Acta Pharmaceutica Sinica B 2024;14(12):5132—5160

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

REVIEW

Respiratory delivered vaccines: Current status L)
and perspectives in rational formulation design

updates
|

a’b,c’*

Lan Wu™"', Wenwen Xu™"', Huiyang Jiang™", Mingshi Yang™"*",
Dongmei Cun™"*"

“Wuya College of Innovation, Shenyang Pharmaceutical University, Shenyang 110016, China

®Joint International Research Laboratory of Intelligent Drug Delivery Systems, Ministry of Education, Shenyang
110016, China

“Department of Pharmacy, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen DK-
2100, Denmark

dSchool of Food and Drug, Shenzhen Polytechnic University, China, Shenzhen 518055, China

Received 25 May 2024; received in revised form 20 July 2024; accepted 18 August 2024

KEY WORDS Abstract The respiratory tract is susceptible to various infections and can be affected by many serious
diseases. Vaccination is one of the most promising ways that prevent infectious diseases and treatment of
some diseases such as malignancy. Direct delivery of vaccines to the respiratory tract could mimic the
natural process of infection and shorten the delivery path, therefore unique mucosal immunity at the first
line might be induced and the efficiency of delivery can be high. Despite considerable attempts at the
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strategies;
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Biomacromolecule development of respiratory vaccines, the rational formulation design still warrants attention, i.e., how

delivery systems; the formulation composition, particle properties, formulation type (liquid or solid), and devices would
Inhaled formulation; influence the immune outcome. This article reviews the recent advances in the formulation design and
Particle engineering; development of respiratory vaccines. The focus is on the state of the art of delivering antigenic com-
Nucleic acid; pounds through the respiratory tract, overcoming the pulmonary bio-barriers, enhancing delivery effi-

Lung deposition ciencies of respiratory vaccines as well as maintaining the stability of vaccines during storage and use.

The choice of devices and the influence of deposition sites on vaccine efficiencies were also reviewed.
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1. Introduction

Vaccines are biological substances that can stimulate the body’s
immune responses against specific or closely related diseases.
Most vaccines can be categorized into two broad groups, namely
prophylactic vaccines and therapeutic vaccines. Prophylactic
vaccine elicits active acquired immunity in healthy individuals,
one of the most effective strategies for preventing infectious dis-
eases caused by bacteria or viruses. The wide applications of
prophylactic vaccines play an important role in saving lives and
lowering the cost of treatments. According to the World Health
Organization (WHO), vaccines might prevent 3.5—5 million
deaths annually worldwide!. With the outburst of COVID-19, the
vaccination has exhibited dramatic preventative effects. A recent
mathematical analysis claimed that around 14.4 million deaths
from COVID-19 infection were prevented in 185 countries and
territories in the first year of COVID-19 vaccination’. Tubercu-
losis (TB) is another leading lethal infectious disease. According
to WHO, the new TB vaccine will be able to prevent 8.5 to 12.3
million deaths over 25 years®. In addition to saving lives, vacci-
nation has reduced $586 billion in treatment costs for 94 low- and
middle-income countries”. The vaccination could also reduce the
infectious disease transmission rate by providing community
protection.

On the other hand, with the development of immunotherapy,
therapeutic vaccines could also provide novel curing strategies
against serious diseases”. Unlike traditional therapeutics, vaccines
are designed to awaken the patient’s immune system, which
subsequently initiates and promotes attacks on the malignant cells
or molecules. Therefore, therapeutic vaccines could induce a dy-
namic immune response, which is synchronous with the progress
of the disease. In addition, the therapeutic vaccines might induce
persistent therapeutic effects by building immunological memory
response. As a result, therapeutic vaccines are milestone in-
novations for some intractable diseases, such as cancer’, Alz-
heimer’s disease’, and infection®.

