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Beginning with EdwardJenner’s discovery of the smallpox vaccine, the ever-expanding
repertoire of vaccines against pathogens has saved many lives. During the COVID-19
pandemic, arevolutionary mRNA injectable vaccine emerged that effectively controlled
the severity of disease caused by SARS-CoV-2. This vaccine induced potent antigen-
specific neutralizing serum IgG antibodies, but was limited in its ability to prevent
viralinvasion at the respiratory surfaces. Nasal vaccines have attracted attention as a
potential strategy to combat respiratory infections and prepare for future pandemics.
Input from disciplines such as microbiology, biomaterials, bioengineering and chemistry
have complemented theimmunology to create innovative delivery systems. This
approachto vaccine delivery has yielded nasal vaccines that induce secretory IgA as
well as serum IgG antibodies, which are expected to prevent pathogen invasion, thereby
diminishing transmission and disease severity. For a nasal vaccine to be successful, the
complexity of the relevant anatomical, physiological and immunological properties,
including the proximity of the central nervous system to the nasal cavity, must be
considered. Inthis Review, we discuss past and current efforts as well as future directions

for developing safe and effective nasal vaccines for the prevention of respiratory

infections.

Mucosal surfaces covering the airway and digestive tracts are exposed
constantly to many inhaled or ingested microbial challenges'. These
surfaces therefore require a highly adapted mucosal immune system
thatisinduced and orchestrated independently from systemicimmune
responses. Attempts to decrease the toll of mucosal infections have
been ongoing for many years. Nasaladministration of pulverized scabs
of smallpoxlesions fromrecovered individuals was practiced in China
during the tenth century*. More recently, evidence has shown that
nasal vaccines containing live influenza virus were more effective than
injected vaccines, based on a significant reduction in absenteeismin
around 10,000 Japanese students®®. Although the nasal vaccine was
proven effective by epidemiological evidence, it has not yet become
auniversal approach to controlling respiratory infections.

The COVID-19 pandemic returned mucosal immunization to the
forefront of vaccine development strategies. Widely used injectable
vaccines—including the SARS-CoV-2 mRNA vaccine—induce pathogen-
specific serum IgG neutralizing antibodies that prevent most severe
disease (for example, in the lung)’. However, injectable vaccines are
less effective at inducing mucosal IgA responses and thus cannot pro-
tect at the site of pathogeninvasion®™, By contrast, nasal vaccines not
onlyinduce systemicimmune responses (for example, IgG), they also
induce pathogen-specific mucosal immunity (for example, secretory
IgA (SIgA)), thereby providing comprehensive immunity'?® (Fig. 1).
Although less studied, nasal vaccines also induce CD4" and CD8" T
resident memory (Tgy,) cellsinrespiratory tissues. Pulmonary Ty cells
confer long-termimmunity and protect mice against lethal virus infec-
tion'", In addition, respiratory CD8" Ty, cells reduce both infection
and transmission of the virus, even in the absence of virus-specific
antibodies’. Because respiratory infections are initiated at mucosal

surfaces of the airways, nasal vaccinationis considered arational means
ofinducing protectionagainst pathogens suchas SARS-CoV-2, influenza
virus, respiratory syncytial virus (RSV), Streptococcus pneumoniae
and others"” %,

Considerations for nasal vaccine development

The respiratory mucosa provides a physiological and immunologi-
cal barrier that protects the host"*'**22, These surfaces are covered
with ciliated epithelial cells that facilitate the exclusion of inhaled sub-
stances®. Epithelial goblet cells secrete mucus, which traps inhaled
particles thatare then cleared from the cavity by ciliary movement®?,
Thus, the barrier function of the nasal cavity helps to minimize the entry
of pathogens into the body through the respiratory mucosal surface.
Similarly, these physiological barriersimpair the effective delivery of
nasal vaccine antigens.

The airway mucosa also includes nasopharyngeal-associated lym-
phoidtissue (NALT), the site where antigen-specificimmune responses
to inhaled antigens are induced"** (Fig. 2). Human unpaired naso-
pharyngeal tonsils (adenoids) and paired palatine tonsils (Waldeyer’s
ring) constitute the NALT structures. Unlike human nasopharyngeal
tissue, rodent NALT develops on the basolateral sides of the cav-
ity®*, which may be an important consideration when interpreting
results from murine nasal vaccination studies. NALT contains all of
the cells that are necessary to initiate and regulate antigen-specific
immunity, including antigen-presenting cells (APCs) such as dendritic
cells and macrophages, as well as B cells and T cells®**?°, For exam-
ple, human NALT include resident memory CD8" T cellsand CD4* T
helper (T,)) cells, regulatory T cells, T follicular helper (Tg,) cells as
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Fig.1|Comparison ofinjectable and mucosal vaccines. a, Currently, most
vaccinations are administered by injection, which effectively stimulates
systemicimmunity and leads to the induction of pathogen-specific serumIgG
neutralizing antibodies and T cellimmunity, resulting in control of the severity
ofinfectious diseases. However, injectable vaccines are generally less effective
ininducing antigen-specificimmune responses on mucosal surfaces and thus
may not provide adequate protectiveimmunity at the site of pathogen invasion.
b, By contrast, the preferred formulation of nasal vaccines effectively stimulate
the mucosalimmune system to produce pathogen-specific SIgA antibodies
and systemic (serum IgG) immunity, which together, provide broad protection
tothe host. Because mostinfectionsareinitiated at the mucosal surfaces,
mucosal vaccinationis considered arational means toinduce broad protection
againstinfection.

well as resident memory B cells, which are stable over time in healthy
adults®. Active germinal centre formation is observed in the adenoid,
which contains Band T cells, providing the necessary elements for IgA
induction.

