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Abstract

Covid-19 vaccines have within the first year prevented about 14 million deaths
but did not induce a strong mucosal immune response. Data from US, UK,
Singapore and Israel showed a variable and mostly modest effects of vac-
cination on virus excretion during breakthrough infections. Contact studies
showed decreased transmission of infection from vaccinated index cases,
but the effect varied according to dominant virus type, with study type and
the nature of the contact group and diminished with time after vaccination.
Some researchers suspect that it is unlikely to stop the pandemic with in-
jected vaccines alone. Promising animal experiments were conducted with
mucosal vaccines. Mice nasally immunized with a chimpanzee adenovirus
vector mounted a mucosal immune response, were protected against viral
challenge after a single vaccine dose and suppressed nasal replication of the
challenge virus. Phage T4 expressing SARS-CoV-2 spike and nucleocapsid
induced a sterilizing lung immunity in nasally vaccinated mice. Also hamsters
intranasally immunized with the prefusion-stabilized spike protein showed no
infectious virus in nasal turbinates upon challenge. Other studies showed that
intranasal vaccination with an adenovirus vaccine reduced but did not elimi-
nated viral transmission from infected to naive hamsters. Intranasal vaccina-
tion of rhesus macaques with adenovirus vaccines also substantially reduced
or even suppressed viral replication in the upper and lower respiratory tract.
Human data on mucosal SARS-CoV-2 vaccines are so far limited to safety
and immunogenicity studies. Aerosolized adenovirus vaccines given either
as a booster or as primary immunization were safe and induced similar or
superior immune response than injected vaccines while an aerosolized in-
fluenza vectored vaccine induced only a weak humoral and cellular immune
response. Overall 100 mucosal SARS-CoV-2 vaccines are in development
and 20 are in clinical trials. First human trials demonstrate that this will not be
an easy task.

THE IMPACT OF CURRENT
VACCINES ON THE PANDEMIC

Do we need new vaccines against COVID-19? In view
of highly efficient, approved, widely distributed and safe
vaccines, the question might seem rather rhetorical.
It is key to emphasize that the availability of efficient

vaccines against COVID-19 is a triumph of fundamen-
tal research, industrial development and public health
efforts. Eight vaccine types have been approved for
global use by the World Health Organization (WHO).
They represent four different vaccine platforms: in-
activated viruses (developed in China and India),
mRNA vaccines (developed in US and Germany),
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adenovirus-vectored vaccines (developed in UK and
US) and adjuvanted protein vaccines (developed in
US). Four vaccines have been approved in the US:
the mRNA vaccines BNT162b2 (Pfizer / BioNTech)
and mRNA-1273 (Moderna), the adenovirus-vectored
Ad26. COV2.S (Johnson and Johnson) and the adju-
vanted protein vaccine NVX-CoV2373 (Novavax). In
clinical trials conducted in the US before the emer-
gence of variant viruses, vaccine efficacy (VE) against
symptomatic disease was 94% after two-shots of the
mRNA or adenovirus-vectored vaccines. In addition,
the vaccines approved by Western health authorities
have a good safety record. The Centers for Disease
Control and Prevention (CDC) recorded in the US 54
cases of vaccine-induced immune thrombotic throm-
bocytopenia (VITT) with the adenovirus-vectored vac-
cine, resulting in 9 deaths. CDC noted 10 deaths due
to myocarditis associated with mRNA vaccine applica-
tion (Barouch, 2022). The impact of the vaccines on
adverting death has been tremendous. A recent math-
ematical modelling study analysed the global impact of
vaccination during its first year of introduction (Watson
et al., 2022). When the British researchers based their
estimates on officially reported COVID-19 death data,
they calculated for 2021 about 14 million deaths pre-
vented by vaccination. When they based their calcu-
lation on excess deaths data from a model developed
by the British weekly The Economist, they estimated
nearly 20 million deaths averted by vaccinations.
Overall, vaccination has reduced the death toll from
COVID-19 in 2021 by 63%.

ROOM FOR IMPROVEMENT

Despite these achievements of the approved vaccines,
there is still room for improvement. Vaccine efficacy
(VE) against hospitalization was “only” 70% with both
mRNA or adenovirus vectored vaccines in trials con-
ducted in South Africa when the Omicron variant was
the dominant viral isolate (Barouch, 2022) suggesting
some need for amelioration with respect to protection
against emerging and future viral variants. In addition,
neutralizing antibody titres wane within several months
after vaccination. Therefore current vaccine efforts
concentrate on developing a booster vaccination
scheme to cope with the waning of vaccine-induced
humoral immunity (how many doses? At what time
schedule? Homologous or heterologous booster?;
Costa Clemens et al.,, 2022; Ledford, 2022). There
are also intensive efforts to develop adapted mRNA
vaccines that present two viral spike sequences (bi-
valent vaccines; Callaway, 2022) to cope with the im-
mune evasion characteristics of novel variant viruses.
Data from trials are now accumulating to answer these
questions, but it is still to early to express definitive
recommendations.

Other shortcomings of the current vaccines were
also discussed. Fears towards new biotechnological
methods used in the development of mRNA or re-
combinant viral vaccines in addition to politically and
emotionally motivated general opposition towards vac-
cines resulted in vaccination coverage rates that just
reached about 70% in high income countries. Due to
other problems, vaccine coverage rates are 50%, 30%
and 4% in upper-middle, lower-middle and low income
countries, respectively. South-East Asia, the Eastern
Mediterranean and particularly Africa showed low cov-
erage raising political and economic problems of global
vaccine equity that prevented a further reduction of
the global COVID-19 death toll by vaccines (Watson
etal., 2022). A combination of causes ranging from cost,
freezing requirements, distribution logistic problems,
business priorities for vaccine production and “vac-
cine nationalism” resulted in stark global health ineg-
uities (Barouch, 2022; Wagner et al., 2021). Therefore,
the ease of vaccine application (with or without nee-
dles), vaccine effectiveness when used in routine pro-
grammes, need and frequency of boosters, cost, the
need of cold-chain logistics, manufacturing scalability,
acceptability by communities and scope for local or re-
gional production are additional important factors for
future vaccines (Nohynek & Wilder-Smith, 2022).