The human respiratory tract is directly exposed to pathogens
and external environmental stresses (viz., pollution, smoking, etc.)
and therefore, it is prone to various serious diseases such as lung
cancer, COPD, and lethal infectious respiratory diseases. Recently,
the respiratory tract has been widely exploited as a promising
route for vaccination. As compared to the traditional vaccines
administered intramuscularly or subcutaneously, the delivery of
vaccines to the respiratory tract would best mimic the natural
infection process, which leads to antigen-specific immunity at the
mucosal surfaces and directly blocks the invading pathogens and
prevents infections at the first-line”'’. The inhalable prophylactic
cancer vaccine is also capable of avoiding lung cancer metastasis
by generating robust mucosal anti-tumor immunity in the lungsl L
In addition, the route of respiratory administration could ensure
the direct deposition of vaccine onto the lung tumors, which
would activate the local tissue-resident lymphocytes, facilitate the
infiltration of immune cells, produce anti-tumor cytokines, and
alleviate the tumor microenvironment (TME) more effectively
compared with traditional injected vaccines'’. Furthermore, the
promoted immune cells can reach other mucosal sites through the
mucosa-associated lymphoid tissues (MALT) and provide a
similar immune response at all the interconnected distal mucosal
sites'*'* such as the female genital tract'”. The inhalable vaccines
are highly effective, needle-free, and amenable to self-
administration, which makes them an ideal candidate for

fighting against various diseases'®.

Despite the tremendous advantages that respiratory vaccine
holds, it is extremely challenging to formulate the vaccine into
inhalable dosages. Usually, the high molecular weight and
complicated structure of antigens and antigen-encoding nucleic
acids make them very fragile and susceptible to the complex
environment of the respiratory tract, such as mucosal and
macrophage clearance as well as enzyme degradation. Therefore,
some particulate engineering technologies need to be developed to
maintain the integrity and improve the delivery efficiency of
vaccines through the respiratory tract. In addition, from the de-
livery point of view, the antigen must be taken up by APCs to
successfully induce the subsequent humoral or cellular immu-
nity'”. However, the delivery efficiency of antigen and antigen-
encoding nucleic acids to APC is readily compromised by the
branched structure of the lung, the presence of mucus or surfactant
on the top of epithelia, and the preferential uptake by other non-
specific cells'®'”. The respiratory vaccine particles should be
modified with APC targeting motifs or formulated with mucus-
penetrating or adhesive excipients to overcome these challenges
and enhance their vaccination efficiencies. Besides, environmental
stresses during the manufacturing, storage, and aerosolization
process pose an extra threat to the vaccine formulation’. The lung
deposition site and the choice of administration devices for the
respiratory tract are other important factors influencing the
vaccination effects.

To address the abovementioned formulation issues, it is
essential to have an overview of the state of the art of respiratory
vaccines and learn from previous research. However, few articles
have discussed the research progress in respiratory vaccines or the
formulation technologies used for the development of respiratory-
delivered vaccines. Therefore, we outlined the current research
status of different types of respiratory vaccines, the formulation
design strategies facilitating vaccine delivery to the respiratory
tract and APC as well as the interactions between respiratory
vaccines and mucosal immune systems. The critical factors that
influence the stability, deposition, and safety of vaccine formula-
tions are also discussed to provide a reference for the formulation
design of promising respiratory vaccines in the future.

2. Respiratory mucosal immune systems

The human respiratory mucosal immune system mainly consists
of the nasal cavity, the Waldeyer’s ring, and regional lymph
nodes®""*?. The Waldeyer’s ring comprises two palatine tonsils,
two tubal tonsils, an adenoid, and a lingual tonsil (Fig. 1)****.
These tissues are covered with epithelium layer and mucosa,
which serve as the major site for antigen processing. The crypts of
the tonsil surface are the main location of respiratory antigen-
delivering microfold cells (i.e., respiratory M cells)”. These M
cells with pocket-like structures harbor the APCs from the lymph
nodes. In the human body, the Waldeyer’s ring is also regarded as
nasal-associated lymphoid tissue (NALT), which is an important
part of MALT in the upper airway”. In some disease conditions
such as lung infections and lung cancer, the patients would
develop inducible bronchus-associated lymphoid tissues (iBALT)
in their lower respiratory tract, which form a reticular network of
lymphocytes and stromal cells beneath the epithelium that lacks
cilia. Interestingly, iBALT would not be present in healthy adults.

