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0 Abstract

Introduction and Objective. Respiratory diseases, such as
influenza, COVID-19 and pertussis, pose a significant public
health threat, especially among at-risk groups such as the
elderly and chronically ill. The aim of the study is to assess the
potential of intranasal vaccines asa modern, safe and promising
alternative to classical immunization methods, especially in
the context of preventing the spread of infectious diseases.
Review Methods. A literature review was performed based
on PubMed and Google Scholar databases (up to 31 December
2024), with no restrictions on publication date. The search
terms used were: ‘pertussis vaccination’,'COVID-19 vaccination’,
and ‘influenza vaccination’. Studies in animal and human
models on the efficacy of intranasal vaccination were included.
Brief description of the state of knowledge. Intranasal
preparations against influenza, pertussis and COVID-19 show
great potential. The use of hydrogel substances can prolong
the presence of the antigen in the nasal cavity, promoting
the development of durable immunity. BPZE1 is a pertussis
vaccine with good tolerability and efficacy in clinical trials. It
has also been shown that the combination of intranasal and
systemic vaccines can enhance the immune response.
Summary. Intranasal vaccines are effective in inducing
mucosal and systemic immune responses against pertussis,
influenza and SARS-CoV-2. The results obtained suggest that
they may become an important tool for the prevention of
respiratory diseases and further clinical trials are required.
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I Streszczenie

Wprowadzenie i cel pracy. Choroby ukfadu oddechowe-
go, takie jak grypa, COVID-19 czy krztusiec, stanowia istotne
zagrozenie dla zdrowia publicznego, szczegdlnie dla oséb
z grup ryzyka, takich jak osoby starsze i przewlekle chore.
Celem niniejszego artykutu jest ocena potencjatu szczepionek
donosowych jako nowoczesnej, bezpiecznej i obiecujacej
alternatywy dla klasycznych metod immunizacji, zwtaszcza
w kontekscie zapobiegania rozprzestrzenianiu sie choréb
zakaznych.

Metody przegladu. Przeglad literatury oparto na bazach
PubMed i Google Scholar (do 31 grudnia 2024 roku), bez ogra-
niczen co do daty publikacji. Wykorzystano hasta: ,szczepienie
przeciwko krztuscowi”, ,szczepienie przeciwko COVID-19”
oraz ,szczepienie przeciwko grypie”. Uwzgledniono badania
na modelach zwierzecych i ludzkich dotyczace skutecznosci
szczepien donosowych.

Opis stanu wiedzy. Donosowe preparaty przeciwko gry-
pie, krztuscowi i COVID-19 wykazujg duzy potencjat. Zawarte
w nich substancje hydrozelowe moga wydtuza¢ obecnos¢
antygenu w jamie nosowej i wspomagac rozwoj pamieci im-
munologicznej. BPZE1 to szczepionka przeciw krztuscowi,
ktéra cechuje sie dobrg tolerancja i skutecznoscia. Wskazuje
sie réwniez, ze potaczenie szczepien donosowych z ogoél-
noustrojowymi moze nasila¢ odpowiedz odpornosciowa.
Podsumowanie. Szczepionki donosowe sg skuteczne w indu-
kowaniu sluzéwkoweji ogélnoustrojowej odpowiedzi immu-
nologicznej przeciwko krztuscowi, grypie i SARS-CoV-2. Obec-
ne wyniki sugeruja, ze moga one stac sie waznym narzedziem
zapobiegania chorobom ukfadu oddechowego i wymagaja
przeprowadzenia dalszych badan klinicznych.

Stowa kluczowe
grypa, wakcynologia, COVID-19, krztusiec, szczepionki
donosowe
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INTRODUCTION

The earliest documented attempts at variolation occurred
in India and China in the 16th century, which involved the
intranasal administration of smallpox pustular material
or scabs. But it was not until the turn of the 18th and 19th
centuries that vaccination against smallpox (Variola vera)
first appeared. Mass vaccination activities in England
included such personalities as Robert Sutton and the
surgeon Edward Jenner (1749-1823), who performed the first
experimental vaccination against smallpox [1]. Subsequently,
attenuated vaccines were developed by researchers such as
Louis Pasteur (1822-1895), Albert Calmette (1863-1933),
and Camille Guérin (1872-1961), followed by inactivated
vaccines, pioneered by Daniel Elmer Salmon (1850-1914)
and Theobald Smith (1859-1934) in the United States [2].
The first inactivated viral vaccine was the influenza vaccine
[3]. Currently, vaccination remains the most effective and
long-term preventive strategy against severe acute respiratory
syndrome Coronavirus 2 (SARS-CoV-2) and other viral
respiratory infections, which contribute to severe health
complications and have the potential for rapid human-to-
human transmission [4].

In 2014, the World Health Organization (WHO) recorded
139,786 cases of pertussis [5,6], and in the United States,
between 2011 and 2015, 15,942 patients were hospitalized
for the disease [7]. Bordetella pertussis is a leading cause of
vaccine-preventable death [8], particularly among children,
the elderly, and immunocompromised individuals [3]. The
first acellular pertussis vaccine was developed in 1981 [3],
and efforts are being made to eradicate Bordetella pertussis
from the human population [10]. In 2004, the live attenuated
influenza vaccine, FluMist, was officially approved [12],
while currently, two types of vaccines are in use — whole-cell
vaccines (wPVs) and acellular vaccines (aPVs) [9]. However,
there is still an urgent need for further vaccine development
[10,11].

In 2009, the HIN1 influenza virus pandemic (A subtype)
presented a significant challenge for scientists, and to achieve
population-level immunity as quickly as possible, work on
developing vaccines began almost immediately. In June,
the WHO declared a pandemic and by September the first
vaccine preparations were available in both Australia and
the United States. However, access to these vaccines was
primarily limited to residents of highly developed countries,
and the number of immunized individuals significantly
increased with the introduction of a single-dose vaccine [13].
Based on the experience with the HIN1 virus, there was the
opportunity to develop effective vaccines for new strains
of the influenza virus, and progress was made possible by
the development of live and recombinant vaccines, as well
as those derived from cell culture-based platforms [13,14].

Worldwide, Over 600 million people have been affected by
Coronavirus Disease 2019 (COVID-19) [15], caused by the
SARS-CoV-2, especially among high-risk groups, including
the elderly and individuals with diabetes, severe asthma,
and other underlying conditions. Additionally, higher
mortality risks have been observed among Black individuals
and those of South Asian descent [16]. The development
of the first COVID-19 vaccine began on 10 January 2020,
following the release of the SARS-CoV-2 genetic sequence
by the Chinese CentRe for Disease Control and Prevention.
Research on the BNT162b2 vaccine, the technical name for

the Pfizer-BioNTech COVID-19 vaccine, developed using
mRNA technology. The vaccine contained lipid nanoparticles
encoding the SARS-CoV-2 spike protein, and when
administered in a two-dose regimen demonstrated a 95%
efficacy in individuals aged 16 and older, which consisted of
the administration of the first dose (primary dose) followed
by a second - booster — dose 21 days later to enhance the
immune response [17].

