found after viral
challenge in the vaccinated SARS-CoV-2 infected animals.

The study by Voysey et al (2021) discussed above, included a phase
2/3 study in the UK with the IM AZD1222 vaccine, that also assessed the
possibility of asymptomatic spread of SARS-CoV-2 through vaccinated
subjects. Each subject swabbed their nose and throat every week and
asymptomatic infections were detected in 0.9% (29 subjects) in the
vaccine group and 1.2% (40 subjects) in the control group, indicating an
efficacy of 27.3% against asymptomatic SARS-CoV-2, and hence
potentially against transmission.

The amount of SARS-CoV-2 virus that is required for efficient human
transmission is presently not known, however, it is known that the
amount of virus found in the upper airways of subjects just after infec-
tion, is in the order of 10° RNA copies per nasal swab, which is close to
the challenge doses given in the challenge studies discussed above.
Presently, it is also unclear whether the detection of viral shedding in the
upper airways in non-human primate translates directly to humans.

4.3. Toxicological aspects

Recently, there has been an intensive discussion about a possible link
between the first dose of in particular the AstraZeneca vaccine and
recently the Johnson & Johnson vaccine, both given by IM injection, and
the occurrence of extremely rare type of blood clots occurring alongside
a low level of platelets. For the AstraZeneca vaccine the risk of devel-
oping this side effect after vaccination is overall roughly 1 in 250,000
subjects. The risk is highest in younger people (20-29 years of age) with
1.1 cases per 100,000 vaccinations compared to 0.2 cases per 100,000 in
older people (60-69 years of age). This should be compared to the risk of
hospital admission in ICU with Covid-19 infection of 0.8 per 100,000
(hppts://fullfact.org; 8th April 2021). Both the AstraZeneca and the
Johnson & Johnson vaccines are based on the use of replication-
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deficient adenovirus encoded for the S-protein. It is now recom-
mended in some countries that these two vaccines are only administered
to the older population. Cases of apparent secondary immune throm-
bocytopenia (ITP) have been reported (17 cases in 20 million vaccinated
subjects) after vaccination with the Pfizer/BioNtech and the Moderna
vaccines (Lee et al., 2021). Both these vaccines are based on mRNA
encoding the S protein encapsulated in a lipid nanoparticle formulation.
The authors conclude that at present it cannot be excluded that the IM
vaccines have the potential to trigger ITP, albeit very rarely. The
AstraZeneca vaccine is (as described below) presently in development
for nasal vaccination but, as far as we are aware, no information has
been published concerning potential serious side effects after using these
vaccines for nasal administration.

Relative few vaccines have been licensed for nasal application
including Fluenz Tetra™ (EU)/ FluMist Quadravalent (US, Can) which
are tetravalent cold-adapted live-attenuated influenza vaccines (LAIV)
produced by Medimmune/AstraZeneca and Nasovac® which is a similar
trivalent influenza vaccine produced in India by CiplaMed in collabo-
ration with the Serum Institute of India Ltd. For the latter vaccine a post
marketing study reported that the vaccine was safe in that 90% of all
events were non-serious and mild and 10% moderate in severity with no
event lasting more than 4 days. No deaths, life threatening events,
permanent disability or hospitalisation were reported (Kulkarni and
Raut, 2013). Similarly, the Fluenz Tetra™/FluMist Quadravalent nasal
vaccines were found to be safe (Lycke, 2012). However, due to the
involvement of eggs in the production process, LAIV have been reported
to have particular allergic side effects in that it causes significant
wheezing for up till 42 days after nasal administration. Hence, the
vaccine is precluded for administration to asthmatic patients with un-
stable asthma (Vasu et al., 2008).