THE NEED FOR STERILIZING
IMMUNITY

Another important challenge is the achievement of
sterilizing immunity by vaccination. Vaccination has two
effects: direct effects protecting the vaccinated person
from disease and indirect effects for the contacts of
the vaccinated person protecting them from disease.
This can only be achieved if the vaccinated subject is
not only protected from developing severe disease, but
also shielded from infection or at least if the load of the
virus excreted by the vaccinated person is substantially
reduced in breakthrough infections. The indirect pro-
tection effect would prevent or at least reduce onward
transmission and thus curtail the spread of the pan-
demic leading ultimately to its suppression. A model-
ling study revealed that the waning of natural immunity
contributes to the evolutionary potential of the virus.
Sustained viral transmission in regions with low access
to vaccines as a consequence of vaccine nationalism
will result in an increased potential for viral antigenic
evolution, which may result in the emergence of novel
variants that could affect epidemiological character-
istics and the pandemic trajectory globally and thus
revive the pandemic (Wagner et al., 2021). The study
revealed that sharing vaccines with countries that have
low vaccine availability decreases overall infections.
The authors admit that projecting the trajectory of the
pandemic is complicated and additional complexities
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are introduced if natural and vaccination immunity is
weak and only short-term with respect to viral transmis-
sion. The model, published a year ago, postulated a
good transmission-blocking immunity after two vaccine
doses or natural infection. A year ago there was still an
expectation that the global effort in vaccination would
bring the Covid-19 pandemic under control and trans-
form the pandemic into an endemic phase. However,
the authors of this opinion paper admitted that the
actual pandemic trajectory is difficult to predict since
it depends on too many, at that time not well defined
factors, such as waning immunity, antigenic evolution
of the virus and zoonotic reintroduction of the infection
(Telenti et al., 2021). These authors noted that highly ef-
fective vaccines can achieve the elimination of disease
even if the infection is not eliminated. However, a safer
approach to the control of the pandemic would be vac-
cines that interfere with transmission of the infection by
vaccinated subjects. The present report explores the
impact of current vaccines on virus transmission by
vaccinated subjects and then asks whether mucosal
vaccines have a better chance to achieve that goal.

REINFECTION OF VACCINATED
SUBJECTS

Immunological research has revealed a prominent role
for antibodies to prevent asymptomatic infection with
SARS-CoV-2 while T cells play a dominant role for
averting severe disease, hospitalization and death from
Covid-19 (Barouch, 2022). Therefore, the rapid waning
of the antibody response after vaccination and the fact
that injected vaccines induce a better systemic than a
mucosal antibody response could represent a problem
for preventing re-infection of the vaccinees and sub-
sequent transmission of the infection to bystanders,
thereby interfering with the interruption of infection
chains and ultimately the suppression of the pan-
demic. As long as sterilizing immunity is not achieved,
SARS-CoV-2 will continue to circulate even in a highly
vaccinated populations allowing further evolution of
the virus potentially also leading to higher virulence.
Researchers have therefore also investigated the effect
of injected intramuscular vaccines on mucosal antiviral
immune response, viral exhalation and transmission of
the infection and disease.

Local immunity

US scientists investigated salivary secretory IgA immu-
noglobulins (slgA) as a marker for a mucosal antibody
response in a small group of volunteers who received
either the Moderna or the BioNTech mRNA vaccine. In
seronegative subjects (i.e. persons without a prior natu-
ral SARS-CoV-2 infection) the injected mMRNA vaccine

induced only a negligeable slgA response. Higher an-
tiviral slgA titres were induced by the mRNA vaccine
in seropositive subjects (i.e. persons who had experi-
enced a prior natural infection). However, salivary sIgA
response was variable over time even in the same sub-
ject and did not correlate with serum anti-viral IgG titres
(Sano et al., 2022).

Virus excretion: US studies

A number of research groups investigated the effect of
vaccination on virus excretion in vaccinated as com-
pared with unvaccinated infected subjects. The outcome
differed by geographical area and epidemiological set-
ting. US studies did not observe an effect of vaccination
on virus excretion in breakthrough infections. Several
studies used the Ct cycle threshold level of the diag-
nostic PCR assay as a proxy measure for the viral load
(with lower Ct values indicating a higher viral load in the
diagnostic sample). The analysis of a large outbreak in
Massachusetts in July 2021 (more than 1000 infections
at a mass gathering) revealed that 127 vaccinated per-
sons with a mostly symptomatic breakthrough infection
had a Ct value of 23 which was only marginally higher
than the Ct value of 22 in unvaccinated infected per-
sons (Brown et al., 2021). In addition, the analysis of
genomic and epidemiological data from this outbreak
supported the conclusion of multiple transmissions of
the delta variant virus from and between fully vacci-
nated individuals (Siddle et al., 2022). Vaccinated and
unvaccinated patients with delta infections who were
hospitalized in Wisconsin and Texas also showed com-
parable and low Ct values, indicating that vaccination
did not affect the delta viral load (Subbaraman, 2021).
Vaccinated but uninfected control individuals from this
outbreak showed a good antiviral serum antibody re-
sponse, but no antiviral nasal antibodies. Vaccinated
individuals with an infection showed a vigorous anam-
nestic serum antibody response (30-fold increase), but
only a modest 4-fold nasal antiviral IgA increase (Collier
et al., 2022). US researchers also directly investigated
the physical exhalation of virus particles in the breath
of 93 infected subjects displaying mild symptoms. They
found that subjects infected with the alpha, delta and
omicron variants excreted higher viral loads than those
infected with the initial SARS-CoV-2 strain, that alpha
variant load was higher in the fine than in the coarse air
particles and that both vaccinated and even boosted
subjects exhaled high viral loads (medRxiv preprint
https://doi.org/10.1101/2022.07.27.22278121).