The NALT is covered by an epithelial layer containing luminal antigen-
scavenging microfold cells (M cells)®¥. Inhaled antigens are captured by
M cells and transferred immediately to underlying APCs to activate local
T, cellsthat produce IgA-switching and enhancing cytokines (for exam-
ple, TGFB1 and IL-5)%'*%_ This facilitates the generation of antigen-
specific IgA* B cells (Fig. 2). NALT-derived IgA* B cells predominantly
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express CCR10 and accumulate in the nasal turbinate and glandular aci-
nar tissues, where the CCR10 ligand CCL28 is expressed™’. The acquisi-
tion of chemokine receptors—such as CCR9 and CCR10—imprints their
ability to home to mucosal effector sites expressing the corresponding
ligands—CCL25 and CCL28 (refs. 20,32-34). This targeted migration
constitutes the common mucosal immune system®**. The effect of
this homing was shown when the CCR3-CXCL9/CXCL10-mediated
migration of IgA plasmacellsinto the olfactory mucosablocked trans-
mission of pathogens to the olfactory bulb and the central nervous
system (CNS)*®.

After migration to the nasal mucosa, antigen-specific IgA* B cells
differentiate into plasma cells. Once they become plasma cells, they
produce polymeric IgA** (Fig. 2). Polymeric IgA binds to the poly-
mericimmunoglobulin receptor after which the complexis transported
across the epithelium and into the lumen as SIgA®* (Fig. 2). SIgA uses
the multiple Fab antigen-binding sites to capture pathogens and block
their adhesion to mucosal surfaces*°. The importance of SIgA was
demonstrated by examining virus shedding fromindividuals infected
with SARS-CoV-2 (ref. 41). SARS-CoV-2 spike (S) protein-specific SIgA
antibodies reduced viral RNA load and infectivity. When recombinant
monomeric, dimeric and SIgAlantibodies were engineered from four
neutralizingmonoclonallgGantibodiesspecificforthereceptor-binding
domain (RBD) of the S protein and their activities were compared
with their parental antibodies, the engineered dimeric and SIgAl anti-
bodies showed higher neutralizing activity against several variants,
including the Omicron lineages BA.1, BA.2 and BA.4/5 (ref. 42). There-
fore, developing nasal vaccines that effectively induce local antigen-
specific SIgAtoblock theinitialinvasion by pathogensis acompelling
strategy.

In addition to NALT-initiated antigen-specific immunity, the nasal
turbinates are lined with a monolayer of epithelium containing res-
piratory M cells***, This provides an alternative antigen uptake site
for nasally administered antigens. Furthermore, nasally adminis-
tered antigens can be engulfed directly by dendritic cells that have
extended their dendrites between epithelial cells and into the nasal
cavity**. Following engulfment of the antigens, these cells migrate to
regional lymph nodes (for example, cervical lymph nodes) toinitiate
antigen-specificimmunity®®?° (Fig. 2). The nasal cavity is thus an effi-
cient antigen-sampling site that enhances the induction of mucosal
antigen-specificimmune responses, making it alogical target for vac-
cine delivery.

The need for anasal vaccine

Nasal vaccines have practical advantages over injectable formula-
tions™?%: (1) by being less intrusive, they avoid the pain and anxiety
that patients associate with needles; (2) they can be self-administered,
thereby facilitating mass vaccination; (3) nasal vaccination effectively
induces mucosal and systemic immunity, thus preventing pathogen
invasion of the airway and the severity of disease elsewhere; and (4) the
nasal route induces cross-reactive IgA antibodies***¢. The latter point
was demonstrated using a mouse model of influenza in which nasal,
but not systemic, immunization with a recombinant influenza neu-
raminidase proteininduced cross-reactive IgA antibodies from tissue-
resident IgA-producing cells. This provided protection against both
heterologous and homologous virus infections*e.

A 2003 human clinical trial of FluMist demonstrated broader
protection against infection by three different subtypes—influenza
A/Texas/36/91(HIN1), influenza A/Shangdong/9/93 (H3N2) and influ-
enza B/Panama/45/90—than the injectable trivalent inactivated vac-
cine?. FluMist is the only intranasal vaccine approved by the US Food
and Drug Administration (FDA). FluMist is now a quadrivalent, attenu-
ated influenza nasal vaccine with efficacy comparable to the flu shot.
Approval excludes individuals younger than2 or older than 50 years of
age, or those who areimmunocompromised or pregnant. Although it
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Fig.2|Astrategy for theinduction of antigen-specific mucosalimmunity by
nasal vaccines. The common mucosalimmune system consists of inductive
(antigen-sampling) and effector (SIgA-producing) sites for theinduction of
antigen-specific mucosalimmunity (antigen-specific SigA and T cells). Classical
antigen-sampling M cells are located in the epithelium of the nasopharyngeal-
associated lymphoid tissue (NALT), whereas respiratory M cells are located in
the nasal turbinate epithelium for the initiation of antigen-specificimmunity.
Nasally administered antigens taken up by classical M cells are captured by
underlying dendritic cells where they are phagocytosed, processed and
presented asimmunogenic peptidestolocal T 1, T,2and Ty, cellsas well as
antigen-specificlgA B cellsin NALT. Nasally administered antigens are also taken
up by respiratory M cells and processed by underlying dendritic cells for the
induction of antigen-specificimmune responsesin the cervical lymphnodes.
Some of the dendritic cells underlying the nasal epithelium can extend their
dendritesinto the lumento directly capture nasally administered antigens and

requires a prescription, akey advantage of FluMist is that parents and
caregivers can administer this vaccine outside of a healthcare setting
(https://www.fda.gov/vaccines-blood-biologics/vaccines/flumist).