The addition of adjuvants to a vaccine can be necessary for the
enhancement of the immune response especially for vaccines comprising
purified antigens. As outlined above a range of adjuvants are available
including alum, chitosan and also bacterial toxins such as cholera toxin
(CT) or heat-labile enterotoxin (LT), or inactivated viral envelopes such
as recombinant adenoviruses. Some side effects have been reported after
the use of bacterial toxins in vaccines given nasally (Van Ginkel et al.,
2000a). It is therefore necessary to consider both the potential toxicity as
well as the protective immunity conferred by the selected adjuvant. For
example, an inactivated viral subunit influenza vaccine (Nasalflu, Berna
Biotech) was adjuvanted with E. coli heat-labile toxin and found after
intranasal vaccination to increase the risk of Bell’s palsy. The licence for
the vaccine was revoked and is no longer available (Mutsch et al., 2004).
It was suggested that the toxin may have been transported from the nasal
cavity to the CNS in the same way as was shown for the adjuvant CT
(Van Ginkel et al., 2000a; Fujihashi et al., 2002).

The SARS-CoV-2 virus enter cells by engaging the spike protein with
an ACE2 receptor. The ACE2 receptors are present throughout the body
especially with high levels in the small intestine, testis, kidneys, heart,
thyroid, and adipose tissue, while blood, spleen, bone marrow, brain,
blood vessels, and muscle had the lowest ACE2 expression levels and
medium expression was found in the lungs, colon, liver, bladder, and
adrenal gland. Hence theoretically it is possible for the SARS-CoV-2
virus to enter all of these tissue since the S-protein is attached to the
surface of the virus and therefore available for interaction with the ACE2
receptors. However, at least for most of the nasal vaccines described
below that is under development the carrier e.g. adenovirus and lenti-
viral vectors are encoded for the S protein and hence is not accessible for
interaction with the ACE2 receptor before the S protein has entered a
cell and is being produced. The exception is the nasal vaccine in
development by University of Houston that comprise liposomes with
surface adsorbed S protein

It has been suggested that the SARS-CoV-2 virus can reach the brain
by using the transneural route of entry into the olfactory epithelium
(where ACE2 is expressed) and transsynaptic routes to spread further
into the brain (Butowt and Bilinska, 2020). However, whether the
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recombinant vectors carrying the encoding for the S-protein are able to
enter the olfactory tissue either by paracellular or transcellular transport
and potentially result in adverse effects of the vaccine, has, as far as we
are aware, not been investigated. Adenovirus has been used for nose to
brain delivery of drugs, but it was not shown that the adenovirus itself
actually entered the brain, only that the drug did (Ma et al., 2016). Using
the paracellular route to enter the olfactory tissue, through the tight
junctions, particles should be less than 20 nm whereas using the trans-
cellular route either into olfactory tissue cells or olfactory neural cells
the particle size should ideally be less than 100 nm (Illum, 2007, 2015).
The adenovirus vectors used for many of the nasal Covid-19 vaccines
under investigation are about 90 nm in diameter, the lentiviral vector
about 80-100 nm (similar to the SARS-CoV-2 virus of about 100 nm) and
the Newcastle Disease virus is between 150 and 400 nm. It should be
noted that the endocytosis process is dependent not only on particle size
but also particle characteristics such as charge and surface properties.
Furthermore, there is a difference in deposition of the SARS-CoV-2 virus
particles in the nose that has entered the nasal cavity by normal inha-
lation and vaccine particles that are sprayed with stronger force into the
cavity. Therefore, whether a nasal spray will reach the olfactory region
(2.5% of nasal surface area) positioned in the top of the nasal cavity, is
highly unlikely unless a specialised nasal delivery device is used. Hence,
it is difficult to predict whether the vaccine carriers could enter the ol-
factory epithelium, whether any toxic events would result from such
entry and hence toxicological studies will need to be done in line with
normal regulatory demands before the nasal SARS-CoV-2 vaccines are
licensed for marketing.

5. Nasal vaccines in development against SARS-CoV-2 virus
infection

As discussed above, it is important that a COVID-19 vaccine should
protect humans against a later SARS-CoV-2 viral infection by creating
the necessary humoral and cell mediated responses, to include neu-
tralising antibodies, not only in the blood, but also at the upper respi-
ratory tract, such as the nasal mucosal membrane, together with the
lower respiratory tract i.e., the lungs.