Virus excretion: UK studies

In contrast, studies from UK showed some, albeit
variable effects of vaccination on viral load excretion.
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In the REACT-1 study conducted in the summer 2021
in England, the researchers assessed reverse tran-
scription polymerase chain reaction (RT-PCR) swab
positivity. During summer 2021 when the alpha vari-
ant was replaced by the delta variant, 100,000 self-
administered nose and throat swabs were analysed
from a random sample of the population. Vaccinated
subjects with a positive SARS-CoV-2 test (“break-
through infections”) showed a higher median Ct value
of 28 compared with 23 in unvaccinated subjects
(hence a lower viral load). The authors suggested
that this could indicate a lower infectiousness of vac-
cinated but infected subjects compared with unvac-
cinated infected subjects. However, the Ct difference
between both groups disappeared when a stricter
Ct value was used for defining a positive sample (Ct
threshold shifting from 37 to 33), questioning the bio-
logical relevance of their reported difference (Elliott
et al.,, 2021). In a follow-up REACT-1 study report
conducted when the delta variant was dominant, the
authors reported a lower nasal viral load in infected
subjects who had received a booster vaccination com-
pared with those who had only received two vaccine
doses, but this difference was lost when the omicron
variant dominated the infection wave. Vaccinated and
unvaccinated infected children showed similar Ct val-
ues during both the delta and the omicron wave. In
contrast, asymptomatic subjects showed lower viral
loads than symptomatic subjects both during the
delta and the omicron wave (Elliott et al., 2022).

In another infection survey conducted in England
during early 2021 the researchers assessed the ef-
fectiveness of the BNT162b2 and ChAdOx1 vaccines
against any SARS-CoV-2 PCR-positive test result. The
percentage of positive PCR tests and their Ct value
distribution differed in vaccinated compared with un-
vaccinated subjects without a prior infection. Vaccine
efficacy against infection was 64% after the first and
80% after the second vaccine dose. Breakthrough in-
fections in vaccinated subjects showed a lower viral
load than primary infections in unvaccinated subjects.
Unvaccinated subjects experiencing a re-infection also
showed a low viral load (Pritchard et al., 2021).

Virus excretion: Singapore and Israel

A study from Singapore compared 84 vaccinated with
130 unvaccinated subjects, both hospitalized with delta
variant-associated COVID-19. Severe disease cases
defined by oxygen support differed significantly be-
tween vaccinated and unvaccinated patients (3% vs.
53%), but viral load was high and comparable in both
patient groups (Ct values of 19). However, viral load de-
creased more rapidly in vaccinated compared with un-
vaccinated subjects, parallel to a more rapid increase
in serum neutralizing antibodies (Chia et al., 2022).

Before February 2021, researchers identified in Israel
5000 breakthrough infections in mRNA-vaccinated peo-
ple. When plotting the Ct value against the days after
first vaccination, they observed a fourfold decrease in
viral load starting 12days after vaccination, suggest-
ing a potential reduction of infectiousness (Levine-
Tiefenbrun, Yelin, Katz, et al., 2021). When repeating
the analysis in mid-2021, the researchers found again
a fourfold Ct decrease in viral load in 16,000 break-
through infections with the delta variant, but the effect
declined and finally vanished after 2 and 6 months,
respectively, but could be restored by a booster vac-
cination (Levine-Tiefenbrun, Yelin, Alapi, et al., 2021).
However, the impact of the booster on viral load de-
creased to a two-fold difference in delta virus excre-
tion compared with infections in unvaccinated subjects
and disappeared after 3 months (Levine-Tiefenbrun
et al., 2022).

VACCINATION EFFECTS ON
TRANSMISSION OF INFECTION

Viral load determinations are only a proxy measure for
the infectiousness of subjects. It is thus important to
explore actual transmission data for viral infections.

UK

Household data from health care workers (HCW) in
Scotland, who were in 2020 among the first worldwide
to be vaccinated with AstraZeneca (AZ) adenovirus or
Pfizer mRNA vaccines, showed that family members
from vaccinated compared with unvaccinated HCW
were about 30% and 20% less likely to be infected
or to be hospitalized, respectively (Shah et al., 2021).
Household transmission data from early 2021 in
England suggested that even partial vaccination with
AZ or Pfizer vaccines halved the rate of secondary
transmission (Harris et al., 2021).

Other researchers came to different results when
they investigated the contagiousness of 470 UK index
cases to 600 contacts between Sept 2020 and Sept
2021. Secondary attack rates (SAR) among household
contacts exposed to fully vaccinated index cases was
similar to household contacts exposed to unvaccinated
index cases (25% vs. 23%): 39% of infections in fully
vaccinated contacts arose from fully vaccinated, epi-
demiologically linked index cases. Peak viral load did
not differ by vaccination status or variant type (pre-
alpha, alpha, delta), but fully vaccinated cases with
delta infection showed a more rapid decline of viral
load than those infected with pre-alpha or alpha variant
(Singanayagam et al., 2022).

Researchers from Oxford used contact-testing data
from England during the first half of 2021 for 150,000
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tested contacts of 110,000 index patients to explore the
effect of vaccination on infection transmission. Overall,
46% of contacts from 76,000 unvaccinated index pa-
tients experienced an infection. Only 35% of contacts
from index patients with the first vaccination had an
infection. The infection rate was 28% and 21% of con-
tacts to index patients who were twice vaccinated with
the AZ or the mRNA vaccine, respectively. Protection
from transmission of the alpha variant was greater than
that for the delta variant and decreased with time after
vaccination to reach the level of transmission from
unvaccinated patients 3 months after AZ vaccination.
Partially vaccinated index patients showed comparable
viral loads than unvaccinated index patients, while fully
vaccinated index patients showed a lower viral load for
the alpha, but not for the delta variant compared with
unvaccinated patients. Asymptomatic patients showed
lower viral loads than symptomatic patients in both
vaccinated and unvaccinated patients. Vaccination
decreased the viral load in asymptomatic patients for
infections with the alpha variant, but much less for
infections with the delta variant. Variation in the viral
load explained only 23% of the variation in the reduc-
tion of the transmission by vaccination indicating fur-
ther factors influencing transmission efficiency (Eyre
et al., 2022).