Currently, vaccination remains the most effective and
long-term method of prevention against SARS-CoV-2, which
causes severe health complications and spreads rapidly
within the population [4]. However, despite the high efficacy
of mRNA-based systemic vaccines against COVID-19 in
preventing severe cases of the disease, there is a need for
research into intranasal vaccines to induce stronger mucosal
immunity, and provide increasingly better protection against
new viral variants, such as Omicron [18]. Intranasal vaccines
represent an innovative prophylactic approach to respiratory
diseases, offering several practical and immunological
advantages. Their non-invasive, needle-free administration
improves patient compliance, particularly among children
and individuals with needle phobia, while also reducing
the risks of needle-associated injuries and lowering the
need for trained healthcare personnel. These formulations
are associated with relatively low production costs, can be
easily applied in large-scale immunization campaigns, and
are considered to have a low risk of severe adverse events.
Importantly, they stimulate both systemic and mucosal
immunity, providing a first line of defence at the entry site
of respiratory pathogens and limiting pathogen transmission.
Nevertheless, their efficacy may be compromised by
physiological barriers, including rapid clearance due to
mucociliary transport, and the limited permeability of the
nasal mucosa [19,20].

OBJECTIVE

The aim of this study was to review the current state of
research on intranasal vaccines against pertussis, influenza,
and COVID-19, as well as to assess their potential advantages
and associated challenges.

MATERIALS AND METHOD

The literature review in this study was conducted in five

main phases.

1) Formulation of the research question - “What is known
about intranasal vaccines against Bordetella pertussis,
SARS-CoV-2, and influenza virus?” With a broad scope
to capture various aspects of the topic.

2)Identification of relevant studies. English-language stu-
dies in the PubMed and Google Scholar databases were
searched using key terms, such as: ‘pertussis vaccination’,
‘COVID-19 vaccination’, and ‘influenza vaccination’. Addi-
tionally, the reference lists of relevant review and original
research articles were reviewed. Studies were included
without restrictions on the initial publication date, up to
31 December 2024.

3) Study selection. Both animal and human studies were
included, provided they contained data on the efficacy
of intranasal vaccination against pertussis, influenza, or
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COVID-19. The selection process was conducted by the
first and senior authors over a three-week period.

4)Data extraction. Key study parameters were extracted,
including disease type, intervention details, and primary
outcomes.

5) Synthesis, summarization, and reporting of results. The
collected data were thematically organized into predefined
categories: 1) Intranasal pertussis vaccination, 2) Intra-
nasal influenza vaccination, and 3) Intranasal COVID-19
vaccination. Additionally, a brief historical background
of vaccination was included in the introduction to each
subsection.

STATE OF KNOWLEDGE

Intranasal pertussis vaccine. Bordetella pertussis is a small,
aerobic, Gram-negative bacillus responsible for causing
pertussis (whooping cough) [5,14] which, despite high global
vaccination coverage, remains a significant public health
concern [5,21,22]. The rising number of reported cases is
likely attributable to molecular adaptations of the pathogen,
improved diagnostic capabilities, and reduced vaccine
efficacy due to the declining vaccination uptake [5]. Moreover,
B. pertussis colonization may be asymptomatic and can
contribute to natural immunization [8]. The classical clinical
course of pertussis occurs primarily in unvaccinated children
and progresses through three distinct stages: catarrhal,
paroxysmal, and convalescent [23,24]. The illness typically
lasts 6-12 weeks [5]. Current treatment includes azithromycin,
which eliminates bacterial colonization within 48 hours in
88% of cases [8]. Clarithromycin is also recommended due
to comparable efficacy and improved tolerability compared
with erythromycin [11], while cotrimoxazole may be used in
patients with macrolide intolerance [25].

In many countries, the acellular pertussis (aP) vaccine is
an integral part of immunization schedules. However, its
efficacy is lower than that of the whole-cell pertussis (wP)
vaccine, which was widely used between the 1940s - 1980s. As
aresult, infants, young children, and immunocompromised
individuals remain at a significantly higher risk of infection
[10]. The limitations of both acellular (aPV) and whole-
cell (WPV) pertussis vaccines in preventing infection and
transmission have created a need to investigate intranasal
pertussis vaccines, such as BPZE1 - a live attenuated
intranasal pertussis vaccine [9].

In 2008, the construction of the BPZE1 vaccine was
described by Prof. Locht et al., as being created through
genetic inactivation or deletion of three toxins: tracheal
cytotoxin, dermonecrotic toxin, and pertussis toxin
[9,22]. It was designed to prevent B. pertussis infections,
[11,21,26,27,28,29] mimicking the natural route of infection
[26], and providing protection against nasal colonization and
bacterial transmission [10,28]. As a part of further studies
Feunou et al. conducted a study evaluating the efficacy of
BPZEI in protecting against pertussis. The experiment was
performed on three-week-old and eight-week-old female
Balb/C mice which received 10° colony-forming units (CFU)
of BPZE1 in 20 pl of phosphate-buffered saline (PBS), applied
to the tip of the nostrils. Eight weeks post-immunization,
the mice were challenged intranasally with B. pertussis
and euthanized after seven days. Lung homogenates were
subsequently plated on agar. In all vaccinated mice, B.

pertussis viable cell counts were undetectable, whereas the
control group (unvaccinated mice) exhibited B. pertussis
loads of 7 logl0 CFU. These findings demonstrated that
a single dose of BPZE1 conferred complete protection
against pertussis in mice. Genetic analysis of lung-derived
bacterial material confirmed the genomic stability of BPZE1
throughout the study [22].

Ten years later Soland et al. investigated the immune
mechanism induced by BPZEL1 in eight mice, comparing it to
acellular pertussis vaccines (aPVs). The study demonstrated
long-term protection against nasal colonization following
BPZEl immunization, despite the rapid decline of B.
pertussis-specific secretory IgA (SIgA) in the nasal cavity.
This protection is likely attributed to the generation of CD4*
tissue-resident memory T cells, which produce interleukin-17
(IL-17), a key cytokine involved in SIgA secretion [26].