The mucosal immunization begins with the capture and
transport of antigens and vaccine particles by M cells to APCs.
The APCs then present the antigen to naive T cells and activate
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Figure 1

Respiratory immune systems and process of vaccine immunization in respiratory tract. Reprinted with the permission from Refs. 34,

58 and 59. Copyright © 2022 Sanchez Montalvo, Gohy, Rombaux, Pilette and Hox. (Ref. 34); Copyright © 2022 by the author, Licensee MDPI,
Basel, Switzerland. (Ref. 58); Copyright © 2021 John Wiley & Sons, Inc or related companies. (Ref. 59).

antigen-specific T cells. The activated T cells would subsequently
move to the B cells and convert the IgM-secreting B cells to IgA-
secreting B cells with the help of epithelial tissue-derived cyto-
kines including TGF-g, IL-2, IL-5, IL-6, IL-10 and IL-21 in the
disease states”® >*, which lead to the production of IgA. Fig. 1
schematically illustrates the adaptive immune response in the
mucosal immune system. In addition to the T cell-dependent
pathway, the B cells can also be activated and secret IgA by
other molecules directly, such as thymic stromal lymphopoietin
(TSLP), IL-6, IL-10, B-cell activating factor (BAFF) as well as a
proliferation-inducing ligand (APRIL) expressed by epithelial
cells and local stromal cells’ ', However, different from the T
cell-dependent pathway, the IgA produced by the T cell-
independent pathway is unmutated with low affinity, which
would provide limited protection against the pathogens®> >*.
Notably, the IgA is the major immunoglobulin isotype in most
mucosal secretions. It is also the most abundant immunoglobulin
in human serum. The IgA in serum is typically present as a
monomer, while it exists as a dimer in the mucosal secretions*.
The mucosal IgA is also known as secretory IgA (sIgA)™ and it
can nebulize the pathogens or toxins at the very front line. In case
of pathogen invasion, the sIgA either covers the pathogen in the
lumen, preventing its interactions with respiratory epithelial cells
or forms a barrier to inhibit the cellular uptake of the pathogens®.
sIgA can also directly inhibit microbial invasion by neutralizing
them®’ or excrete toxins and viruses by intracellular cycling®®. In
addition, sIgA can induce innate immunity by activating mono-
cytes, macrophages, and neutrophils through IgA receptor FcaR
(CD89)™. As compared to the serum immunoglobulin IgG, the

sIgA would not destroy the pathogens through lysis and comple-
ment activation, therefore avoiding the inflammation™’. Thus, the
induction of sIgA is very crucial for mucosal vaccination.