Anotherintranasal live-attenuated influenza vaccine (AstraZeneca,
2018/19 formulation) has demonstrated the induction of distinct IgA
andIgG responsesinhumanmucosaandblood, respectively*®. Mucosal
IL-33 associated with T;2-type immunity and divergent CD8" T cell
and circulating T, cell responses in the first 8 h and 7 days postnasal
immunization, respectively. Furthermore, it was suggested that these
responses are correlates of protectioninduced by nasal vaccinationin
humans. The current status of influenza nasal vaccine development is
summarized in Supplementary Fig. 1.

The secret to success for nasal vaccines

For anasal vaccine to be successful, it must address the unique physi-
ological environment within the nasal cavity®?°. Nasal vaccine antigen
is readily diluted by nasal secretions and eliminated by the ciliated
epithelium, potentially hindering antigen binding, sampling and
processing®?**° Nasal secretions also contain proteases and amin-
opeptidases*® that could degrade vaccine antigens. In humans, the
volume of anasally administered liquid vaccine formulation®is limited
to approximately 200 pl. These physical and physiological charac-
teristics must be considered for the successful development of nasal
vaccines. To thisend, the integrated efforts of experts inimmunology
and other disciplines have created novel delivery systems (for example,
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then migrate to the regional lymphnodes (cervical lymph nodes) toinitiate
antigen-specificimmunity. Thus, the nasal cavity is enriched with a diversified
antigen-sampling system for the initiation of antigen-specific mucosal antibody
and T cell-mediated immunity. Antigen-specific lymphocytes, including IgAB
cellsand T cellsinthe organized lymphoid structures (NALT and cervical lymph
nodes), also acquire mucosal imprinting molecules, including homing and
chemokine receptors, and migrate to mucosal effector sites for the generation
of SIgA antibodies. Itis thought that after Ty, cellsareinduced at the antigen-
samplingsite, some of them remain while others migrate to the SIgA-producing
site. Following migration of antigen-specific lymphocytesinto the lamina
propriaregion of the respiratory tract, including the nasal cavity, IgA" B cells
differentiateintoIgA plasma cells by cytokines produced by antigen-specific
Ty2cells. TheselgA plasmacells produce polymeric forms of IgA, which then
bind to the polymericimmunoglobulin receptor (pIgR) found on the basal
membrane of epithelial cells and get transported to the lumen as SIgA antibodies.

replicative and non-replicative forms) to advance the development of
nasal vaccines'*? (Fig. 3).

Replicating delivery systems for nasal vaccines

Replicating delivery systemsinclude recombinant adenoviruses, influ-
enza viruses, parainfluenza viruses and herpesviruses that replicate
within the host to continuously deliver vaccine antigens®**. These
offer stable expression of antigenic proteins and adjuvant-freeinduc-
tion oflocal cytotoxic T cell responses™. A clinical trial in seronegative
adults using a live, virus-vectored, parainfluenza virus 5 (PIV5) nasal
vaccine encoding the RSV F antigen (BLB201) showed no side effects and
good immunogenicity*®. Both nasal and serum RSV F-specific antibody
responses and antigen-specific CD4" and CD8" T cells were detected.
Inaddition to these systems, bacterial vectorsincluding Lactobacillus,
Salmonellaand Listeria have been investigated™. Lactobacillus, whichis
non-pathogenic and arelatively safe vector, is considered a promising
candidate after testing in nasal vaccines targeting Yersinia pseudotu-
berculosis, Mycobacterium tuberculosis and SARS-CoV-2 (refs. 58,59).

Non-replicating and biocompatible delivery systems

Non-replicating viral vectors address the safety issues associated with
replicating delivery systems. The inherent infectivity of adenoviral
vectors resulted in rapid expression and increased production of the
vaccine antigen as it simultaneously stimulates innate and adaptive
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Fig.3|A comparison ofnasal vaccine formulations. To develop asuccessful
nasal vaccine againstrespiratory virusinfections, the formulation of the vaccine,
includingthe delivery system, must cope with the unique anatomical properties
ofthe nasal cavity. Generally, three forms of nasal vaccines have been considered:
attenuated live virus, viral vector and subunit-based formulations. A classical
form of virus vaccine, which can be adopted for nasal vaccination, is whole
killed virus or reverse genetically modified virus. Live viral vectorsincluding
adenoviruses, influenza viruses, parainfluenzaand herpesviruses have been
showntobe effective replicating delivery systems. To overcome safety concerns
ofthereplicating viral vector, non-replicating forms of viral vectors have been

immunity®. These vectors are a promising vaccine platform because
they do not require co-administered adjuvants.

Other non-replicating vaccine-delivery systems have integrated
biomaterials and nanomaterials consisting of natural and synthetic
polymers or various synthetic compounds that can be controlled with
respect to size, biological acceptability and safety®© (Fig. 3). Thus,
nanomaterials with varying covalency can carry antigens, thereby
equipping them for the unique environment of a target tissue'***. For
example, cationic cholesteryl group pullulan (cCHP)-bearing nanogels
areapromising material that effectively delivers avaccine antigento the
mucosal surfaces of the nasal cavity***>* (Fig. 4). Initially, anoncationic,
cholesteryl pullulan (CHP) nanogel was developed for human use as
aninjectable vaccine containing cancer peptide antigen®. The CHP
nanogel is composed of a polysaccharide pullulan and a cholesterol
group that forms a hydrophobic aggregate spherical structure!®***°,
Protein antigens are easily incorporated into the internal space of the
nanomaterials, which actas achaperone, releasing the antigenic cargo
inarefolded native form®,

Since the nasal epithelium exists in a negatively charged state, cati-
onicamino groups have been introduced into the CHP nanogels®. This
adapts the nanogels to efficiently attach to the mucosal surface, thus
improving their application as a vaccine-delivery system® "' (Fig. 4).