The first clinical trial of a live attenuated intranasal
Bordetella pertussis vaccine was conducted in 48 male
volunteers by Thorstensson et al. in Sweden. This was
a placebo-controlled, dose-escalation study of the BPZE1
vaccine efficacy. Twelve participants received either 10°, or
10%, or 107 colony-forming units (CFU) in droplet form, with
half the dose administered into each nostril. B. pertussis
colonization in the nasopharynx was observed in one
participant in the low-dose group, one in the medium-
dose group, and five in the high-dose group. All colonized
individuals exhibited a significant immune response against
pertussis antigens. Colonization frequency was significantly
higher in the high-dose group compared to the low- and
medium-dose groups (p=0.029). Additionally, a significant
increase in IgG antibody levels against pertactin was observed
both on day 28 (p =0.018) and at 5-6 months post-vaccination
(p=0.001), as well as against fimbriae on day 28 (p=0.015)
and at 5-6 months (p=0.006) [27].

An additional immunological analysis of the same
cohort, published later in 2014 by Jahnmatz et al., extended
these observations by focusing on B-cell responses. The
double-blind, randomized, placebo-controlled clinical
trial was conducted to assess the safety, colonization, and
immunogenicity of the BPZE1 vaccine. The study involved
48 participants who were previously unvaccinated against
pertussis. Colonization with the live attenuated B. pertussis
strain was observed in seven out of 36 individuals who
received the BPZE] vaccine, along with an increase in the
B-cell response (p<0.05) to three tested antigens: pertussis
toxin, filamentous hemagglutinin, and pertactin, between
day 0 and day 28 [30].

In 2020, again in Sweden, building on these initial findings,
a subsequent phase 1b trial was reported by Jahnmatz et
al. The next double-blind, randomized, placebo-controlled
clinical trial was conducted on 48 healthy individuals aged
18-32 years. Both BPZEI and placebo were administered at
a dose of 0.4 mL to each nostril, and nasal colonization was
observed in 29 out of 36 vaccinated participants. A rise in
IgA and IgG antibody titers against four B. pertussis antigens
was observed from baseline to 12 months post-vaccination,
with memory B-cell responses specific to pertussis decreasing
between months five and six [11].

In a following study, Keech et al. conducted a randomized,
double-blind clinical trial to compare the efficacy of the
BPZE1l vaccine with the tetanus-diphtheria-acellular
pertussis (Tdap) vaccine. A total of 300 healthy adults
aged 18-50 were assigned to one of four groups: 1) BPZE1
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vaccination followed by attenuated BPZE1 challenge, 2)
BPZE1 vaccination followed by placebo challenge, 3) Tdap
vaccination followed by attenuated BPZE1 challenge, and 4)
Tdap vaccination followed by placebo challenge. Participants
received 0.4 mL of lyophilized BPZE], dissolved in sterile
water, administered intranasally (0.2 mL per nostril), along
withanintramuscular placebo (saline). Those who received the
intramuscular Tdap vaccine were administered a lyophilized
intranasal placebo solution. BPZEI induced systemic anti-
pertussis toxin, anti-filamentous haemagglutinin, and anti-
pertactin IgA and IgG responses, as well as anti-whole-cell
extract IgG responses, with a balanced IgA-to-IgG profile.
Tdap vaccination generated higher IgG responses; however,
antibody decay was slower following BPZEI vaccination. By
the end of the study, serum B. pertussis-specific antibody
levels were comparable between participants who received
Tdap and those who received BPZE1. That was proofed that
BPZE1 are well-tolerated [21].

In the study by Thorstensson et al., the immediate
adverse effects within six hours of vaccination were minor
and transient, with no significant differences between the
placebo group and the groups receiving different doses. The
most common adverse effects were rhinitis, sneezing, and
coughing [27]. In studies conducted by Jahnmatz et al. [11],
Keech et al. [21], and Thorstensson et al. [27], no serious
adverse effects, such as spasmodic cough, difficulty breathing,
or vital sign abnormalities, were observed [11,21,27]. Adverse
events reported after BPZE1 vaccination are summarized
in Table 1.

Although these early-phase studies involved small
cohorts, they are particularly informative as they provide
the first human evidence of BPZE1 safety, colonization, and
immunogenicity. These findings lay the groundwork for
subsequent trials and remain crucial for understanding the
potential of the vaccine in larger populations.

Building on the development of the live attenuated
pertussis BPZE1 vaccine, researchers have engineered
a modified version - BPZE1P, which lacks pertactin, a key
protective antigen present in most pertussis vaccines. Belcher
et al. demonstrated the efficacy of BPZEIP in preventing
and treating allergic airway inflammation (AAI) induced
by exposure to the house dust mite (HDM) in a murine
model. BPZE1P was administered intranasally at a dose of
10° CFU either before or after HDM sensitization, followed
by subsequent HDM exposure. Vaccination prior to exposure
resulted in a reduction of eosinophil infiltration and pro-
inflammatory cytokines (IL-1a, IL-1f, IL-33) in the lungs,
as well as decreased production of HDM-specific IgGl
antibodies. BPZE1P provided protective effects even when
administered after HDM exposure or between two exposure
episodes [29].

Intranasal vaccines have also been tested in dogs in the
context of Bordetella bronchiseptica infection. The results
showed that puppies vaccinated intranasally experienced
fewer adverse symptoms, such as sneezing, coughing, nasal
discharge, and vomiting reflexes, compared to the control
group of unvaccinated puppies [31].

Aibani et al. developed an acellular pertussis vaccine
containing pertactin, pertussis toxin, fimbrial antigens
2/3, and a triple adjuvant system which enhances the
immunogenicity of the vaccine. The antigens were
incorporated according to two strategies: 1) bound to the lipid
component of the adjuvants through electrostatic attraction,

or 2) enclosed within a lipid nanoparticle. After intranasal
administration of the vaccine with lipid nanoparticles, a Th1-
type immune response was induced, with elevated IgG2a
and IgA antibody titers in serum. Additionally, four weeks
after a single vaccine dose, high SIgA antibody titers were
observed in the nasal mucosa. Nanoparticles in strategy (1)
resulted in higher changes in serum antibody levels [32].

A study by Galeas-Pena et al. demonstrated the efficacy
of intranasal immunization with the aP-T-vant vaccine
- comprising acellular pertussis antigens and the T-vant
adjuvant derived from bacterial outer membrane vesicles - in
clearing B. pertussis from both the lungs and nasopharynx.
Nasopharyngeal immunity was IL-17 dependent, while
protection in both the lungs and nasopharynx was associated
with IFN-y, IL-17, and CD4* T cells [10].