Furthermore, it is also of importance that vaccinated subjects are not
prone to asymptomatic nasal viral shedding and therefore potential
transmission of disease to other subjects. Hence, there is presently a
great interest in the development of nasal COVID-19 vaccines, although
at the time of writing no mucosal vaccine has been approved by regu-
latory authorities.

The following discussion only includes developments where at least
preclinical studies have been published. It should be noted that many of
the publications discussed below have been preliminarily published on-
line in non-peer review publications such as “www.BioRxiv.org”.
However, taken together the papers still give a good overview and in-
formation of the potential benefits of nasal COVID-19 vaccines as
compared to the IM vaccines.

5.1. Altimmune Inc

Altimmune Inc. is developing a nasally administered, single dose,
COVID-19 vaccine, AdCovid™, based on a replication-deficient adeno-
virus type 5 (Ad5)-vectored vaccine encoding for the receptor binding
domain (RBD) of the SARS-CoV-2 spike (S) protein. A preclinical study
in mice, tested the immunogenicity of AACOVID™ after intranasal
administration of one of three doses of vaccine 3.35 x 108 ifu (high-
dose), 6 x 107 ifu (mid-dose) or 6 x 10° ifu (low-dose) given in a volume
of 50 pL, or a control in the form of buffer. The vaccine demonstrated a
strong IgG serum neutralising activity, several fold higher than the titre
recommended by the FDA, and a potent mucosal immunity with a 29-
fold increase in mucosal IgA in the respiratory tract as measured in
the BAL fluid. Furthermore, a potent stimulation of the cell mediated
immunity, in the form of antigen specific CD8 + killer T cells, was found
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in the lungs as early as 10 days after vaccination. No nasal samples were
collected for identification of secretory nasal IgA. The authors concluded
that their AACOVID™ vaccine generated both humoral and cellular re-
sponses at both systemic and mucosal sites, particularly within the
lungs, which is a major site for infection and disease (King et al., 2020).
A Phase 1 clinical trial is ongoing which will evaluate the safety and
immunogenicity of a single dose of AACOVID™ in up to 180 healthy
adult volunteers between 18 and 55 years of age. AACOVID™ will be
administered to subjects at one of three dose levels as a nasal spray. In
addition to the primary study endpoint, the immunogenicity of AdCO-
VID™ will be evaluated by serum IgG binding and neutralizing antibody
titres, mucosal IgA antibody levels from nasal samples, and T cell re-
sponses. The study was approved by the FDA on the 25th February 2021
(“Altimmune Commences Enrollment in Phase 1 Clinical Trial of
AdCOVID™ _ a Needle-Free, Single-Dose Intranasal COVID-19 Vaccine
Candidate — Altimmune”).

5.2. Washington University School of Medicine

Washington University School of Medicine (in collaboration with
other institutions) has developed a SARS-CoV-2 vaccine (ChAd-SARS-
CoV-2-S) based on chimpanzee adenovirus (simian AD-36) that encodes
a prefusion stabilised S protein. The immune response in mice, after IM
and IN vaccination, was evaluated. The animals were immunised with
10'° viral particles of ChAd-SARS-CoV-2-S or ChAdV-empty (empty
vectored adenovirus, control) in 50 pL PBS via IM injection or IN inoc-
ulation. A subset group of vaccinated animals were given a booster
immunization at four weeks. To express transiently the human ACE2
receptor in the mice, the vaccinated mice were given a single intraper-
itoneal injection of 2 mg anti-lffnarl mAb one day before IN adminis-
tration of 108 PFU (plaque-forming-units) of Hu-ADV5-hACE2. The mice
were challenged five days later with an IN inoculation of 4 x 10° FFU
(focus-forming-units) of SARS-CoV-2. The IM vaccination induced
strong systemic humoral, and cell mediated immune responses (but no
S-or RBD specific IgA in serum), but a minimal mucosal immune
response. The IM vaccine did protect against lung infection, inflamma-
tion and pathology in the challenged animal model, however, the IM
vaccination did not completely protect against the SARS-CoV-2 infec-
tion, since substantial levels of viral RNA were still detected in the lungs.
In contrast, a single dose IN inoculated vaccine induced high levels of
neutralising antibody (anti-SARS-CoV-2 IgA) and showed complete
protection in upper and lower airways after the viral challenge (Hassan
et al., 2020).