Given their potential as a nasal vaccine-delivery system, several
cCHP-based vaccines are under development that target various res-
piratory infections” . In particular, pneumococcal surface protein
A (PspA), expressed by all serotypes of S. pneumoniae, is an attrac-
tive candidate vaccine antigen, as it induces cross-reactive immune
responses among different serotypes’ 7. To develop a vaccine that
targets all S. pneumonia serotypes, cCHP nanogels containing PspA
(cCHP-PspA) have been formulated and tested in mice and non-human
primates’®”2, When administered intranasally to mice, the cCHP-PspA
induced PspA-specific SIgA and IgG antibodies in the nasal lavage fluids
and the serum, respectively, which resulted in diminished numbers
of bacteria in the nasal cavity and lung. This led to protection against
lethal respiratory challenge with pneumococci’. The cCHP-PspA nasal
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the mucosal barrier

developed that show rapid expression and increased production of the desired
vaccine antigen for theinduction of antigen-specificimmunity. Regarding safety
ofavaccine, thereis general agreement that subunit-type antigen preparations
(or purified antigens) are suitable candidates. Akey issue inapplying a subunit
formulation to nasal vaccinesis the development of antigen-delivery vehicles
thatarerobusttothe harshenvironment ofthe nasal cavity and thus can
effectively deliver the vaccine antigen to the mucosalimmune systemin the
airway tract. To this end, integration of biomaterial and nanomaterial science
hasledtothe development of vaccine-delivery polymers and compounds that
canbecontrolled withrespect to size, biological acceptability and safety.

vaccine hasalso been tested in Rhesus macaques”, where nasal immuni-
zationinduced hightitres of PspA-specific serumIgG and mucosal IgA
antibodies™ and provided protective immunity against intratracheal
challenge with different pneumococcal serotypes’. These preclinical
studies identified the cCHP-PspA nasal vaccine as a promising candi-
date for future use in human clinical trials. The cCHP system has been
adopted to target otitis media caused by non-typeable Haemophilus
influenzae (NTHi). Because the P6 proteinis conserved among 90% of
NTHi strains”, it was incorporated into a cCHP nanogel (cCHP-P6)™.
cCHP-P6 effectively induced P6-specific IgA antibodies in nasal or
middle ear fluids of mice and inhibited NTHi biofilm formation”.
Thus, the cCHP-P6 nanogel nasal vaccine is a promising candidate to
prevent NTHi-derived infections related to otitis media, sinusitis and
pneumonia.

The cCHP-based nasal delivery strategy has also been applied to
respiratory viralinfections. RSVis aleading cause of respiratory infec-
tions, particularly in children”® and the elderly®. Aninjectable RSV
vaccine using the prefusion F protein antigen has been licensed and
used for the older and pregnant women®. Although the vaccine is
effectiveininducing systemicimmunity, considering the route of RSV
infection, it would make sense to develop a nasal vaccine that blocks
viral invasion at the actual site of infection. One study has used an
alternative antigen, the ectodomain of the small hydrophobic protein
(SHe), a transmembrane surface protein of RSV, for the induction
of protective immunity®. SHe was linked to the carrier protein
PspA (SHe-PspA) in a vaccine antigen and formulated using the
cCHP nanogel®*. Nasal immunization of mice and cotton rats with
cCHP containing SHe-PspA (cCHP-[SHe-PspA]) induced both
SHe-specific mucosal IgA and serum IgG antibodies. In cottonrats, a
preferred model of human RSV infection, these nasal vaccine-induced
SHe-specific antibodies controlled viral infection in the airway
mucosa and in the lung®*. This study demonstrated that cCHP is
also applicable to subunit-based nasal vaccines against other res-
piratory viral infections. An obvious strategy for this nasal vaccine
development would be to determine whether the bivalent form
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Fig.4|cCHP nanogel, a promising nasal vaccine-delivery system.a, The
original CHP nanogel consisted of pullulan, aglucose-based polysaccharide
and cholesteryl groups that form spherical structures with an average size of
40 nm. Protein-based vaccine antigens are naturally fused inside the CHP
nanogel and thenreleased as arefolded native form of the antigen. This unique
characteristicis referred to as ‘artificial chaperone activity’. Thus, the CHP
nanogel effectively delivers the protein vaccine antigen to the target sitein its
native and active form. To enhance the effective delivery of the vaccine antigen
to the nasal epithelium, positively charged amino groups have beenintroduced
intothe CHP nanogels to create cCHP. b, cCHP binds efficiently to the nasal

of the cCHP-[SHe-PspA] nasal vaccine can simultaneously induce
immunity against both viral (RSV) and bacterial (S. pneumoniae)
infections.