Table 1. Adverse events reported following BPZE1 vaccination

Number of Adverse Events Country  Year Authors
participants of study of
(n) study
300 stuffy nose or congestion, runny USA 2019- Keech
nose, sneezing, headache, 2023 etal.[21]
fatigue
48 cough, sneezing, sore throat, Sweden 2015-  Jahnmatz
rhinorrhoea, nasal congestion, 2016 etal.[11]
headache, fatigue;
common cold
48 cough, nasal congestion, mild ~ Sweden 2013  Thorstensson
epistaxis, moderate rhinorrhoea, etal.[27]

sneezing, mild ear and eye
pain, mild dyspnoea, tiredness,
headache, pyrexia

Intranasalinfluenza vaccine. The influenza virus is one of the
most pathogenic airborne viruses, responsible for respiratory
infections and seasonal epidemics, causing up to five million
severe cases worldwide each year. The high-risk group for
infection, severe disease progression and complications,
includes patients with chronic conditions, children under
the age of five, individuals over 65, and pregnant women. It
is estimated that approximately 650,000 cases, or about 10%
of infections, result in death. Despite decades of research
on this pathogen and the introduction of anti-viral drugs
- such as neuraminidase inhibitors — for severe cases,
influenza control remains a major challenge for scientists and
healthcare systems worldwide. Vaccination programmes and
the continuous development of new, effective immunogenic
formulations play a crucial role in reducing morbidity [33].
According to WHO recommendations, annual influenza
vaccination should primarily be administered to individuals
at high risk of complications, as well as their household
members and caregivers [34].

The first inactivated vaccines designed to protect humans
from influenza were developed in the late 1930s. Initially, the
virus was cultivated in mouse lungs and chicken embryos.
Subsequently, research efforts shifted toward stimulating
a stronger immune response and determining appropriate
dosage levels using in vitro assays based on haemagglutination
of chicken red blood cells. During the 1976 trials for ‘swine
flu” vaccines, testing methods were refined, leading to the
adoption of the single radial immunodiffusion (SRID) assay
by the WHO in 1978 as the most reproducible method. This
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assay remained the standard for influenza vaccine potency
testing until modern times [35].

In 2013, the quadrivalent intranasal influenza vaccine
Fluenz Tetra was introduced to the European Union market,
intended for children and adolescents aged 24 months
to less than 18 years [36]. In Poland, it has been in use since
2019.

In the United Kingdom, Turner et al. conducted a post-
registration study to evaluate the immunogenicity of a single
dose of the Fluenz Tetra vaccine, a live attenuated influenza
vaccine (LAIV) protecting against four viral strains. The
study analyzed the local immunoglobulin A (IgA) response
following vaccine administration in children aged 2-17 years.
The results demonstrated a statistically significant increase
in nasal IgA titers against the H3N2 virus and type B virus
from the Brisbane genetic lineage (Phu line). However, no
significant change was observed in response to the HIN1
virus. The findings, expressed as the mean fold increase
in antigen-specific IgA titers as a percentage of total nasal
IgA, were as follows: for H3N2 - 2.3, which was significantly
higher than the fold increase for HIN1 - 1.0 (p<0.001) and
for type B (Phu line) - 1.4 (p=0.0048). These results indicate
that intranasal vaccines can induce an IgA response, but this
response depends on the specific viral strains included in
the formulation [20].

Cole et al. conducted a study in the United Kingdom on
children aged 6-14 years, demonstrating that pre-existing
immunity from prior influenza infection does not inhibit
the immune response to LAIV vaccination. No correlation
was found between baseline levels of influenza-specific
immunoglobulin A (IgA) in nasal tissues and the increase
in immunoglobulin G (IgG) levels specific to HIN1 and
H3N2 viruses. Additionally, prior viral upper respiratory
tract infections, which are common in children during
vaccination periods, did not affect the immunogenicity of
the live attenuated influenza vaccine. These findings support
the use of LAIV as a recommended formulation for annual
influenza vaccinations [37].

The efficacy of the live attenuated influenza vaccine (LAIV)
Fluen Tetra was also investigated by Thwaites et al. The
study included 40 adult participants aged 19-29 years, who
underwent nasal swabs and blood sampling before and after
vaccination to assess immune system activation. It should be
noted that the relatively small number of participants limits
the statistical weight of the findings. Participants received
a quadrivalent vaccine containing attenuated influenza A and
B viruses. Results showed that interferon lambda (IFN-A)
levels increased 72 hours post-vaccination compared to
baseline, and remained elevated for up to 168 hours (both p
< 0.05). Additionally, the IFN-induced chemokine CXCL10
and interleukin-6 were significantly elevated 72 hours post-
vaccination (both p<0.05). However, the modest antibody
response in blood samples did not fully reflect the protective
effect of vaccination. It is likely that the desired immune
response to LAIV, despite not being prominently detected
in blood analyses, originated primarily from antibody
production localized within the nasal mucosa [38].

In mice, Jeong et al. described the effects of a nanoparticle-
based vaccine (NanoVac) with photochemical
immunomodulation, composed of a photoactivatable
polymeric adjuvant and a high-molecular-weight antigen -
influenza haemagglutinin protein. The nanoformulation was
designed to extend the retention time of antigens in the oral

cavity. Additionally, photochemical activation stimulated
humoral immune responses, dendritic cell maturation, and
immunoglobulin A and G production. Increased immune
response levels were observed in mice administered the
vaccine, with laser irradiation enhancing its effects compared
to HA-free vaccines. Interleukin-2 (IL-2) levels were 2.2
times higher than in the group without influenza HA.
Furthermore, cytokines CCL3 and CCL4 increased by 5%
and 20%, respectively, in HA-NanoVac-treated animals
subjected to laser irradiation, compared to the free HA group.
The number of mature dendritic cells (DCs), essential for
effective vaccination, increased up to nine-fold compared to
the HA-NanoVac group without irradiation, and threefold
compared to mice immunized without laser exposure.

These findings indicate that this vaccine strategy enhances
DC maturation and effectively induces immune responses in
mice. The study demonstrated that combining NanoVac with
photochemical activation effectively protected mice from
influenza infection and could serve as a promising defence
against pathogenic viruses, including influenza and SARS-
CoV-2 [39]. NanoVac has not been tested in human clinical
trials. The current research is limited to preclinical studies
in animal models. There is no publicly available information
regarding plans for human trials or the anticipated timeline
for such studies. Regarding safety, while the preclinical data
suggest promising immunogenicity and efficacy, the safety
profile in humans remains unknown until clinical trials are
conducted.