Recently, the ChAd-SARS-CoV-2-S vaccine was also tested in 12 non-
human primates (rhesus macaques) that were immunised with a single
IN dose of the vaccine or a ChAd control. One month later, the animals
were challenged with SARS-CoV-2 virus, by the intranasal and intra-
bronchial routes. The immunisation (as opposed to the control) induced
anti-S, anti-RBD IgG and neutralising antibodies as well as T cell re-
sponses and after challenge with SARS-CoV-2 virus (1 x 10° TCIDsy),
prevented or considerably limited appearance of infection in nasal
swabs at days 1-7, in BAL fluids (5 of 6 animals) and lung tissues. At
later time points, infectious virus was not found in nasal swabs of
vaccinated animals. An inverse relationship was found between viral
RNA levels in BAL fluids from three days after the SARS-CoV-2 chal-
lenge, and neutralising antibody titres. The authors concluded, that an
IN immunisation with ChAd-SARS-CoV-2-S, could potentially control
nasal infection and hence prevent both viruses induced disease and also
transmission (Hassan et al., 2021). Business Today (“Bharat Biotech to
begin clinical trial of COVID-19 intranasal vaccine next week”) (10th
March 2021) disclosed that Bharat Biotech is in collaboration with the
Washington University team for the further development of the ChAd-
SARS-CoV-2-S vaccine (also called BBV154) and that a phase 1/2 clin-
ical trial in 175 subjects should start the week of the 15th March 2021.
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5.3. Codagenix Inc.

Codagenix Inc. has developed an intranasal vaccine against SARS-
CoV-2 (COVI-VAC) based on a live attenuated whole virus platform,
which uses “synthetic biology” to re-code the genes of viruses into a safe
and stable vaccine. The Codagenix COVI-VAC “de-optimised” virus can
be grown easily in cell culture. As far as the present authors are aware,
results from preclinical studies have not been published and the infor-
mation available is from a news review (“First patient dosed with
intranasal COVID-19 vaccine candidate™). However, a phase 1 clinical
study, to evaluate the safety and immune responses of intranasally
administered COVI-VAC in 48 healthy young subjects (18-30 years of
age), is presently ongoing in the UK. The subjects, divided into three
groups, will receive either two doses of COVI-VAC, 28 days apart, two
doses of placebo (saline) or one dose of COVI-VAC and 1 dose of placebo.
The dose is administered by drops (no information of number of drops)
into each nostril. Each subject will record any symptoms and oral tem-
perature daily for 14 days. Blood samples and intranasal samples will be
collected to assess the immune response. The study plan was approved
by the MHRA on the 22nd December 2020. The first subject was dosed
on the 12th January 2021 (“First patient dosed with intranasal COVID-
19 vaccine candidate™).

5.4. AstraZeneca/Oxford Jenner Inst.

AstraZeneca/Oxford Jenner Inst. (who developed ChAdOx1 nCoV-
19/AZD1222 for intramuscular injection as discussed above) have also
evaluated the same vaccine administered nasally in hamsters and in non-
human primates (van Doremalen et al., 2021). After IM injection of the
vaccine in rhesus macaques, the animals were protected against pneu-
monia but no reduction in sub-genomic and genomic viral shedding
(RNA) from the nasal cavity was found, with the shedding being similar
to that from control animals, indicating replicating virus in the upper
respiratory tract.