The successful induction of T cells and immunological mem-
ory is also critical for mucosal vaccination. The DC cells play a
major role in activating T cells by presenting antigens to naive T
cells through recognition of antigen-specific major histocompati-
bility complex (MHC) class I molecules*'. After recognition,
antigen-specific CD8" T cells would proliferate and differentiate
into several subtypes, namely CD8" cytotoxic T lymphocytes
(CTLs), central memory T (Tcpm) cells, effector memory T (Tgpm)
cells, and tissue-resident memory CD8" T (Tgw) cells (Fig. H*.
The CTLs might kill malignant cells either by releasing granules
or inducing FasL-mediated apoptosis™, which is important for
cancer immunotherapy. However, the short life span of CTLs
limits their anticancer efficiency. On the other hand, the Tcy cells,
Tgm cells, and Try cells are essential in building immunological
memory. The Tcy cells and Tgy cells contribute to systemic
immunity by being recirculated between blood and lymphoid or-
gans but are of little use in mucosal immunity. The Tgy, cells are
the most abundant memory T cells in the respiratory tract***> and
play a significant role in the local defenses against infections and
restrict tumor growth. The pulmonary Tgry cells are long-lived
within the respiratory tract and would be activated rapidly and
powerfully after antigen recognition in the lungs. The residence
ability of Try cells is mainly related to the distinct markers on the
surface, such as CD103, CD69, and CD49a. The CD103 would
facilitate the interactions between Tgry, cells and epithelial cells*.
The CD69 might prevent the tissue invasion®. The CD49a is a
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mucosal integrin and increases CD8" T cell infiltration*®. In the
case of respiratory infection, Tryy cells would promote the pro-
duction of IL-2, IFN-vy, and TNF-a to induce immune de-
fense’’*%. At the same time, the Trm cells would produce anti-
inflammatory factors such as IL-10 to alleviate the tissue dam-
age by inflammation®®. Tgy cells could also mediate cross-
protective immunity against antigenically unrelated pathogens
and recruit T cells and B cells to the sites of infection®™”". Till
now, multiple studies have demonstrated the protection effects of
pulmonary Tgy,; cells against respiratory infectious diseases such
as influenza®®!, RSVSZ, and SARS-CoV-2"** Tn addition to
respiratory infections, the Try cells also play a crucial role in the
adoptive immunotherapy against lung cancer. Previous studies
showed that the Try cells in the tumor microenvironment (TME)
would produce granzyme B, IFN-y, and IL-17, which would
restrict tumor cell growth and metastasis and enhance the
recruitment of monocytes and NK cells”. Therefore, the preva-
lence of Try cells in the tumor tissues is positively correlated with
the improved clinical outcomes of lung cancer’®. Interestingly,
recent studies exhibited that the intranasal route of immunization
was much more efficient than that of the intramuscular or systemic
routes in inducing Tgry cells, which constitutes another critical
benefit associated with mucosal vaccination®’.

3. Respiratory vaccine entities

The current respiratory vaccines are promising in protecting
against multiple respiratory diseases, such as influenza, tubercu-
losis (TB), respiratory syncytial virus (RSV), measles, and
COVID-19. Therapeutic vaccines against lung cancer can also be
administered via the respiratory route. Currently, there have been
several respiratory vaccines approved for the market (Table 1).
The entities of respiratory vaccines in clinical and preclinical
stages including whole inactivated vaccines (WIVs), live attenu-
ated vaccines (LAVs), recombinant viral vector vaccines, subunit
vaccines, and nucleic acid-based vaccines were summarized in the
following sections.

3.1.  Whole inactivated vaccines

Whole inactivated vaccines (WIVs) are chemically or physically
killed pathogens with reserved immunogenicity and lost replica-
tion capacity of the source pathogens. Formaldehyde and $-pro-
piolactone, two licensed inactivating agents, are frequently used in
the manufacturing of WIVs in industrial®®. Formaldehyde could

inter- and intra-molecularly crosslink the protein or genome of the
pathogen by monohydroxymethylating amino acids in proteins
and adenine residues in the genome to inactivate the pathogen®,
while (-propiolactone could inactivate pathogens by alkylating
the guanine residues in genome®. These crosslinking agents will
be removed via dialysis, thus only the inactivated genomes,
polysaccharides, and proteins are retained in the final products.
The process of inactivation might lead to a significant confor-
mational change of the surface proteins, which will compromise
the immunogenicity of WIV. Insufficient immunogenicity has
limited the capacity of WIVs to induce full mucosal immune re-
sponses® and there are no respiratory-administered WIVs avail-
able in the clinic yet.