One method to enhance the efficacy of intranasal vaccines
is prolonging antigen retention in the nasal cavity, ensuring
extended contact with epithelial tissues. To achieve this,
Australian researchers incorporated chitosan, a natural
polymer that forms covalent bonds with the mucosa and
transforms into a hydrogel upon temperature increase, such
as upon entering the body. Experiments in mice revealed that
in those receiving the gel-forming vaccine, most antigens
remained in the nasal tissue, whereas in the control group
(receiving a non-gelling formulation), antigens primarily
localized in lung tissue. Moreover, prolonged antigen
retention in the nasal mucosa correlated with an increased
number of influenza-specific tissue-resident memory
CD8+ T cells, which provide protection against influenza
infection. This formulation may be a crucial approach
for enhancing localized immune responses [19]. Figure 1
presents a comparison of the mechanisms and efficacy of
intranasal influenza vaccines.

Seasonal influenza vaccination, including intranasal
formulations, must be administered annually due to
the continuous antigenic drift of influenza viruses. The
composition of each year’s vaccine is determined by the WHO
through its Global Influenza Surveillance and Response
System (GISRS), which conducts biannual consultations and
employs predictive modelling to indicate the strains most
likely to circulate in the upcoming season [40].

Intranasal influenza vaccines, including live attenuated
formulations such as Fluenz Tetra and novel nanoparticle-
based approaches like NanoVac, demonstrate the potential
to induce localized mucosal immune responses and systemic
immunity. Intranasal vaccination represents a promising
strategy to improve influenza protection, particularly in high-
risk populations, but further clinical evaluation is needed to
confirm safety and effectiveness.
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Comparison of mechanisms and efficacy of intranasal
vaccines against influenza virus

Fluenz™ Tetra Nanovac i |

Mechanism of action

Use of a nanoparticle formulation
and a phetochemical
immunomodulation system.

Mechanism of action
Placement of four attenuated strains of
influenza virus.

Immunological efficacy Immunalogical efficacy
Secretion of antigen-specific
immunoglobulins, cytokines and
CDB+T cells [39]

« Significant increase in nasal IgA
for the H3N2, B/Victoria (B/
Brisbane) and B/Yamagata (/
Phuket) components, but not for C
the HIN1 component [20] = o

f | Vaccine

« No association between baseline with chitesan

nasal influenza-specific IgA levels.

and the multiplicity of change in

HIN1 or H3N2-specific 196 levels,

no effect of nasal Iga on the ability

of the vaccine virus to induce an

immune response [37]

Mechanism of action
Addition of chitosan hydrogel.

Immunological efficacy
Development of a pool of influenza-
specific CDE+ nasal tissue memory
cells,

significant attenuation of viral
replication in the uppet respiratory

« Interferon-dominant induction of
mucosal immune responses,
independent of detectable viral
replication [38]

tract, prolongation of antigen retention
time in the nasal mucosa [19]

Figure 1. Comparison of mechanisms and efficacy of intranasal vaccines against
the influenza virus

Intranasal COVID-19 vaccine. SARS-CoV-2 is an enveloped
virus belonging to the Coronaviridae family, capable of
infecting human cells through specific interactions with
cellular receptors. The spike (S) protein plays a critical role
in the infection process, enabling binding to angiotensin-
converting enzyme 2 (ACE2) receptor and activation by
serine protease. SARS-CoV-2 transmission primarily occurs
viarespiratory droplets containing viral particles, which are
expelled through respiratory secretions. Infection can result
from close contact with an infected individual or through
viral transfer from contaminated surfaces and objects to the
mucous membranes of the nose, mouth, or eyes [41]. SARS-
CoV-2 poses a particular risk to elderly individuals and those
with chronic illnesses. As of 3 October 2023, it has caused
676,609,955 infections and 6,881,955 deaths [15].

Several vaccines against COVID-19 are currently in use,
each employing distinct technologies to induce immunity.
The first group comprises mRNA vaccines which deliver
messenger RNA (mRNA) encoding the SARS-CoV-2 spike
(S) protein. Once inside host cells, the mRNA is translated
into the viral protein, subsequently degraded, and does
not enter the nucleus or alter the human genome [42]. The
two mRNA vaccines currently authorized and marketed
in the European Union are Comirnaty (BNT162b2, Pfizer-
BioNTech) [17] and Spikevax (mRNA-1273, Moderna) [42].
The second group consists of viral vector vaccines, which
use replication-deficient adenoviruses to deliver the gene
encoding the spike protein. Examples include Vaxzevria
(AstraZeneca) [43] and COVID-19 Vaccine Janssen (Johnson
& Johnson) [44]. The next group is represented by the protein
subunit vaccine Nuvaxovid (NVX-CoV2373, Novavax),
which contains recombinant spike protein formulated with
the Matrix-M adjuvant. In May 2025, the vaccine received full
FDA approval as the first protein-based COVID-19 vaccine
in the USA [45].

Beyond conventional technologies, novel approaches are
represented by the self-amplifying RNA (saRNA) vaccine
Zapomeran (ARCT-154, Arcturus/CSL) [46] and by intranasal
vaccines [18,47,48]. Zapomeran utilizes an alphavirus
replicase to enhance antigen expression, thereby eliciting
stronger immune responses at lower doses. Finally, intranasal
vaccines are being actively investigated as a strategy to induce
mucosal immunity. Their current development and future

perspectives will be outlined in the subsequent section of
the current review, which represents the central focus of this
article. Although vaccines constitute the primary means of
preventing COVID-19, effective treatments have also been
critical in managing established infections. Remdesivir,
a nucleotide analog that inhibits viral RNA polymerase —
an essential enzyme for viral replication — has been utilized
in the treatment of SARS-CoV-2 infections. Remdesivir was
approved for use in adults and children aged 12 years and
older, weighing at least 40 kg, in the European Economic
Area (3 July 2020), Canada (27 July 2020), and the United
States (22 October 2020) [49].

A study conducted by Tang et al. demonstrated that the
intranasal Ad5-S vaccine (adenovirus type 5 encoding the
S protein), in combination with a systemic mRNA vaccine,
significantly enhances the mucosal immune response in the
respiratory tract. Female C57BL/6 mice, aged 8-10 weeks,
were immunized with the mRNA-S vaccine encoding the
full-length SARS-CoV-2 spike protein at a dose of 1 ug,
administered intramuscularly in either a single or two-
dose regimen with a 21-day interval. After an additional 21
days, a booster dose was administered in different forms: an
intranasal Ad5-S vaccine at 10° plaque-forming units (pfu) in
a 30 puL volume, an additional intramuscular mRNA-S dose
(1 pg), or a nasal trimeric S protein (3 pg) adjuvanted with
10 pg of 2'3-cGAMP (a cyclic di-GMP-AMP immune system
stimulator). Control groups consisted of mice receiving three
doses of PBS. The mRNA plus Ad5-S vaccine combination
increased IgA levels in bronchoalveolar lavage (BAL) fluid by
nearly 1,000-fold (p<0.001), compared to the mRNA vaccine
alone and improved neutralization of the Delta and Omicron
BA.1.1 variants (p<0.01) [18]. The intranasal vaccine may also
reduce the extent of lung damage in individuals infected with
the Beta and Omicron variants (p<0.01).