Three groups of 10 Syrian hamsters were given either a single IN dose
(2.5 x 108 virus particles) of ChAdOx1 nCoV-19 (50 pL), the same dose
of vaccine given IM (100 pL) or an IM control vaccine. In a challenge
study 28 days after vaccination the animals were given 40 L of 10*
TCDIDsy SARS-Cov-2/human virus intranasally. In a transmission
experiment, vaccinated animals were housed with non-vaccinated donor
animals and left for 4 h. Vaccination via both routes, resulted in high IgG
titres with no significant difference between the titres. Neutralising
antibodies were significantly higher in IN vaccinated animals. Viral RNA
was detected in nasal swabs from all animals, but was significantly
reduced in IN vaccinated animals compared to controls on days 1-3 and
6-7. A significant reduction in viral RNA, from oropharyngeal swabs
from IM vaccinated animals compared to control, was only seen 7 days
after vaccination. For infectious virus, there was a significant difference
in amount of virus in the oropharyngeal swabs for IN vaccinated
compared to control animals, whereas there was no difference in
amount of viral RNA nor infectious virus for IM vaccinated animals as
compared to control. Furthermore, viral RNA or infectious virus could
not be detected in lung tissue from IN vaccinated animals (van Dor-
emalen et al., 2021).

In the non-human primate studies, four rhesus macaques were
vaccinated IN with a dose of 2.5 x 10'° virus particles ChAdOx1 nCoV-
19 in a prime/boost regimen and compared with four control animals.
Blood, nasal swabs and BAL fluid samples were also collected
throughout the studies. Animals were challenged with 106 SARS-Cov-2/
human virus particles both intratracheally and nasally. Higher fractions
of IgA to total Ig antibodies were found in the nasal swabs compared to
BAL fluid and serum samples. S and RBD -specific IgG antibodies was
found in serum and nasal swabs but not in BAL fluid at day seven after
the prime vaccination (at —49 days post infection ~ DPI). Higher IgG
titres were found after the booster vaccination (-28 DPI). SARS-CoV-2
specific IgA titres were low after the prime vaccination, but higher
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after the booster vaccination, and also detected in BAL fluid 7 days after
the booster vaccination. Serum neutralising antibodies were found in
vaccinated animals at titres similar to those found in previous studies
after IM vaccination. After challenge, the nasal swabs in control animals
contained genomic and sub-genomic RNA and infectious virus. Viral
RNA was found in nasal swabs of vaccinated animals but at a lower level
and in fewer animals. Genomic and sub-genomic RNA was detected in
BAL fluid of all control animals. Genomic RNA was found in all four
vaccinated animals at early time points whereas sub-genomic RNA was
only found in one animal at low levels. No infectious virus could be
detected in BAL fluids from vaccinated animals and the viral load in the
lungs was significantly lower for vaccinated than for control animals.
However, no difference in viral load in the nasal cavity was found after
IN vaccination. Hence, IN vaccination resulted in reduced shedding and
a reduction in viral load in the BAL fluid and in the lower respiratory
tract tissue (van Doremalen et al., 2021).

5.5. Lancaster University (UK)/ Biomedical research institute Texas
(US).

The Division of Biomedical and Life Sciences, Lancaster University
has engineered a COVID-19 vaccine based on a live attenuated and
vectored Newcastle Disease virus (NDV) encoding a human codon-
optimised S glycoprotein gene of SARS-CoV-2, that is administered by
the intranasal route. The NDV vaccine platform has been shown in
preclinical models and in humans to be safe and effective against a range
of other viruses including influenza. In a published study, Park et al.
(Park et al., 2021) evaluated the immunogenicity and safety of the
rNDV-S based live attenuated virus vaccine in mice and the protective
efficacy in hamsters. Groups of 12 BALB/c mice were inoculated with
10° PFU of the test vaccine in a prime/booster regimen 7 days apart,
rNDV-S, a wild type NDV (rfNDV-WT) or with phosphate buffered saline.
The rNDV-S induced robust systemic humoral (S protein specific IgG and
anti-RBD specific IgG) and cell-mediated immune responses in the lungs
and in serum in mice, where CD4 + T cell IFNg and NK T-cell TNF +
were significantly increased only for the rNDV-S vaccinated animals.
The vaccine also appeared to be safe, since no clinical disease signs were
observed throughout the experiments nor was any adverse pathology
found in the tissues examined (Park et al., 2021).