Uus

Researchers investigated transmission of omicron vari-
ant infections in 110,000 inmates of Californian prisons
in the first half of 2022. The risk of transmission to a
close contact (cellmate) was 29%, but differed signifi-
cantly according to the vaccination status of the index
patient. Transmission rate was 36% for an unvacci-
nated index patient without prior infection; 27% for a
vaccinated index patient and 22% for an index patient
with a prior infection. The transmission rate decreased
with additional doses of vaccination, but increased with
time from last vaccination (medRxiv preprint doi: https://
doi.org/10.1101/2022.08.08.22278547).

Israel

A household study from Israel with HCW conducted
before May 2021 revealed that the secondary infection
rate among contacts of unvaccinated index cases was
42% while that of vaccinated index cases was only 19%
(Layan et al., 2022).

InIsrael vaccination campaigns with the Pfizer mMRNA
vaccine started before the vaccine was approved in
children and the detailed documentation of vaccination
and infection events in the healthcare system allowed
studies evaluating the indirect effect of vaccination in
parents on the infection of their unvaccinated children.

Hayek et al. (2022) investigated infections in 400,000
unvaccinated children and adolescents during the early
alpha variant infection wave and found a 26% and 72%
reduced infection rate in children from their household
if one or both parents were vaccinated, respectively, as
compared with households without vaccinated parents.
During the later Delta infection wave they compared
infection rates in unvaccinated children from house-
holds where parents had received a booster versus
households where parents had only received two vac-
cine doses. If one parent was boosted, children experi-
enced an 21% decreased infection rate compared with
an 58% reduction if both parents were boosted. As a
test for non-specific effects, the researchers investi-
gated the rate of bacterial diarrhoea in the children and
did not observe an effect of parental vaccination with
SARS-CoV-2.

Another group of researchers analysed data from
2.5 million subjects in Israel for household transmis-
sion of infection. During the alpha wave they observed
a 23% reduced infection transmission risk by vaccina-
tion of the index case which eroded to a 7% reduced
transmission 3 months after the second vaccination of
the index case. When restricting the susceptible pop-
ulation to unvaccinated children they observed during
the alpha wave 41% vaccine efficacy against transmis-
sion while during the delta wave no significant effect
of vaccination of index cases on transmission was ob-
served (Prunas et al., 2022). The difference between
the two study outcomes might be that the first house-
hold study from lIsrael investigated effects occurring
early after vaccination and concentrated on children
(Dean & Halloran, 2022).

The effect of vaccination on infection transmission
was also investigated in Israel at the population level.
Researchers relied again on health insurance data from
early 2021 where 50% of the population was vaccinated
with the Pfizer vaccine. They separated the dataset into
177 communities with different kinetics of vaccination
coverage and used the unvaccinated paediatric pop-
ulation as bystander and indicator population. The re-
searchers observed that for each 20 percentage points
of individuals who are vaccinated in a given population,
the positive test fraction for the unvaccinated popula-
tion decreased approximately twofold, suggesting a
substantial herd immunity effect (Milman et al., 2021).

Scandinavia

A Danish household study conducted through the
delta and omicron waves found increased rates of sec-
ondary infections if the index case was unvaccinated
compared with a fully vaccinated index case. The re-
searchers described decreased transmission rates
if the index case was boosted compared with index
cases who had received two vaccine doses (medRxiv
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preprint doi: https://doi.org/10.1101/2021.12.27.21268278).
Ct values among unvaccinated compared with vacci-
nated secondary cases infected with delta were com-
parable (Lyngse et al., 2022).

Adult household members of single-vaccinated
HCW from Finland assessed before May 2021 experi-
enced a 23% risk reduction for infection compared with
adults living with unvaccinated HCW. After the second
vaccine dose, adult household members demonstrated
even a 39% reduction in infection risk. However, the
vaccination status of HCW had no significant impact on
the infection risk of children and adolescents living with
them (Salo et al., 2022).

Taken together, the transmission studies indicate a
significant and substantial effect of vaccination on the
infectiousness of breakthrough infections. However,
the degree of the effect varies with the type of contact
group, the virus variant and some data indicate a sub-
stantial erosion of this effect with time after vaccination.
In view of the weak local antibody response, an Israeli
research group thinks that it is highly unlikely that
population-level transmission of SARS-CoV-2 can be
eliminated through vaccination with current vaccines
alone (Prunas et al., 2022) raising the issue of comple-
mentation with nasally applied vaccines.

ANIMAL EXPERIMENTS WITH
NASAL VACCINES

Theoretically, nasal vaccines represent clear advan-
tages over injected vaccines since such vaccines could
stop the transmission of coronavirus to other persons
by suppressing the viral infection already in the nose
of the vaccinated person and thus interrupt infection
chains. Acceptance rate of a nasally applied vaccine
would also be greater than for a muscular vaccine ap-
plied with a syringe. Nasal drops are also safer to apply
than an injected vaccine, which needs clean syringes
and might represent a problem in developing countries.
Therefore, researchers started with animal studies on
nasal SARS-CoV-2 vaccines already in the early phase
of the pandemic.