A study by Chen et al. demonstrated a significant increase
in the levels of IgA and IgG in bronchoalveolar lavage (BAL)
in a group that received the dNS1-RBD vaccine (an intranasal
vaccine based on a flu vector created by inserting the gene
encoding the receptor-binding domain (RBD) of the spike
protein of SARS-CoV-2) compared to the viral vector CA04-
dNSI (p=0.0022). Moreover, the intranasal ANS1-RBD vaccine
induced a 22-fold stronger local cellular response in the
respiratory tract, compared to peripheral blood mononuclear
cells (PBMCs). Immunization with dNS1-RBD within one
day led to a statistically significant increase in the following
pro-inflammatory cytokines in the lungs: IL-6 (interleukin
6) (p=0.0017), IL-1a (interleukin 1-alpha) (p=0.002), IFN-y
(interferon gamma) (p<0.0001), IFN-a (interferon alpha)
(p<0.0001), MCP-1 (monocyte chemoattractant protein 1)
(p<0.0001), IP-10 (interferon gamma-induced protein 10)
(p<0.0001), MIP-1B (macrophage inflammatory protein 1
beta) (p=0.0033), GM-CSF (granulocyte-macrophage colony-
stimulating factor) (p<0.0001), and TNF-a (tumor necrosis
factor alpha) (p<0.0001), indicating rapid activation of innate
immune mechanisms in the airways against SARS-CoV-2,
which were suppressed on the third and fifth days, preventing
further cytokine level rise and the occurrence of a cytokine
storm [47].

The safety of this platform was also assessed in BALB/c
mice and ferrets, with doses of 50 and 500 uL of dNSI1-
RBD or CA04-W'T, a wild-type A/California/04/2009 strain.
Factors such as weight loss, clinical observations, and body
temperature were assessed. The results indicated that the
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dNSI1-RBD vaccine did not cause significant side-effects,
such as weight loss, fever, or visible clinical signs of infection
in either BALB/c mice or ferrets. The thermosensitive
properties of the vaccine limited its replication to 33°C and
significantly reduced its replication efficiency at temperatures
of 37°C and 39°C, thus decreasing the risk of lung damage.
Histopathological studies showed no visible changes in the
lungs of animals vaccinated with dNSI-RBD compared to
control groups receiving the wild-type strain CA04-WT.
These findings suggest that the vaccine exhibits a high safety
profile, which is crucial for its application in clinical practice.
In contrast to these findings, a clinical trial of the intranasal
dNS1-RBD vaccine demonstrated a weaker cellular and
mucosal immune response. In phase one, 63 participants,
divided into two age groups (18-59 and 260), received an
initial and booster dose on days 0 and 14, respectively.
The primary objective of phase one was to assess local and
systemic adverse effects over a 30-day period. In phase two,
724 participants were vaccinated on days 0 and 21. The study
showed an increase in T-cell activity responsible for viral
clearance in 46% of participants in phase two and 40% in the
extended phase, compared to the placebo group (p<0.0001).
Furthermore, the vaccine was confirmed to be safe, with no
life-threatening adverse events reported. An increase in IgG
antibody levels was observed in 10% of participants, while an
elevation in s-IgA antibodies, indicating a mucosal immune
response, was noted in 12% of participants [48].

Additionally, Tang et al. reported that the activation of
B lymphocytes and CD8+ and CD4+ T cells, measured
based on cytokine production such as interferon gamma
in bronchoalveolar lavage fluid, was significantly stronger
after using the mRNA vaccine in combination with the
intranasal Ad5-S vaccine (three log units higher) compared to
the mRNA vaccine alone (p<0.001) [18]. These results indicate
that the use of the intranasal vaccine in combination with the
systemic vaccine significantly improves the immune response
at the mucosal and pulmonary levels in both animal and
human models [18,47]. However, due to the small sample size
in the study, no definitive conclusions can be drawn about
the combined use of the intranasal and systemic vaccines,
suggesting the need for further research.

Beyond viral vector-based vaccines, other intranasal
agents have also been investigated. Similarly to the intranasal
vaccines Ad5-S and dNS1-RBD, astodrimer sodium - an
intranasal agent whose mechanism is based on the direct
blockade of viruses rather than activation of the immune
response — has proven effective in reducing viral load in the
respiratory tract. The action of this preparation involves
electrostatic binding of the viral spike proteins, preventing
the attachment of virions to ACE2 receptors in epithelial
cells. Clinical studies showed that using a 1% nasal spray
four times a day in a dose of 100 pL per nostril effectively
reduced SARS-CoV-2 replication in the nasal mucosa without
detectable systemic absorption (p<0.01) [50].

In parallel, novel viral vectors are being explored.
Compared to intranasal Ad5-S and dNS1-RBD vaccines,
a vaccine based on MPV (mouse pneumonia virus) used
as a vector for delivering the SARS-CoV-2 spike (S) protein
gene may effectively enhance the mucosal immune response,
making it a promising candidate in the fight against SARS-
CoV-2. Rhesus macaques (three groups of four individuals
each) were administered vaccines at a dose of 6.3 logl0
PFU for each of the tested viral vectors (MPV, MPV/S, and

MPV/S-2P). The vaccines were delivered both intranasally
(IN) and intratracheally (IT). The control group received an
empty MPV vector without SARS-CoV-2 protein expression
[27].

Building on these preclinical findings, translation into
clinical research is underway. In August 2024, the United
States National Institutes of Health (NIH) announced the
initiation of enrollment of healthy participants for a Phase
I clinical trial evaluating the safety of the intranasal MPV/S-
2P vaccine in humans. The trial aims to enroll 60 adult
participants between 18-64 years of age who have previously
received at least three doses of an mRNA-based COVID-19
vaccine [51].

CONCLUSIONS

Current studies indicate the immunogenic success of
intranasal vaccines in humans. These preparations seem
promising in terms of their ability to induce a strong immune
response, not only at the mucosal level, but also systemically.
This raises hope for better protection against respiratory
diseases. Research on intranasally administered vaccines
against Bordetella pertussis, influenza virus and SARS-
CoV-2, highlights the impact of the vaccine components
and technologies used on the immune system. Progress in
this area, coupled with the potential advantages of intranasal
vaccines, underscore the need to further evaluate their
clinical utility.