Other promising biocompatible materials that deliver subunit
vaccine antigens to mucosal surfaces of the nasal cavity include a
lipid-based delivery vehicle. Liposomes are small artificial vesicles that
consist of lipid bilayers containing phospholipids and cholesterol. They
have beenshown to be effective carriers for inducing antigen-specific
immunity®%. The amphiphilic nature of liposomes allows for the entrap-
ment of antigens within liposomes®. Various physicochemical proper-
ties of the liposome, including lipid composition, structure and size,
canbetailored to the characteristics of the candidate vaccine antigen
in order to maximize the immunogenicity®. Because the phospho-
lipids used for liposome preparations are derived from food sources
(such as egg yolk and soybean), this delivery system is considered to
be safe except in individuals allergic to those dietary antigens®. Cati-
onic liposomes and surface-modified liposomes with mucoadhesive
polymers have been developed to enhance mucosal adhesion and
persistence in the nasal cavity after immunization®. For example, the
nasal delivery of recombinant influenza haemagglutinin trimers using
cobalt-porphyrin-phospholipid (CoPoP) liposomes effectively induced
haemagglutinin-specificimmune responses®¢. CoPoP liposomes are
being evaluated in clinical trials for a COVID-19 vaccine (Clinical Trials.
gov Identifier: NCT04783311).

Chitosan has favourable biological properties for mucosal delivery,
including good degradability and low toxicity®”. Additional advantages
areitsmucoadhesive properties andits ability to loosen epithelial tight
junctions, thereby facilitating antigen uptake®. This delivery system
induces balanced antigen-specific Tl and T,;2-mediated antibody
responses in mice following nasalimmunization using chitosan loaded
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mucosal surface foraprolonged period of time and continuously releases
antigens, enabling vaccine-delivery to APC, such as dendritic cells, in the
underlying nasal epithelium.cCHP nanogel-containing candidate vaccine
antigens (such as PspA from S. pneumoniae and SHe from RSV) effectively
deliver the vaccine antigens to APCs for the initiation of antigen-specific
immuneresponses. cCHP nanogel-containing vaccine antigens can thus
induce both systemic (IgG) and mucosal (SIgA) responses, resultinginadouble
layer of protective immunity against respiratory pathogens. Nasal vaccines
against several respiratory infections, including RSV, S. pneumoniae, NTHi,
SARS-CoV-2andseasonalinfluenzaare under development.

with a protein-based antigen®. However, its poor solubility necessi-
tates solubilization under acidic conditions followed by hydrolysis.
This might become a drawback for chitosan as a practical mucosal
vaccine®. Chemical modifications to increase the hydrophilicity of
chitosan and ligand modifications to target specific cells and improve
cellular uptake (such as galactose, mannose and peptide modifications)
are being investigated to improve the applicability of chitosan-based
vaccine-delivery systems®. Chitosan-based nasal candidate vaccines
using diphtheria antigen and Norwalk virus-like particles have been
shown to be well tolerated and immunogenic, with the induction of
antigen-specific IgG and IgA responses® 3,

SpyCage, a self-assembling 60-subunit I13-01 protein scaffold that is
covalently decorated with recombinant protein antigen, has provided
additional proof-of-principle support for the induction of mucosal
immunity by nasal immunization®. SpyCage coated with the RBD of
the SARS-CoV-2 S protein co-administered with the mucosal adjuvant
LTA1from heat-labile Escherichia coli enterotoxin (lacking cranial nerve
toxicity) was highly immunogenic and enhanced clearance from the
nose and lungs of Syrian hamsters.

A nasal vaccine against COVID-19

The current intramuscular COVID-19 vaccines are not very effective
atinducing mucosal immunity that prevents subsequent infections
or limits transmission to others'®", As SARS-CoV-2 initiates infection
in the airway, it isimportant to target the respiratory immune sys-
tem directly with a second-generation COVID-19 vaccine. A human
SARS-CoV-2 challenge study in seronegative adults given anintranasal
vaccine demonstrated that the immune response associated with early
mucosal IgA and CD8" T cell responses is strongly correlated with the
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control of virus burden®. This study supports arole for nasal vaccines
thatlead to areduction in infection and transmission.

Promising results emerged following the nasal administration of viral
vector-based vaccine formulations. When the avian paramyxovirus
type 3 (APMV3) vaccine vector expressing the SARS-CoV-2 S protein
was administered nasally once to hamsters, it induced S-specific IgG
andIgA antibody responses with neutralizing activities not only against
SARS-CoV-2isolate WA1/2020, but also against alpha and beta vari-
ants®. These nasally immunized hamsters exhibited no lung inflamma-
tion or viral replication throughout the respiratory tract. In addition,
alive, attenuated parainfluenza type 3 virus (B/HPIV3) expressing
the prefusion-stabilized SARS-CoV-2 S protein (B/HPIV3/S-6P) was
evaluated forimmunogenicity and efficacy in non-human primates®.
This study showed that S-specific airway mucosal IgA and IgG were
induced along with S-specific serum antibodies, and these antibodies
had neutralizing activities against SARS-CoV-2 variant Alpha, Betaand
Deltalineages, butless activity against the Omicron sublineages. After
challenge, SARS-CoV-2 was undetectable in the respiratory tract and
lung tissues of macaques that were nasally immunized with B/HPIV3
expressing prefusion S”. As a similar strategy, a B/HPIV3 candidate
vaccine expressing SARS-CoV-2 antigens was developed and tested.
A ssingle intranasal immunization of hamsters with a live, replication-
competent chimeric B/HPIV3 expressing prefusion-stabilized S pro-
teins induced virus-specific IgG and IgA with neutralizing activity
against SARS-CoV-2 A, B.1.1.7 and B.1.351 (ref. 98). After viral challenge,
virus was undetectable in the nasal cavity and lungs. Another study
examined adenovector-based ChAdOx1nCoV-19/AZD1222, an approved
injectable SARS-CoV-2 vaccine (known as Covishield). Previous studies
demonstrated thatintramuscular vaccination of rhesus macaques with
ChAdOx1nCoV-19/AZD1222 protected against pneumonia but did not
reduce viral shedding fromthe upper respiratory tract. However, sub-
sequent nasalimmunization of macaques and hamsters with ChAdOx1
nCoV-19 reduced detection of the virus in the respiratory tract after
challenge infection®.