Mucosal adjuvants are essential for improving the immuno-
genicity of the respiratory WIVs. However, traditional mucosal
adjuvants (cholera toxin and heat-labile enterotoxin) induce severe
side effects in humans, such as nasal discharge(’4 and facial nerve
palsy®. Therefore, novel mucosal adjuvants with high efficiency
and safety are crucial for the development of respiratory WIVs.
Glycolipids were reported to activate natural killer T cells®,
which further increases the immune response. In a related study,
a-galactosylceramide, a glycolipid presented by CD1d cell, was
co-administered with influenza WIV intranasally to mice®’. The
vaccinated mice demonstrated antigen-specific mucosal IgA pro-
duction in the nasal tract as well as the boosted population of
natural killer T cells related to CXCL16/CXCR6 and IL-4 in-
teractions. In another study, immunostimulant monophosphoryl
lipid A (MPL), a glycolipid isolated from Salmonella minnesota
R595, also mediated enhanced mucosal IgA level in mice after co-
administration with influenza WIV intranasally(’x. In addition, the
MPL-adjuvanted intranasal influenza WIV provided total protec-
tion against the lethal dose challenge of the influenza virus, while
the mice who received the influenza WIV without MPL suc-
cumbed to the lethal challenge with 100% mortality.

Natural-sourced polymer particles are also potential mucosal
adjuvants by simulating macrophages or DC cells and inducing
mucosal immune responses. For example, chitin microparticles
(CMPs) were co-administered with HIN1 influenza WIV through
nasal vaccination to mice®”. The CMP-aided immunization
induced high IgA levels in nasal washes and IgG levels in serum
as well as complete protection against the HIN1 influenza chal-
lenge in mice. In addition, poly (gamma-glutamic acid) nano-
particles (y-PGA-NPs) co-administered with influenza WIV also
exhibited enhanced IgA levels, and humoral and cellular immune
responses since the y-PGA-NPs activated NF-kB in DC cells.
However, the abovementioned mucosal adjuvant candidates are all

Table 1  Respiratory delivered vaccines approved to market.
Vaccine name Vaccine Administration Indication Antigen
type route

Fluenz Tetra LAV Intranasal Influenza A/HINI strain, A/H3N2 strain, two B strains (B/Washington/02/
2019 and B/Phuket/3073/2013 lineages)

FluMist quadrivalent LAV Intranasal Influenza A/HINI strain, A/H3N2 strain, two B strains (B/Yamagata/16/88
and B/Victoria/2/87 lineages)

Pandemic influenza vaccine LAV Intranasal Influenza A/HS5NI strain

HS5N1 by AstraZeneca
Nasovac-S LAV Intranasal Influenza A/HINI strain, A/H3N2 strain, one B strain (B/56/Brisbane/60/08)
Convidecia air RVV Inhalation SARS- Adenovirus type-5 vector-based vaccine (Ad5-nCoV) against
CoV-2 COVID-19

LAV, live attenuated vaccine; RVYV, recombinant viral vector vaccine.
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well-studied parenteral adjuvants and the preclinical studies were
all designed by simply administering them directly to the respi-
ratory tract to examine their mucosal adjuvanticity. Although
these studies demonstrated significant mucosal IgA responses in
the presence of those adjuvants, their safety for respiratory
administration and the mechanisms for mucosal adjuvanticity
have not been explored yet. Till now, there is no mucosal adjuvant
approved for clinical uses. Thus, the development of safe and
effective WIVs warrants further improvement.

3.2.  Live attenuated vaccines

Live attenuated vaccines (LAVs) are attenuated mutations of
pathogens with restricted replication capacity in the human body
as compared to wild-type pathogens’’. Ideal LAVs can induce
effective and long-lasting immunity comparable to the original
pathogens but without causing infections. Traditionally, LAVs are
often developed by culturing the pathogens under a non-
physiological condition, such as culturing the pathogens using
the technique of cold adaptation’'. Nowadays, with the advance-
ment in recombinant gene technology, the virulence and replica-
tion of pathogens can be edited to produce LAVs as needed. In
addition, some naturally attenuated microorganisms can be used
as LAVs directly, such as the Bacilli Calmette-Guérin (BCG)
vaccine for TB and the cowpox vaccine for smallpox’”.