Mice

US researchers developed a chimpanzee adenovi-
rus vector that encodes a pre-fusion stabilized spike
(S) protein. Upon intramuscular injection in mice this
vaccine induced spike-specific IgG, but no IgA serum
antibodies. No spike protein-specific T cells were de-
tected in the lungs nor were IgA-secreting plasma cells
observed in the spleen. By intranasal immunization in
mice with the same vaccine, both spike protein-specific
IgG and IgA were seen in the serum, vaccine-induced
resident memory T cells were detected in the lungs, and

plasma cells producing both IgA or IgG were seen in
spleens. Anti-viral IgA-producing plasma cells were 5-
times more frequent than those producing IgG. Notably,
intranasal vaccine vector application suppressed viral
replication also in the nose of virus-challenged mice
where the virus detected in the nose only represented
the residual challenge virus. Intranasal immunization
conferred sterilizing immunity since no antibody re-
sponse to the viral nucleoprotein (not contained in the
viral vector, but potentially expressed by the challenge
virus) was seen in intranasally in contrast to intramus-
cularly vaccinated mice (Hassan et al., 2020). Since the
protective effects of the nasal vaccine was seen in mice
after a single vaccine application, a nasal application
might offer another advantage over intramuscular ap-
plication of adenovirus vectored vaccines that need two
injections for full protection.

Canadian scientists developed trivalent adenovirus
vectors based on either a human serotype 5 or a chim-
panzee adenovirus. These vectors expressed the S1
domain of the spike protein, the full length nucleocapsid
(N) protein and a segment of the nonstructural RNA-
dependent RNA polymerase (RdRp) protein in order
to broaden the T cell immune response to additional
SARS-CoV-2 antigens. After documenting safety of
the vaccines in mice, they demonstrated that a single
dose of intranasal immunization in mice not only led to
a superior humoral anti-spike antibody response, but
also a superior airway T cell response compared with
intramuscular injection of the same trivalent vaccine.
Notably, multifunctional CD8" T cells with cytotoxic po-
tential were induced in the respiratory tract. The chim-
panzee adenovirus vector turned out to be better than
the human adenovirus vector. The intranasal, but not
the intramuscular vaccines induced mucosal tissue-
resident memory T cells (TRM) which play a pivotal
role in host defence against reinfection. Intranasal in
contrast to intramuscular immunization also induced
trained airway macrophages critical for trained innate
immunity (TIl). Experiments using mice strains that
displayed mutations in different arms of the immune
system revealed that both humoral and T cell immunity
are required for protection by intranasal immunization,
while TIl improves clinical outcomes but did not control
viral replication. The researchers also tested vectors
expressing all three, two or one viral antigens and ob-
served that inclusion of the N / RdRp antigens offered
additional protection via T cell immunity and TIl. The
intranasal trivalent vaccine provided sterilizing lung im-
munity also to two virus variants of concern (Afkhami
et al.,, 2022).

US researchers developed another interesting vac-
cine vector for intranasal immunization. They used the
Escherichia coli bacteriophage T4 as a nanovaccine.
By CRISPR engineering they constructed a phage that
expressed the SARS-CoV-2 spike and E proteins on
the surface of the phage capsid and the SARS-CoV-2 N


https://doi.org/10.1101/2021.12.27.21268278

NASAL COVID-19 VACCINE NEED?

protein within the phage capsid. They induced in mice
spike-specific helper and effector T cells, killer T cells
and broad neutralization of Beta, Delta, and Omicron
variant viruses. Two doses of the intranasal phage-
vectored vaccine protected mice from weight loss or
death (according to mouse Covid-19 disease model),
prevented lung pathology and established sterilizing
viral immunity in the lung. T4 phage is noninfectious in
humans and has demonstrated safety in clinical trials of
phage therapy approaches (Sarker et al., 2012, 2016,
2017). The T4 vectored vaccine is stable for at least
10weeks at ambient temperature and together with the
low cost of phage production offers attractive prospects
as a mucosal nanovaccine particularly for developing
countries (Zhu, Jain, et al., 2022).

Hamster

US virologists immunized hamsters with an approved
adenovirus vaccine intranasally (IN). The animals
mounted a higher serum neutralizing antibody titre
than animals after intramuscular (IM) immunization.
After challenge, infectious virus was detected in the
oropharyngeal swabs of all immunized animals, but IN
vaccinated hamsters showed a 10-fold lower titre than
IM vaccinated hamsters. Neither IN nor IM vaccinated
hamsters showed viral RNA, infectious virus or pathol-
ogy in the lungs while unvaccinated controls showed
clear signs of interstitial pneumonia. Similar observa-
tions were made when the challenge virus was applied
by intranasal inoculation or by transmission from in-
fected cage mates (van Doremalen et al., 2021).

US researchers also used a different virus vector,
parainfluenza virus type 3, expressing the native (S)
or prefusion-stabilized (S-2P) SARS-CoV-2 S spike
protein. In hamsters a single intranasal immunization
with these vectors induced significantly increased
serum IgG titres against the spike protein. However,
only hamsters immunized with the prefusion-stabilized
spike protein showed significant neutralizing antibody
titres against various SARS-CoV-2 isolates. Both vac-
cines protected against weight loss induced by viral
challenge and prevented detection of infectious virus
in the lung. Hamsters intranasally immunized with the
prefusion-stabilized spike protein showed upon chal-
lenge no infectious virus in nasal turbinates, while the
S protein vaccine only decreased and shortened nasal
virus excretion (Liu et al., 2021).

Still another group of US scientists compared oral
and intranasal immunization of hamsters with an ad-
enovirus type 5 vector expressing the full length spike
protein. Serum anti-spike IgG and IgA titres were
higher after both oral and nasal than after intramuscu-
lar vaccine injection. Both mucosal vaccination routes
suppressed detection of infectious virus in the lung
upon viral challenge. Only nasal immunization reduced

albeit not prevented infectious virus detection in the
nasal swab of challenged hamsters. All vaccine routes
decreased lung pathology in challenged animals. 63%,
44% and 100%, respectively, of naive hamsters ex-
posed to orally, nasally or intramuscularly immunized
and subsequently infected hamsters experienced a
transmission of the infection. Mucosal vaccination did
not completely prevented transmission, but was more
efficient than intramuscular immunization and likely
reduced the effective dose reaching the exposed
hamsters as indicated by a less affected weight devel-
opment (Langel et al., 2022).