It should be noted that the nasally administered ChAd-based vac-
cinesinduce notonly broadly reactive IgGand IgAresponses, butalso
virus-specificmemory CD8" T cellsin the respiratory tract'®. A single-
centre, open-label phaselclinical trial of nasal vaccination with ChAdOx1
nCoV-19 was conducted in healthy adults'®, in which nasal ChAdOx1
nCoV-19 was administered as a single booster to two groups of small
numbers of participants who had previously received two injections of
ChAdOx1nCoV-19 or BNT162b2. This phase 1study demonstrated an
acceptable tolerability profile of the nasal ChAdOx1nCoV-19 vaccine.
However, detectable mucosal antibodies were observed in a minority
of participants with minimal systemic antibody responses. Because
the ChAdOx1 vector used for this nasal vaccine is derived from a sim-
ian adenovirus serotype, it may have exhibit poor infectivity towards
human respiratory epithelium, resulting in low expression of the
SARS-CoV-2 antigen. To further examine applicability of the adenovi-
rus vector-based COVID-19 nasal vaccine, a separate study compared
replication-deficient adenovirus and single-cycle replicating adeno-
virus vaccines expressing SARS-CoV-2 S protein’®, The single-cycle
replicating formulation resulted in the generation of higher levels
of S-specific antibodies than the replication-deficient formulation.
A single nasal or intramuscular vaccination with the single-cycle rep-
licating adenovirus reduced SARS-CoV-2 viral load and lung injury
compared withvaccination with the replication-defective adenovirus.
It remains to be determined whether repeated vector-based vaccine
administrationwilllead to ananti-vectorimmune response thatreduces
future viral vector infectivity and vaccine antigen delivery'®®. Together,
these studies support the applicability of a virus vector-based nasal
vaccine against SARS-CoV-2 by demonstrating high immunogenicity
and protective immunity. However, the safety and immunogenicity
of this virus vector-based nasal delivery for human use needs to be
investigated further.
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Another study'®* further emphasized the importance of the nasal vac-
cine strategy by developing a fully attenuated replication-competent
SARS-CoV-2 vaccine candidate, sCPD9-AFCS, as a nasal vaccine and
comparing it to the injectable monovalent mRNA vaccine BNT162b2
inprevention of transmission of SARS-CoV-2 variants B.1and Omicron
BA.5. Theresults showed that sSCPD9-AFCS outperformed the injectable
mRNA vaccine in preventing viral transmission, further highlighting
the advantages of a nasal vaccine over the injectable vaccines.

Many people have already had the injectable mRNA vaccine, which
provides systemic protective immunity against severe COVID-19 dis-
ease. A ‘prime-and-spike’ (P&S) strategy has been proposed, building
on the existing systemic protective immunity generated by injec-
tion vaccination (prime) followed by eliciting mucosal immunity
using a nasal booster (spike) with prefusion-stabilized (Hexapro),
trimeric, recombinant SARS-CoV-2 S protein'®. The P&S resulted in
robust mucosal cellular and humoral immune responses, including
tissue-resident memory CD8" T cells and IgA and IgG antibodies, in
experimental rodents. The vaccine-induced immunity protected mice
from aviral challenge several months after vaccination, demonstrat-
ing the vaccine’s durability. The effectiveness of the P&S vaccination
strategy was further demonstrated by the protection of immunized
hamsters, including the blocking of viral transmission. A primate study
further confirmed the efficacy of intratracheal boosting with a bivalent
Ad26-based SARS-CoV-2 vaccine candidate toinduce mucosal humoral
responses with neutralizing activity and cellular immunity that pro-
vided near-complete protection against challenge with SARS-CoV-2
BQ.1.1. ininjectable mRNA vaccine-primed rhesus macaques'®. This
study suggests that protective efficacy was correlated with mucosal
humoral and cellularimmune responses and supports the feasibility of
developing mucosal vaccines that can block respiratory virus invasion
atthe airway mucosa.

As evidence for the broad relevance and durability of the P&S
strategy, the induction of protective immunity against heterologous
XBB.1.16 challenge was examined in nonhuman primates five months
after receiving either anasal booster with a WA1-BA.5 bivalent chimpan-
zee adenovirus-vectored vaccine, or aninjection booster with bivalent
mRNA encoding WAland BA.5 or XBB.1.16 S proteins'®’. Nasal vaccina-
tionelicited durable airway IgG and IgA responses, with minimal viral
replicationinboth the upper and lower respiratory tracts. By contrast,
theinjected mRNA vaccine was limited to systemic B cell-mediated pro-
tectionin the lower respiratory tract. This study further supports the
broad efficacy of the nasal vaccine in preventing SARS-CoV-2 infection.