Unlike WIVs, the LAVs can induce profound immune
response. Currently, there are already a few LAVs for respiratory
delivery in the market or clinic trials. The most widely used
commercial LAV for respiratory delivery is the intranasal seasonal
influenza vaccine, i.e., FluMist® or Fluenz™, which is recom-
mended for annual influenza vaccination by the US Centers for
Disease Control and Prevention’”. FluMist® was initially
approved as a trivalent vaccine and then was updated as quadri-
valent in recent years. Despite its flu-like side effects in adults and
children, the FluMist® was proven to be able to provide effective
protection against different influenza viruses via the stimulation of
IgA production, cell-mediated immune response, and systemic
immune response’” "’

BCG, the licensed TB LAYV for subcutaneous injection showed
significant immune efficacy in different animals when adminis-
tered via respiratory route’® ", Inspirited by the positive results
in animal models, three Phase I clinical trials have been conducted
in British adults who have or do not have a history of BCG
vaccination to determine the safety and tolerability of the BCG
boost via pulmonary administration (clinicaltrials.gov identifier:
NCT03912207, NCT02709278, NCT04777721). However, un-
fortunately, the results have not been published yet. In another
phase I clinical trial, measles LAV in the form of inhalable dry
powder displayed a strong serological response which was com-
parable to subcutaneous vaccination and no adverse events were
reported. However, the mucosal immune responses and IgA level
were not evaluated (NCTO01557699; CTRI/2012/02/002447)%.
Two LAVs via intranasal administration against COVID-19,
namely COVI-VAC (NCT04619628) and MV-014-212
(NCTO04798001), are also in the phase I trial currently. The
COVI-VAC is produced by recording the spike protein®', while the
MV-014-212 is an attenuated RSV virus expressing COVID-19
spike protein®’. However, no results have been reported yet.

Furthermore, some promising results were also reported from
preclinical studies. SARS-CoV-2 LAYV, attenuated by replacing the
key structure of the spike proteins, could induce robust antibody
responses and prevent weight loss and the occurrence of

pneumonia after the SARS-CoV-2 virus challenge. It only induced
negligible lung pathology in both hACE2 transgenic mice and
Syrian hamsters due to 100- to 1000-fold lower titers than the
original virus. In another study, a cold-adapted, spike protein
motif-deleted SARS-CoV-2 LAV also could stimulate robust
antibody responses, and no apparent body weight loss and histo-
pathological lesions were detected with the challenge of wild-type
SARS-CoV-2 virus*’.

Overall, the potential of respiratory delivery of various LAVs
was proved in studies at different stages. Even though, the main
concern about the safety of LAVs is still unresolved. The possi-
bility of virulence recovery and inducing infections is low but
exists, and some LAVs might cause transient immunosuppression,
which is dangerous for vulnerable people. Therefore, more efforts
are urgently needed to facilitate the clinic translation of LAVs for
respiratory delivery.

3.3.  Recombinant viral vector vaccines

Recombinant viral vector vaccines (RVVs) are produced by
inserting the DNA encoding immunogenic fragments of the
pathogen into viral vectors which are attenuated and unrelated to
the pathogens of interest®. Because the components of recombi-
nant viral vector vaccines are not directly from the pathogens, the
risk of virus reversion can be avoided. However, the viral vector
itself may potentially cause danger to the immuno-compromised
individuals. In addition, the viral vector would also induce spe-
cific immune responses, and the antibodies against the vectors
might neutralize the vaccines and weaken their effects. The choice
of viral vectors is important for RVVs. The most widely used viral
vectors are human adenoviruses (Ads) as their virulence is mild
and cell tropism is broad. They could infect various dividing and
nondividing cells without causing diseases®. In addition to Ads,
other viruses such as recombinant influenza virus***’, vesicular
stomatitis virus®®, vaccinia virus®, and baculovirus® are also
under exploitation.