In a further study, a total of 8 Syrian hamsters in each group were
vaccinated IN with 1 x 10° PFU of rNDV-WT, rNDT-S or a mock control
once or twice with two weeks interval. To assess protection efficacy of
the rNDT-S vaccine, hamsters immunised (prime or boosted) were
challenged IN with 2 x 10* PFU of SARS-Cov-2 virus. Hamsters that
received prime/booster of the vaccine were protected against the SARS-
CoV-2 viral challenge from lung infection, inflammation and patholog-
ical lesions. Furthermore, four days after vaccination, both a single and a
double dose of the vaccine totally blocked the viral shedding in the nasal
cavity and in the lungs with the potential of preventing clinical disease
and transmission from vaccinated subjects (Park et al., 2021).

5.6. University of Houston, department of chemical and biomolecular
engineering

An et al. (2020) from University of Houston, Texas reported a study
on a single dose intranasal vaccine in BALB/c mice evaluating a subunit
vaccine containing a trimeric or monomeric S protein from the SARS-
CoV-2 virus and using a liposomal, stimulator of interferon genes
(STING), as an adjuvant. The vaccine was prepared by mixing the
trimeric or monomeric S protein with a suspension of the STING
encapsulated in negatively charged liposomes to allow adsorption of the
S protein on the liposomes. The mean particle diameter of the resultant
liposomes was 105 nm. BALB/c mice (groups of four) were administered
a single dose intranasally in one of the following formulations, a)
adjuvant only — liposome-STING, b) control — protein only, c) trimeric-
STING liposomes and d) monomeric-STING liposomes. Sera were
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collected at day 7 and 15 after vaccination, and nasal wash, BAL fluid,
NALT, lungs and spleen were harvested 15 days after injection. The
trimeric-STING-liposome vaccine seroconverted and showed robust
anti-S IgG levels in serum that was also detected in BAL fluid at day 7
and 15. Furthermore, robust splenic T cell responses were also detected.
Mice immunised with the trimeric-STING-liposome vaccine showed IgA
responses in the BAL fluid and in the NALT and an increase in the
number of total IgA secreting and S-specific IgA antibody secreting cells
(ASCs) was also detected in the spleen compared to control. The T and B
cell responses were further activated within the NALT confirming its role
as an inductive site.

5.7. Institut Pasteur-TheraVectys Joint Laboratory

Institut Pasteur-TheraVectys Joint Laboratory published studies
recently in two preclinical models, mice (with induced expression of the
human SARS-CoV-2 receptor, hACE2) and hamsters. They evaluated a
novel IN COVID-19 vaccine candidate based on a lentiviral vector elic-
iting neutralising antibodies against the S glycoprotein of SARS-CoV-2.
The mice studies included prime/boost (1 x 107/1 x 10’ transduction
units (TU)) intraperitoneal (IP) injections and prime/target (1 x 107/3
x 107 TU) IP/IN administration of vaccine compared to control,
together with challenge studies (0.3 x 10° TCIDsq of SARS-CoV-2). The
prime/boost injection of the vaccine resulted in very high serum neu-
tralising IgG against the S protein together with cellular immunity.
Furthermore, partial protection was observed after the challenge test,
with lung viral load significantly reduced for both prime/boost (10-fold)
and prime/target (1000-fold) in vaccinated animals, whereas, IgA was
detectable in the upper respiratory tract only in the prime/target
vaccinated animals. The authors concluded, from this part of the study,
that local IgA in the upper respiratory tract is necessary for full pro-
tection against a challenge with SARS-CoV-2 virus. The study regimen
was repeated in golden hamsters, which are naturally permissive to
SARS-CoV-2 replication. Strong and comparable anti S IgG were detec-
ted in the sera of animals, from both the prime/boost and prime/target
groups. Neutralising activity was found to be highest in the prime/target
animals and comparable to those seen in COVID-19 cases in humans.
After challenge with SARS-CoV-2 virus, the viral lung loads were
significantly lower than in control for both vaccination groups and the
prime/target vaccination strategy induced almost full protection. The
authors concluded that the studies provided evidence of the substantial
prophylactic effects of vaccination with the lentiviral based vaccine
against SARS-CoV-2 and showed intranasal immunisation as a powerful
means to combat COVID-19 infection (Ku et al., 2021).