Other approaches than conventional vaccines have
also be explored for their capacity to reduce virus trans-
mission. A concept borrowed from classical virological
research is defective interfering (DI) particles, viruses
that contain shortened, internally deleted viral genomes
that successfully compete with the replication of viruses
containing the complete genome and thereby reduce
infectivity. US researcher developed 2-kb non-coding
mRNA from SARS-CoV-2 as therapeutic interfering
particles that suppressed viral burst size and reduced
cell-to-cell virus transmission (Chaturvedi et al., 2021).
A single, intranasal, postexposure dose of these parti-
cles lowers SARS-CoV-2 nasal shedding and reduced
transmission of SARS-CoV-2 including Delta vari-
ant from infected to uninfected hamsters (Chaturvedi
et al., 2022). However, DI mRNA as well as nasal appli-
cation of engineered IgM that displays broad range po-
tent neutralization of SARS-CoV-2 and its variants and
protects mice prophylactically — and at 10-times higher
doses also therapeutically — against lung disease (Ku
et al., 2021) belong more to nasal antivirals than to the
subject of nasal vaccines.

Rhesus macaques

Chinese virologists engineered a replication-
incompetent recombinant serotype 5 adenovirus car-
rying a codon-optimized gene encoding Spike protein
(S) and compared its immunogenicity and protection in
rhesus macaques after intra-muscular (IM) and intra-
nasal (IN) application. IM vaccination induced a good
serum ELISA and neutralizing antibody response, but
no mucosal antibodies while IN vaccination induced
both serum and mucosal antibody titres. Serum anti-
body titres increased over time in IM injected, but not in
IN immunized animals resulting in 10-100 fold higher
titres in IM immunized animals. IN vaccination induced
weaker cell-mediated immune (CMI) responses to the
spike protein than IM vaccination. In challenge ex-
periments control monkeys showed high viral loads in
pharyngeal swabs while this was not observed in ei-
ther IM or IN immunized monkeys, demonstrating that
IN vaccination can confer effective protection of mon-
keys against SARS-CoV-2 infection. IN induced less
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anti-vector antibodies than IM immunization which is a
possible advantage for repeat immunizations with the
same adenovirus vector vaccine (Feng et al., 2020). US
researchers showed that intranasal vaccination with a
S protein expressing vector induced serum IgG, IgA
and neutralizing antibody titres and T cell responses.
Upon intranasal and intrabronchial challenge with
SARS-CoV-2 animals that had received the nasal vac-
cine showed a lower clinical score, lower viral presence
in the lungs and lower nasal virus titres than animals re-
ceiving the empty control vector (Hassan et al., 2021).
Another US group confirmed the observation when
reporting significantly decreased subgenomic RNA (in-
dicative of replicating virus) or infectious virus in nasal
turbinates of rhesus macaques intranasally immunized
with adenovirus vector vaccine when they underwent
viral challenge compared to systemically immunized
animals (van Doremalen et al., 2021).

NIH researchers who had developed a parainflu-
enza vector for SARS-CoV-2 in hamsters reported in
a recent preprint combined intranasal/ intratracheal
immunization experiments with this vector in rhesus
macaques. The vaccine induced mucosal antibodies in
both the upper and lower respiratory tract in addition
to neutralizing serum antibodies displaying activity also
against variant viruses. Immunization induced CD4*
T-cells and cytotoxic CD8" T-cells in the airways which
showed transition to tissue-resident memory pheno-
types and protected rhesus macaques against replica-
tion by a challenge virus in both the upper and lower
airways (https://doi.org/10.1101/2022.05.21.492923).

Mucosal vaccination as booster

German virologists investigated mucosal vaccinations
with adenoviral serotype 5 and 19a vectors in mice with
or without prior systemic priming (Lapuente et al., 2021).
Neutralizing antibodies against virus was detected in
sera and lung washes from mice primed with a plasmid
expressing SARS-CoV-2 spike S and nucleocapsid N
proteins, followed by a boost with a nasal adenovirus
vaccine vector. This was however not observed after
nasal vaccination with the adenovirus vector alone. In
contrast to two intramuscular applications of an mMRNA
vaccine, intranasal boosts with adenoviral vectors in-
duced high levels of mucosal IgA and lung-resident
memory T cells. Since intranasal boost strategies led
to complete protection against SARS-CoV-2 infection
in the mouse model, mucosal booster immunizations
after mMRNA priming might be a promising approach to
increase mucosal immunity. Data on the duration of im-
mune response after mixed IM/IN vaccination are still
lacking.

US researchers found that single dose of unadju-
vanted recombinant spike protein by intranasal injec-
tion was not sufficiently immunogenic in mice. Using

this vaccine as a boost after an intramuscular mRNA
vaccine elicited local B cell responses in the lung and
stimulated resident memory T cells in the airways which
was not achieved by mRNA intramuscular vaccination
alone. The IM/ IN vaccination schedule induced not
only mucosal immunity, but also protected mice from
lung disease and mortality upon challenge not only
with the homologous SARS-CoV-2 virus but also with
some variant viruses (bioRxiv preprint doi: https://doi.
org/10.1101/2022.01.24.477597). So far, mRNA vac-
cines for nasal application are not explored.

HUMAN TRIALS WITH MUCOSAL
VACCINES

So far only few clinical trials have been published report-
ing data with mucosal vaccination against Covid-19, but
this situation is likely to change soon since a number of
trials are reported as ongoing (Waltz, 2022a).