Till now, the most rapidly progressed RVV for respiratory
delivery is Convidecia Air, the aerosolized adenovirus type-5
vector-based vaccine (Ad5-nCoV) against COVID-19 by CanSino
Biologics (CanSinoBIO). It was granted Emergency Use Autho-
rization for boosting the immune response in Chinese adults who
had previously received two doses of intramuscularly (i.m.)
administered  inactivated COVID-19  vaccines  (Sinovac
CoronaVac)() !, The results of the phase III clinical trial
(NCT05204589) exhibited that the aerosolized Ad5-nCoV was
safe and highly immunogenic in boosting substantial serum anti-
body response against SARS-CoV-2. It could boost stronger
neutralizing antibody responses than injected homologous inacti-
vated vaccine (CoronaVac) and Ad5-nCoV°’'. More interestingly,
the aerosolized Ad5-nCoV was proved to be able to induce airway
mucosal IgA response and activate resident memory B and T cells
in the respiratory mucosa, which could build an effective barrier
against infections at virus invasion sites’”.

In addition to the commercialized AdS5-nCoV vaccines,
currently, there are several respiratory-delivered RV Vs at different
stages of clinical trials. The Ad delivered SARS-CoV-2 S protein
vaccine ChAdOx1 developed by Oxford and AstraZeneca, which
has been approved into the market for injection, exhibited a
reduced viral shedding as well as sufficient IgA and IgG pro-
duction after intranasal administration in sentinel hamsters”.
However, the use of the injected vaccine has been suspended due
to the thromboembolism in vaccinees with an overall lethality of
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2.5 in 1,000,000”*“°. Regrettably, the mechanism of thrombo-
embolism is still uncertain. As a result, the development of the
intranasal formulation of SARS-CoV-2 S protein vaccine
ChAdOx1 has also been pended simultaneously. Another Ad5
vectored vaccine encoding the receptor-binding domain (RBD) of
the SARS-CoV-2 S protein (viz., AACOVID) displayed significant
IgA, IgG, and T cell-based immunity in a mouse model after a
single intranasal dose and went into phase I clinical trials
(NCT04442230)°". Unfortunately, the company has discontinued
further development of AdCOVID, and this candidate has been
removed from clinical studies. The adS5-based vaccine has also
been developed for the prevention of TB. An open-label Phase I
clinical trial for aerosol tuberculosis vaccine was conducted by
McMaster University Medical Centre (MUMC, 1200 Main St.
West, Hamilton L8N 3Z5, Canada). The results indicated that even
though the aerosol dose (1 x 10° PFU) was 100 times lower than
the intramuscular dose (1 x 108 PFU), it still produced remarkable
immunogenicity in human respiratory mucosa’®. There were no
clinically significant abnormalities detected in routine laboratory
tests at 2, 4, and 12 weeks after aerosol vaccination.

Overall, RVVs for respiratory delivery are promising, how-
ever, their safety and efficacy warrant further investigations. The
details of other recombinant viral vector vaccines for respiratory
delivery either in preclinical or clinical stages are summarized in
Table 2 *'°,

3.4.  Subunit vaccines

Subunit vaccines are split vaccines containing the purified com-
ponents of pathogens, including proteins, polysaccharides, lipids,
or peptides''!, which are immunogenic or necessary to elicit
specific immune responses. Traditionally, subunit vaccines were
prepared by appropriately splitting the virion particles and col-
lecting the antigenic components. With the development of
biotechnology, molecular cloning techniques are extensively used
to prepare subunit vaccines which are called recombinant subunit
vaccines.