6. Conclusions and perspectives

In a recent study, the acute humoral responses to a SARS-CoV-2 virus
infection, such as antibody secreting cells and the presence of virus
specific neutralising antibodies in saliva, BAL fluid and serum, were
measured in 159 patients with COVID-19 (Sterlin et al., 2021). It was
found that the early humoral immune responses to the viral infection
were dominated by IgA antibodies, and that SARS-CoV-2 neutralisation
was more closely correlated with IgA than IgM or IgG. One month after
onset of the symptoms from a SARS-CoV-2 infection, the serum IgA
concentrations decreased notably, whereas neutralising IgA in saliva
were detectable for up to 73 days after onset of symptoms. It has also
been shown that the dimeric form of IgA, found in the mucosa, is more
potent against SARS-CoV-2 than both IgA and IgG monomers (Wang
et al., 2021). The authors concluded from the study, that IgA mediated
mucosal immunity could be the most critical defence mechanism against
SARS-CoV-2 and may reduce viral shedding and transmission of the
virus from person to person (Sterlin et al., 2021). Likewise, Butler et al.
(2021) found that robust neutralisation was only apparent in nasal wash
samples from convalescent subjects with varying severity of COVID-19.
Serum neutralisation and effector functions correlated with the
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magnitude of a SARS-CoV-2 -specific IgG response, whereas mucosal
neutralisation was associated with IN SARS-CoV-2 -specific IgA in the
nasal mucosa. This has important implications for understanding of the
protection against SARS-CoV-2 virus afforded by prior infection by the
virus and also importantly, when considering the development of a
vaccine for protection against COVID-19. An ideal vaccine candidate
must not only protect the subject against the disease but also prevent the
subject from acting as an asymptomatic vector and transmitting the
virus to other people. Furthermore it is of importance to ensure that the
vaccines are storage stable and that the vaccine after application does
not induce severe side effects as compared to injectable sars-CoV-2
vaccines.

It is striking that all COVID-19 vaccines against SARS-CoV-2, pres-
ently approved by regulatory authorities, are administered by intra-
muscular injections. These IM injected COVID-19 vaccines against
SARS-CoV-2 virus are predominantly designed to produce an IgG and
cell mediated responses, preventing viremia and the COVID-19 syn-
drome. They have been shown to have a high degree of efficacy in
humans (70-95%). However, as preclinical studies and as a recent
clinical study have shown, they generally provide little protection
against viral replication and shedding in the upper airways (38%-49%
less likelyhood of passing on the virus compared to unvaccinated peo-
ple), since such protection requires the presence of a local sIgA immune
response. As Bleier et al. (2021) have stated, preclinical studies of both
adenovirus (Ad26) and mRNA (mRNA-1273) IM vaccines demonstrated
“persistent virus in nasal swabs although the animals were protected
against COVID-19”. As discussed above, studies in hamsters and rhesus
macaques with intranasal vaccines generally showed induced mucosal
immune responses (such as secretory IgA), not only in the portals of
entry of the virus, such as the nasal cavity, but also in the lower respi-
ratory tract and prevented or provided a significant reduction in viral
shedding and therefore, also transmission between animals.

From the results in the preclinical studies on intranasal vaccines, it is
likely that a similar protective efficacy seen in the IM COVID-129 vac-
cines in humans, will be found with the IN COVID-19 vaccine candi-
dates. Results from the first clinical studies should be available in second
quarter of 2021. However, whether these IN vaccines will also afford a
strong prevention (or reduction) of viral replication in the nasal cavity
and lungs and hence prevent transmission of virus by asymptomatic
subjects, will only be clarified when viral titre endpoints are incorpo-
rated into vaccine clinical trials. It is likely that a combination of an IM
prime vaccination and an IN-booster vaccination (IM/IN) would provide
a viable alternative to the IM/IM prime/booster vaccines, with a better
well-rounded humoral and cell mediated immune response. Presently,
the longevity of the immune responses created by the vaccines is not
known and hence a further development could be that (as is the case for
flu vaccination) a yearly vaccination will be needed against SARS-CoV-
2. Such a booster could be given as a IN vaccine.
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