The strategic advisory board of WHO has recom-
mended a third injection for persons older than 60 years
who received two intramuscular injections of the inacti-
vated Chinese CoronaVac vaccine. To comply with this
request, Chinese health authorities conducted a safety
and immunogenicity trial in 420 healthy adults. A third of
them received as booster a dose of 10'° viral particles
of an adenovirus-based vaccine developed in China by
oral aerosol application. Another third received twice
as much oral vaccine while the last third received the
initial inactivated CoronaVac vaccine intramuscularly.
Adverse reactions were less frequent with the aerosol-
ized boost than with the injected boost and consisted of
dry mouth and pharyngeal swelling in the oral vaccine
groups. Immunogenicity was studied in subgroups of
50 vaccinees per group. All three boosts increased the
serum neutralizing or spike-specific antibody titres, but
the increases were about 10-fold higher in the oral than
in the intramuscular boost recipients, with no difference
between high and low oral dose. The same was true
for the stimulation of the virus-specific T cell response
measured by interferon and interleukin ELISpot re-
sponses. The orally boosted vaccinees showed Th1-
skewed cellular immune responses (Li et al., 2022).
The vaccinees were followed for further 6 months for
antibody titre development. Both oral booster groups
showed neutralizing antibody titres decreases by 80%,
but remained over the entire time period about 30-fold
higher than titres in the group receiving a homologous
intramuscular CoronaVac boost. Orally boosted, but
not intramuscularly boosted vaccinees also showed ti-
tres against the omicron variant albeit at lower levels
(medRxiv preprint doi: https://doi.org/10.1101/2022.07.
26.22278072).

Chinese researchers conducted a phase 1 safety
and immunogenicity trial with Ad5-nCoV, a Chinese
replication-defective adenovirus type-5 vectored
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vaccine that encodes the SARS-CoV-2 spike protein
which was also used in the above-mentioned booster
study. They compared five groups each comprising
26 participants. The participants received either two
doses of low or high aerosolized vaccine by nebuliza-
tion inhalation, a mixed intramuscular injection followed
by an aerosol application, or one or two doses of in-
tramuscular vaccines. Adverse events occurred more
frequently after intramuscular than after aerosol vac-
cination, mostly manifested as a higher percentage
of fever reaction after intramuscular injection. Serum
neutralizing antibody titres were comparable after aero-
sol and intramuscular vaccine application. Neutralizing
and IgG and IgA serum antibody titres after mixed vac-
cine application tended to be higher than in the other
groups. All vaccination groups showed comparable
T cell stimulation as measured by viral spike-specific
IFN-y ELISpot responses (Wu et al., 2021).

Another group of Chinese scientists conducted a
combine phase 1/ phase 2 safety and immunogenicity
trial with a nasal vaccine in more than 1000 healthy
adults lacking antibodies to SARS-CoV-2 at baseline.
The intranasal vaccine was a cold-adapted influenza
strain lacking the non-structural influenza virus protein
1 (NS1) which expressed the RBD domain of SARS-
CoV-2 spike protein. The vaccine diluent was used as
placebo. The products were applied with a sprayer that
atomized the liquid into a fine mist of droplets. Overall,
19% of the vaccine recipients reported mostly mild ad-
verse events. Seroconversion for RBD IgG antibodies
were seen in 20% of the vaccinees. Nasopharyngeal
slgA was only detected in 13% of the vaccinees, while
40% of vaccinees showed a weak T cell response
against the viral spike protein. A similar rate of T cell
response was seen in placebo recipients which was
explained by the fact that both products were nebulized
in the same small room leading to cross-contamination
(Zhu, Zhuang, et al., 2022). If this interpretation is cor-
rect, even very small amounts of nebulized vaccine can
induce a T cell response.

British scientists conducted an open-label phase
1 clinical trial in 30 vaccine-naive healthy adults with
the ChAdOx1 nCoV-19 adenovirus vaccine approved
for intramuscular injection which they applied intrana-
sally by a commercial nebulization device. Adverse
effects were mild (sore throat, nasal discharge, head-
ache). Nasal spike-specific IgA antibody titres were
barely increased over preimmune titres after one and
two intranasal vaccinations. Also serum spike-specific
IgG antibodies were not significantly increased after
intranasal vaccination while cellular immune response
measured with the interferon-y ELISpot test showed
increases after intranasal vaccination, but remained
below values measured in convalescent subjects.
Intranasal booster given after two intramuscularly
mRNA immunization in 6 subjects did not increase
nasal anti-spike IgA titres. Infection of 7 from the 42

m

intranasally-immunized subjects within 16weeks of
follow-up was considered as a discouraging outcome
by the study authors even if vaccine efficacy was not
planned in this study (Madhavan et al., 2022). Based on
this disappointing results Astra Zeneca abandoned its
nasal vaccine project.

ONGOING ACTIVITIES

There are more than 100 mucosal vaccines against
Covid-19 in development of which 20 are in clinical
trials (Waltz, 2022a). Most advanced are mucosal
vaccines from Bharat Biotech (Hyderabad, India), a
non-replicating adenoviral vector applied as intrana-
sal drops which completed two -so far unpublished-
phase lll trials and has received approval in India as
a two-dose primary inoculation. Bharat compared its
intranasal vaccine to Covaxin, an injected vaccine from
India, for serum antibody production (Waltz, 2022b).
Likewise, CanSino Biologics (Tianjin, China), using an
aerosolized version of an approved intramuscular ad-
enovirus vector vaccine for inhalation through nose and
mouth, has finished unpublished phase Il trials and has
likewise received approval by Chinese authorities as a
booster dose. Beijing Wantai Biological Pharmacy cur-
rently tests a live attenuated vaccine applied as an in-
tranasal spray in an ongoing phase lll trial with 40,000
subjects. A similar approach is followed by Codagenix
(Farmingdale, New York) and Serum Institute of India
(Pune) in a combined phase Il/lll efficacy study in
20,000 people from Africa. This clinical test is part of
the WHQ's Solidarity Trial Vaccines, which compares
also other vaccines against a shared placebo group.
Such trials meet difficulties since it is increasing difficult
to recruit unvaccinated and uninfected subjects into tri-
als and because it is ethically difficult to justify placebo
groups when efficient injected vaccines are available.

Razi Vaccine (Karaj, Iran) developed a protein sub-
unit vaccine applied as nasal spray and has received
emergency authorization in Iran. Russia has approved
an intranasal-spray version of Sputnik V. No published
data are available for these two vaccines. Several other
viral vector and a protein subunit vaccine from Cuba
are in phase | or Il clinical trials.