REFERENCES

1.Karas R, Barszczewski K, Biadasiewicz M, Kulik H, Lepich T. Edward
Jenner (1749-1823), the pioneer of vaccinology. On the bicentenary of
his death. Farm Wspdlcz. 2023;16:91-7.
2.Plotkin S. History of vaccination. Proc Natl Acad Sci U S A. 2014 Aug
26;111(34):12283-7. Epub 2014 Aug 18.
3.Francis T, Magil TP. Vaccination of human subjects with virus of human
influenza. Proc Soc Exp Biol Med. 1936;33:604-6.
4.Proud PC, Tsitoura D, Watson RJ, Chua BY, Aram MJ, Bewley KR, et al.
Prophylactic intranasal administration of a TLR2/6 agonist reduces
upper respiratory tract viral shedding in a SARS-CoV-2 challenge ferret
model. EBioMedicine. 2021;63:103153. Epub 2020 Dec 3.
5.Nieves DJ, Heininger U. Bordetella pertussis. Emerg Infect 10.
2016;10:311-39.
6.World Health Organization. Pertussis. Geneva: World Health
Organization; 2015.
7.Mbayei SA, Faulkner A, Miner C, Edge K, Cruz V, Pefia SA, et al. Severe
pertussis infections in the United States, 2011-2015. Clin Infect Dis.
2019 Jul 2;69(2):218-26.
8.de Graaf H, Ibrahim M, Hill AR, Gbesemete D, Vaughan AT, Gorringe
A, etal. Controlled human infection with Bordetella pertussis induces
asymptomatic, immunizing colonization. Clin Infect Dis. 2020 Jul
11;71(2):403-11.
9.Locht C. Pertussis: acellular, whole-cell, new vaccines, what to choose?
Expert Rev Vaccines. 2016;15(6):671-3. Epub 2016 Mar 21.
10.Galeas-Pena M, Hirsch A, Kuang E, Hoffmann J, Gellings P, Brown
JB, et al. A novel outer membrane vesicle adjuvant improves vaccine
protection against Bordetella pertussis. NPJ Vaccines. 2024 Oct
16;9(1):190.
11.Jahnmatz M, Richert L, Al-Tawil N, Storsaeter J, Colin C, Bauduin
C, et al. Safety and immunogenicity of the live attenuated intranasal
pertussis vaccine BPZEL: a phase 1b, double-blind, randomised, placebo-
controlled dose-escalation study. Lancet Infect Dis. 2020;20(11):1290-
301. Epub 2020 Jul 17.
12.Saleh A, Qamar S, Tekin A, Singh R, Kashyap R. Vaccine Development
Throughout History. Cureus. 2021 Jul 26;13(7):e16635.
13. Ankomah AA, Moa A, Chughtai AA. The long road of pandemic
vaccine development to rollout: a systematic review on the lessons



218

Medycyna Ogélna i Nauki o Zdrowiu 2025, Tom 31, Nr 4

Kaja Kiedrowska, Agata Aleksandra Pawlicka, Joanna Walczynska, Karolina Skonieczna-Zydecka. Intranasal vaccination against influenza, pertussis, and COVID-19...

learnt from the 2009 HIN1 influenza pandemic. Am J Infect Control.
2022;50(7):735-42. Epub 2022 Feb 4.

14.Brisse M, Vrba SM, Kirk N, Liang Y, Ly H. Emerging concepts and
technologies in vaccine development. Front Immunol. 2020 Sep
30;11:583077.

15.Johns Hopkins University. Coronavirus Resource Center. COVID-19
dashboard by the Center for Systems Science and Engineering (CSSE)
at Johns Hopkins University. 2020.

16. Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton
CE, et al. Factors associated with COVID-19-related death using
OpenSAFELY. Nature. 2020;584(7821):430-6. Epub 2020 Jul 8.

17.Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S,
etal. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N
Engl ] Med. 2020 Dec 31;383(27):2603-15. Epub 2020 Dec 10.

18.Tang J, Zeng C, Cox TM, Li C, Son YM, Cheon IS, et al. Respiratory
mucosal immunity against SARS-CoV-2 after mRNA vaccination. Sci
Immunol. 2022 Oct 28;7(76):eadd4853. Epub 2022 Oct 21.

19.Bedford JG, Caminschil, Wakim LM. Intranasal delivery of a chitosan-
hydrogel vaccine generates nasal tissue resident memory CD8+ T cells
that are protective against influenza virus infection. Vaccines. 2020
Oct 1;8(4):572.

20.Turner PJ, Abdulla AF, Cole ME, Javan RR, Gould V, O’Driscoll ME,
et al. Differences in nasal immunoglobulin A responses to influenza
vaccine strains after live attenuated influenza vaccine immunization in
children. Clin Exp Immunol. 2020;199(2):109-18. Epub 2019 Nov 15.

21.Keech C, Miller VE, Rizzardi B, Hoyle C, Pryor MJ, Ferrand J, et al.
Immunogenicity and safety of BPZE], an intranasal live attenuated
pertussis vaccine, versus tetanus-diphtheria-acellular pertussis
vaccine: a randomised, double-blind, phase 2b trial. Lancet. 2023 Mar
11;401(10379):843-55.

22.Feunou PF, Ismaili ], Debrie AS, Huot L, Hot D, Raze D, et al. Genetic
stability of the live attenuated Bordetella pertussis vaccine candidate
BPZEI. Vaccine. 2008 Oct 23;26(45):5722-7. Epub 2008 Aug 30.

23.Cherry JD, Feigin RD. Textbook of pediatric infectious diseases.
Philadelphia: WB Saunders Company; 1998.

24.Shields MD, Bush A, Everard ML, McKenzie S, Primhak R. BTS
guidelines: Recommendations for the assessment and management of
cough in children. Thorax. 2008;63(Suppl 3):iiil-15. Epub 2007 Sep 28.

25.Centers for Disease Control and Prevention (CDC). Recommended
antimicrobial agents for the treatment and postexposure prophylaxis
of pertussis: 2005 CDC Guidelines. MMWR Recomm Rep. 2005;54(RR-
14):1-16. Available from: https://www.cdc.gov/mmwr/preview/
mmwrhtml/rr5414al.htm.

26.Solans L, Debrie AS, Borkner L, Aguilé N, Thiriard A, Coutte L, et al.
IL-17-dependent SIgA-mediated protection against nasal Bordetella
pertussis infection by live attenuated BPZE1 vaccine. Mucosal Immunol.
2018;11(6):1753-62. Epub 2018 Aug 16.