Inline with the expectation that a nasal vaccine caninduce a robust
mucosal immunity capable of preventing the invasion and transmis-
sion of SARS-CoV-2, a large number of candidate nasal vaccines are
undergoing investigation. As of the 30 March 2023 issue of the World
Health Organization’s COVID-19 Vaccine Tracker (https://www.who.int/
teams/blueprint/covid-19/covid-19-vaccine-tracker-and-landscape), 19
airway-targeted vaccine candidates including 16 nasal, 1aerosol and 2
inhaler types are under various stages of clinical evaluations (Supple-
mentary Fig. 1). Most of these airway-administered SARS-CoV-2 vac-
cines are either replication-competent or attenuated viral vectors.
For example, the replication-competent influenza virus vector-based
nasal vaccine targeting the RBD of the SARS-CoV-2 S protein'®®, and
Newcastle disease virus and adenovirus vector-based nasal vaccines
expressing the S protein’®° are being evaluated in phase 2/3 trials.
Non-replicating vector-based vaccines against COVID-19 include
aPIV5-based adenovirus vector vaccine expressing the S protein of
Wuhan (ancestral strain WA1) that is in phase 1 clinical trials to assess
safety, reactogenicity and immunogenicity in healthy adult and young
volunteers™ "2, An attenuated live vaccine with RSV vector expressing
Sprotein—MV-014-212 (ref. 113)—is currently undergoing a phase 1 trial to
evaluateits safety and immunogenicity in healthy adults. Furthermore,
anattenuated SARS-CoV-2 nasal vaccine, COVI-VAC, is undergoing clini-
calinvestigation to evaluate its safety and efficacy in healthy adults™.


https://www.who.int/teams/blueprint/covid-19/covid-19-vaccine-tracker-and-landscape
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Along with these live-attenuated virus- or viral vector-based vaccine
candidates, efforts are also aimed at developing recombinant protein
(or subunit)-based nasal vaccines. A recent study showed that nasal
administration of SARS-CoV-2 RBD subunit vaccines with mastoparan-7
(mast cell-activating oligopeptide) adjuvant resulted in the preferential
induction of polyfunctional centralmemory T cells (T cells)™. Nasally
induced T cellresponses are T cell-intrinsic and are maintained after
transfer to naive hosts to promote enhanced memory retrieval upon
lung antigen challenge inboth draining brachial lymph nodes and the
lungs. The T cellresponse resulted in antibodies with broad neutraliz-
ingactivity against multiple variants compared to injection vaccination
with the same antigen and adjuvant. Thus, nasal vaccination resulted
inprotection from clinical disease and less lung histopathology in the
hamster challenge model. The study provides supportive evidence for
the efficacy of the nasal vaccine and demonstrates the critical impor-
tance of T cell immunity in addition to antibody responses. Whereas
the vaccine field has historically focused on humoral immunity (for
example, antibodies) as aninformative parameter for protectiveimmu-
nity, the experience with SARS-CoV-2 infection has re-emphasized the
criticalimportance of T cell-mediated immunity for the induction of
memory and protective immunity against pathogens"*'”. T cellimmu-
nity has been shown to control viral infection even in the absence of
neutralizing antibodies'®", Clearly, the contributions of T cells remain
animportant response to be assessed in vaccine development.

Many countries have contributed novel approaches to address
nasal immunization for COVID. In Cuba, CIGB-669, a protein subunit
candidate vaccine containing the SARS-CoV-2 S protein RBD and the
nucleocapsid antigen of hepatitis B virus, has advanced to clinical tri-
alsin which it is being evaluated in nasal administration of CIGB-669
alone or in combination with intramuscular vaccination'. Another
COVID-19 subunit nasal vaccine candidate under evaluation is ACM-
001, which consists of SARS-CoV-2 S protein encapsulated witha CpG
adjuvant in self-assembled nanoscale vesicles formed by an artificial
cell membrane via polymersome technology'*'%,

Asaresult of these global efforts, atleast four countries China, India,
Iran and Russia have granted emergency licenses for nasal vaccines. Two
forms of mucosal vaccines, aninhaled vaccine with adenovirus vector
type Sexpressing S protein'?and live-attenuated, influenza-expressing,
RBD-based nasal spray vaccine'” have been approved in China. InIndia,
areplication-deficient chimpanzee adenovirus vaccine encoding a
prefusion-stabilized S protein'?*1* has been approved as a nasal vaccine
for adults. The recombinant S protein-based nasal vaccine combined
with the oil-in-water adjuvant system RAS-0 has been shown to be safe
and effective for the induction of protective immunity' and approved
for emergency use in Iran. Russia has also reportedly approved the
use of nasal vaccination with a heterologous recombinant adenovirus
rAd26 and rAd5-based vaccine that was originally developed as an
injectable vaccine'”.

Thereality of nasal mRNA vaccines

Given the success of the mRNA-based vaccine during the COVID-19
pandemic, the mucosal delivery of mRNA vaccines needs to be con-
sidered in preparation for future pandemics. Innovative mRNA nasal
delivery systems are being developed to protect mRNA from degra-
dation by enzymes in nasal secretions and to prevent its clearance
across mucosal barriers'?, A cationic polyethyleneimine-based nasal
vaccine-delivery vehicle facilitates mRNA delivery across the nasal
epithelium owingtoits biocompatible cyclodextrin, which minimizes
mucosal damage and transiently opens tight junctions'®. Thus, a cati-
onic cyclodextrin-polyethyleneimine 2k conjugate complexed with
anionic mRNA encoding HIV gp120 has been tested for nasalmRNA vac-
cination. Thisresulted in the induction of potent mucosal and systemic
Tyl, Ty2and T,17 immune responses™. A similar strategy, but using a
cationic liposomal formulation, hasbeen considered for nasal delivery