OUTLOOK

The constitution of a placebo group is not the only prob-
lem for these trials. Another issue is the definition of
clinical endpoint. Many of the aforementioned clinical tri-
als will measure serum neutralizing antibody titres and
compare it with those achieved by intramuscular vacci-
nation and take these data as indicators for protection
from disease. Other trials will also measure secretory
IgA and tissue-resident memory T cells as indicators
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for (sterilizing) mucosal immunity. However, mucosal
correlates for protection against infection are much less
clear than serum correlates against disease. None of
these trials test for prevention of infection or prevention
of transmission of infection. Such an outcome is in fact
an ambitious goal for mucosal vaccines. Few mucosal
vaccines are approved, most are oral vaccines. Some
of them are very successful (oral polio, oral rotavirus
vaccines), others are less impressive (cholera vaccine)
while the experience with nasal vaccines against res-
piratory infections is mixed. The Swiss vaccine producer
Berna retracted in 2001 its intranasal inactivated influ-
enza vaccine from the market because of a significant
increase in Bell's palsy (facial paralysis) after vaccination
(Mutsch et al., 2004). The FluMist nasal influenza vac-
cine developed by Medlmmune was approved in 2003
in the US. There is a clinical trial in nearly 8000 children
which showed superior efficacy of a live attenuated influ-
enza virus vaccine administered as an intranasal spray
compared with an inactivated influenza virus vaccine
injected intramuscularly. There were 55% fewer cases
of cultured-confirmed influenza cases in the group that
received the nasal as compared with the injected vac-
cine recipients. The study nevertheless called for some
caution since children younger than 1 year showed in
a post-hoc analysis a significant higher hospitalization
rate with respiratory diagnosis than those receiving the
injected vaccine (Belshe et al., 2007). In addition, dur-
ing the 2015-2016 season, vaccine efficacy against
influenza A(H1N1) in US children was significant for
inactivated injected vaccine but not for live attenuated
nasal vaccine recipients (Poehling et al., 2018). These
concerns regarding lack of effectiveness led to the CDC
Advisory Committee on Immunization Practices (ACIP)
recommendation to administer inactivated influenza vac-
cines and not the nasal vaccine, during the 2016-17 and
2017-18 seasons (Grohskopf et al., 2017).

Success with a nasal vaccine against a viral respi-
ratory infection is thus an ambitious goal and far from
being guaranteed. Clinical trials have to document sev-
eral outcomes. First, clinical trials of nasal SARS-CoV-2
vaccines should demonstrate that they are safe. Second,
trials should prove that their protection efficacy against
severe disease is as good as that achieved with injected
Covid-19 vaccines. If that is the case, intranasal or oral
SARS-CoV-2 vaccines could be an interesting alterna-
tive to injected vaccines for psychological (needle fear)
and logistic reasons (no need for sterile syringes, vac-
cine application could be done by non-medical person-
nel). Third, epidemiological research should prove that
nasal vaccination reduces the transmission of break-
through infections in vaccinated subjects to bystanders,
at least at a rate greater than achieved by intramuscular
vaccinations. This would be the most valuable asset for
nasal vaccines, but probably also the most ambitious
outcome that is so far not part of the test protocols in
the ongoing clinical trials with nasal vaccines. This would

then be a contribution to end the circulation of SARS-
CoV-2. With the exception of China which opted for a
no-covid policy, most governments have now settled to
limit the hospital burden of Covid-19 for their societies
which can be achieved by injected vaccines. However,
this strategy carries an inherent risk: if no barrier to viral
replication is erected in the upper respiratory tract by
vaccination, the virus will continue to circulate and to mu-
tate, raising the spectre of the emergence of a viral vari-
ant that undermines the current vaccine protection and if
combined with a substantial virulence gain could reignite
a renewed acute pandemic phase. As this is more than
a theoretical risk and as our knowledge level for muco-
sal vaccines against respiratory infections is limited, it is
certainly justified to continue with fundamental and clini-
cal research on mucosal vaccines against SARS-CoV-2.
Hurdles are manyfold ranging from lack of standardized
tests of mucosal immunity, lack of correlates for muco-
sal protection to lack of financial investment into nasal
vaccine making it a commercially high risk, and only po-
tentially high reward industrial activity (Akst, 2022). To
address this issue, some prominent immunologists have
requested a new Lightning Speed Operation as for the
first injected Covid-19 vaccines, now for mucosal vac-
cines against Covid-19 (Topol & Iwasaki, 2022)."
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ENDNOTE

'Since submission of the review four important reports were published, two
were mentioned as preprints in this review. Mao et al (Science. 2022 Oct
27:eab02523) immunized hamsters after an intramuscular mRNA shot with
an unadjuvanted intranasal spike protein boost. Compared to hamsters
receiving two mRNA injections, these animals showed reduced viral shed-
ding when exposed to infected cage mates. Le Nouén et al (Cell 12691)
generated a live-attenuated parainfluenza virus-vectored vaccine candidate
expressing the spike protein. A single intranasal/intratracheal dose

induced in macaques strong spike-specific airway mucosal IgA and IgG
responses. Following challenge, SARS-CoV-2 replication was undetectable
in airways and lung tissues of immunized macaques. Ashhurst et al (Nature
Communications 13:6972) developed a subunit vaccine consisting of spike
protein with a Toll-like-receptor 2 (TLR2) adjuvant, an activating innate
immune receptor expressed in respiratory epithelia. Mucosal vaccination

in mice provided complete protection against disease and sterilizing lung
immunity against SARS-CoV-2. Liu et al (Nature Communications 13:6792)
engineered by deletion and mutation an attenuated SARS-CoV-2 vaccine
candidate. Intranasal immunization induced a robust antibody response and
protected hamsters not only against disease, but also reduced infectious
viral titers in nasal wash samples 1000-fold.
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