27.Thorstensson R, Trollfors B, Al-Tawil N, Jahnmatz M, Bergstrom
J, Ljungman M, et al. A phase I clinical study of a live attenuated
Bordetella pertussis vaccine—BPZEL; a single centre, double-blind,
placebo-controlled, dose-escalating study of BPZE1 given intranasally
to healthy adult male volunteers. PLoS One. 2014 Jan 8;9(1):e83449.

28.Lin A, Apostolovic D, Jahnmatz M, Liang F, Ols S, Tecleab T, et al. Live
attenuated pertussis vaccine BPZEI induces a broad antibody response
in humans. J Clin Invest. 2020 May 1;130(5):2332-46.

29.Belcher T, Ait-Yahia S, Solans L, Debrie AS, Cauchi S, Tsicopoulos A,
etal. Live attenuated pertussis vaccine for prevention and treatment of
allergic airway inflammation in mice. NPJ Vaccines. 2022 Jun 23;7(1):66.

30.Jahnmatz M, Amu S, Ljungman M, Wehlin L, Chiodi F, Mielcarek
N, et al. B-cell responses after intranasal vaccination with the novel
attenuated Bordetella pertussis vaccine strain BPZE1 in a randomized
phase I clinical trial. Vaccine. 2014 Jun 5;32(27):3350-6. Epub 2014
Apr 29.

31.Ellis JA, Gow SP, Waldner CL, Shields S, Wappel S, Bowers A, et al.
Comparative efficacy of intranasal and oral vaccines against Bordetella
bronchiseptica in dogs. Vet J. 2016;212:71-7. Epub 2016 Apr 12.

32.Aibani N, Patel P, Buchanan R, Strom S, Wasan KM, Hancock REW,
et al. Assessing the in vivo effectiveness of cationic lipid nanoparticles

with a triple adjuvant for intranasal vaccination against the respiratory
pathogen Bordetella pertussis. Mol Pharm. 2022 Jun 6;19(6):1814-24.
Epub 2022 Mar 18.

33.Sherman AC, Mehta A, Dickert NW, Anderson EJ, Rouphael N. The
future of flu: a review of the human challenge model and systems
biology for advancement of influenza vaccinology. Front Cell Infect
Microbiol. 2019 Apr 17;9:107.

34.Minozzi S, Lytras T, Gianola S, Gonzalez-Lorenzo M, Castellini G,
Galli C, et al. Comparative efficacy and safety of vaccines to prevent
seasonal influenza: a systematic review and network meta-analysis.
EClinicalMedicine. 2022 Mar 22;46:101331.

35.Wood JM, Weir JP. Standardisation of inactivated influenza vaccines—
learning from history. Influenza Other Respir Viruses. 2018;12(2):195-
201. Epub 2018 Feb 2.

36.European Medicines Agency. 2013. Fluenz Tetra — Public Assessment
Report. Available online: https://www.ema.europa.eu/en/medicines/
human/EPAR/fluenz-tetra (accessed on 4 Septemper 2025).

37.Cole ME, Kundu R, Abdulla AF, Andrews N, Hoschler K, Southern J,
et al. Pre-existing influenza-specific nasal IgA or nasal viral infection
does not affect live attenuated influenza vaccine immunogenicity in
children. Clin Exp Immunol. 2021;204(1):125-33.

38.Thwaites RS, Uruchurtu ASS, Negri VA, Cole ME, Singh N, Poshai
N, et al. Early mucosal events promote distinct mucosal and systemic
antibody responses to live attenuated influenza vaccine. Nat Commun.
2023 Dec 5;14(1):8053.

39.Jeong H, Lee CS, Lee ], Lee ], Hwang HS, Lee M, et al. Hemagglutinin
nanoparticulate vaccine with controlled photochemical
immunomodulation for pathogenic influenza-specific immunity. Adv
Sci. 2021;8(23):€2100118. Epub 2021 Oct 24.

40.World Health Organization. Influenza (Seasonal). 2025. Available
online: https://www.who.int/en/news-room/fact-sheets/detail/
influenza-(seasonal) (accessed on 4 Septemper 2025).

41.Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler
T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell.
2020 Apr 16;181(2):271-80.e8. Epub 2020 Mar 5.

42.Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl |
Med. 2021 Feb 4;384:403-16. Epub 2020 Dec 30.

43.European Medicines Agency. Vaxzevria. https://www.ema.europa.eu/
en/medicines/human/EPAR/vaxzevria (accessed on 4 Septemper 2025).

44.European Medicines Agency. Jcovden. https://www.ema.europa.eu/
en/medicines/human/EPAR/jcovden (accessed on 4 Septemper 2025).

45.Novavax. U.S. FDA approves BLA for Novavax’s COVID-19 vaccine.
2025 May 19. https://ir.novavax.com/press-releases/2025-05-19-U-S-
FDA-Approves-BLA-for-Novavaxs-COVID-19-Vaccine (accessed on
4 Septemper 2025).

46.Ho6 NT, Hughes SG, Ta VT, Phan LT, B6 Q, Nguyén TV, et al. Safety,
immunogenicity and efficacy of the self-amplifying mRNA ARCT-154
COVID-19 vaccine: pooled phase 1, 2, 3a and 3b randomized, controlled
trials. Nat Commun. 2024 May 14;15(1):4081.

47.Chen ], Wang P, Yuan L, Zhang L, Zhang L, Zhao H, et al. A live
attenuated virus-based intranasal COVID-19 vaccine provides rapid,
prolonged, and broad protection against SARS-CoV-2. Sci Bull. 2022
Jul 15;67(13):1372-87. Epub 2022 May 26.

48.Zhou R, Wang P, Wong YC, Xu H, Lau SY, Liu L, et al. Nasal prevention of
SARS-CoV-2 infection by intranasal influenza-based boost vaccination
in mouse models. EBioMedicine. 2022;75:103762. Epub 2021 Dec 21.

49.Food and Drug Administration. FDA approves first treatment for
COVID-109. Silver Spring: FDA; 2020.

50.Yadav DK, Singh A, Zhang Q, etal. Live attenuated avian orthoavulavirus
1-based intranasal vaccine protects hamsters from SARS-CoV-2
infection and disease. Commun Biol. 2022;5(1):316. PMID: 35338286;
PMCID: PMC8957143.

51.Rappuoli R, De Gregorio E, Del Giudice G, Phogat S, Pecetta S, Pizza
M, et al. Vaccinology in the post COVID-19 era. Proc Natl Acad Sci
U S A.2021 Jan 19;118(3):e2020368118.



	_Hlk205978634
	_Hlk207899971
	_Hlk207901182
	_Hlk207904750
	_Hlk207908989