of nucleic acid-based therapies for the prevention and treatment of
neurologic diseases®**2, Despite the hurdles that exist for maintaining
mRNA stability inthe harshenvironment of the nasal cavity, the merging
of expertise in bioengineering, mucosalimmunology and vaccinology
isleading to novel delivery vehicles for nasal immunization target-
ing respiratory pathogens. For example, aninhalable, biodegradable
polyamine-co-ester polyplex hasbeen studied for the delivery of mRNA
encoding the SARS-CoV-2 S protein to the lung™, Nasal administration
ofthese polyplexes resulted in high transfection of mRNA throughout
thelung, includinginepithelial cellsand APCs, whichled toboth cellular
and humoral protective immunity against lethal viral challenge in mice.
Another study evaluated the immunogenicity and protective efficacy
of nasalmRNA encapsulated lipid nanoparticle (mMRNA-LNP) vaccines
against SARS-CoV-2 in Syrian golden hamsters™*. Nasal mRNA-LNP
vaccination induced S-specific neutralizing IgG and IgA antibodies
that reduced respiratory viral loads, decreased lung pathology and
prevented weight loss following SARS-CoV-2 challenge. Together, there
isreason for optimismregardinginduction of protective immunityin
humans by nasal mRNA vaccines.

Summary and future issues

As discussed in this Review and elsewhere™ "¢, there is increasing
evidence that nasal vaccines are safe, prevent pathogen invasion
and inhibit severe disease in both mucosal surfaces and systemic
sites?>1°20_ A limited number of nasal vaccines are currently licensed
and in clinical use® and as discussed above, FluMist Quadrivalent, a
live-attenuated influenza vaccine'®, is currently the only nasal vaccine
licensed by the FDA for healthy individuals aged between 2 and 49 years.
However, even if an attenuated vaccine could be created by reducing
thevirulence of the virus, itis not approved for use inimmunologically
immature infants or older people withimmunosenescence, because
nasal administration of live vaccines may cause adverse reactions'.

The safety of nasal vaccines must be considered during their devel-
opment™°. For example, vaccines containing whole pathogens may
revert to a replicative state'. Recombinant protein-based subunit
vaccines appear to be safer than live vaccines, but purified recombinant
protein (or subunit) antigens tend to elicit relatively weak immune
responses and generally need to be co-administered with anadjuvantas
animmunostimulant'2 Several adjuvants are currently used in inject-
able vaccine formulations, including alum AS04, MF59, ASO1B and CpG
1018 (ref.143). Other candidates are in clinical trials, such as microbial
derivatives (for example, monophosphoryl lipid A and AGP (RC-529,
asyntheticacylated monosaccharide)) and particulate adjuvants (for
example, ISCOMS (a structured complex of saponins and lipids) and
polylactide-co-glycolide)**. These candidates could be included in
nasal subunit vaccine formulations.

A major concern for nasal vaccine development is the proximity of
the nasal cavity to the CNS™*., The superior nasal orifice adjoins the
olfactory bulb, which consists of specialized neurons connected to
the brain®*, Thus, antigen administered via the nasal route could
be transported to the brain via the epithelial cells or the adjacent
olfactory bulb and adversely affect neuronal function*®. Nearly
50% of the nasal surfaces of mice and rats commonly used for vac-
cine development are covered by olfactory epithelium!*¢# In
humans*®*¥ respiratory epithelium covers the majority (around
90%) of the nasal cavity lining and olfactory epithelium covers the
remaining 10%. Although the surface area of the human olfactory
epithelium is small compared with that of rodents, its proximity to
the CNS must be considered for the development of safe nasal vac-
cines. In addition, nasal vaccines should not affect the sustentacular
cellsin the olfactory epithelium that support olfactory neurons, as
it has been shown that these cells cause inflammation by attracting
myeloid cells to the olfactory epithelium, leading to proinflammatory
cytokine production during pathogen infection*, As an example
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of the risk, an inactivated nasal influenza vaccine combined with a
genetically detoxified mutant of £. coli heat-labile enterotoxin as the
adjuvant was approved for use. Post-marketing surveillance identi-
fied cases of facial nerve palsy as an adverse reaction, leading to the
discontinuation of this vaccine'. Further, Pandemrix, an inactivated
influenza vaccine containing the adjuvant ASO3, increased the risk of
narcolepsy in children, adolescents™****' and adults™*>"**, Cholera toxin,
whichis similar in structure to the E. coli heat-labile enterotoxin, has
been used experimentally as a mucosal adjuvant for supporting the
induction of mucosal vaccine antigen-specific immune responses.
In a mouse model, nasally administered native cholera toxin can
be transported to the CNS via the olfactory bulbs, where it induced
nerve damage in the CNS™*. Thus, in parallel with the development
of the nasal vaccine, it is essential to verify that there is no transfer
of vaccine antigen and/or adjuvant to the CNS via the olfactory bulb
epithelium. Candidate nasal vaccines must continue to be carefully
evaluated to ensure that all components of the formulation are safe
and free of undesirable effects on the CNS prior to initiating clinical
trials.

Insummary, several key issues need to be considered for nasal vac-
cine development including: (1) efforts to develop of a safe and stable
mRNA and subunit vaccine formulation and delivery system; (2) the
identification of the type ofimmunity—humoral, cell-mediated, tissue-
residentand/or circulating memory, alone orin combination—required
to combat target pathogens based on human immunoprofiling data
generated pre-and post-infection (orimmunization); (3) the creation
of an optimal nasal vaccine formulation and delivery vehicle and the
benefit of an appropriate adjuvant; and (4) the assurance of overall
nasal vaccine safety.
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