Although no respiratory-delivered subunit vaccines have yet
been approved in the market, there are several products in clinical
trials. For instance, an intranasal recombinant COVID-19 spike

Table 2

protein subunit vaccine is in phase III clinical trial currently in
Iran, which is used as the booster shot for individuals who have
received two doses of intramuscular vaccines. In the phase I stage,
this vaccine did not show any serious adverse effect but significant
IgA response, robust humoral response, and strong T-helper 1
response were observed in a total of 153 participants''>. In the
following phase II stage, the vaccine with a selected dose showed
adequate immunogenicity and efficiency after intranasal admin-
istration to 500 volunteers®''*. ACM-001, another COVID-19
subunit vaccine, containing recombinant spike protein of beta-
variant strain SARS-CoV-2 and CpG adjuvant is being tested in
Phase I clinical trial (NCT05385991). The ACM-001 was
designed to be administered intranasally as a booster vaccine
against SARS-CoV-2 after a full primary vaccination and booster
(3 doses) schedule with any commercial SARS-CoV-2 vaccines.
However, this trial is still ongoing and no results have been re-
ported yet.

In general, this type of vaccine is relatively safer and easier to
produce compared to other types, but the lack of additional immu-
nostimulatory molecules could significantly compromise the
immunogenicity''*. Adding adjuvant in the formulation and/or using
nano drug delivery systems (NDDS) are the two major strategies to
enhance the immunogenicity of subunit vaccine''>~'"”. Some ad-
juvants incorporated into the formulation of respiratory-delivered
subunit vaccines for TB' 187'20, influenza'?'~'% , and RSV!267129
were summarized in Table 3 °'**. Some representative NDDS
were summarized in Table 4 314,

3.5.  Nucleic acid vaccines

Nucleic acid vaccines are plasmid DNA (pDNA), mRNA, and
self-amplifying RNA that encodes the distinctive antigenic pro-
teins. Nucleic acids can be produced by some biological synthesis
methods, which are relatively simple, fast, and low-cost. However,
the unfavorable intrinsic nature of nucleic acids including fragile
structure, high hydrophilicity, and high negative charge density of
nucleic acids make it extremely difficult to reach the site of action
in the cell nucleus or cytoplasm. Therefore, a carrier that can
facilitate the delivery of vaccines is an integral part of nucleic acid
vaccines. To date, although there are no nucleic acid vaccines

Preclinical and clinical studies of recombinant viral vector vaccines delivered via respiratory route.

Pathogen Vector Administration route Formulation  Preclinical or In vivo model Ref.
type clinical
TB AdS Pulmonary aerosol and Solution Preclinical and Rhesus macaques, 98—100
intratracheal clinical phase I ~ human

TB Simian adenovirus Aerosol inhalation Solution Clinical phase I ~ Human 101

TB Recombinant influenza virus Intranasal Solution Preclinical Mice, guinea pigs 86

TB Recombinant influenza virus Intranasal Solution Clinical phase I ~ Human 102

TB Recombinant influenza virus Intranasal Solution Preclinical Mice 87
RSV Recombinant influenza virus Intranasal Solution Preclinical Mice 103
RSV Recombinant vesicular Intranasal Solution Preclinical Cotton rats 88

stomatitis virus

RSV Chimpanzee Ad Intranasal Solution Preclinical Mice, cotton rats 104
RSV Baculovirus Intranasal Solution Preclinical Mice 90
Measles Human Ad Intranasal Solution Preclinical Mice, cotton rats 105,106
Measles  Vaccinia virus Intranasal Solution Preclinical Mice 107
Measles  Parainfluenza Intranasal Solution Preclinical Syrian hamsters 108
Measles  Parainfluenza Intranasal Solution Clinical phase I  Infants and children 109
Measles  Vesicular stomatitis virus Intranasal Solution Preclinical Cotton rats 110

TB, tuberculosis; Ad, adenovirus; RSV, respiratory syncytial virus.
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Table 3  Preclinical and clinical studies of subunit vaccines delivered via respiratory route.

Pathogen Vaccine component Adjuvant Administration Formulation Preclinical In vivo  Ref.
route type or clinical model
TB Recombinant Mycobacterium TLR Pulmonary Dry powder Preclinical Mice 130
tuberculosis proteins
TB Fusion protein containing five CDN Intranasal Solution Preclinical Mice 118

Mpycobacterium tuberculosis
proteins (5SAg)

Influenza Membrane-anchored flagellin VLPs Intranasal Solution Preclinical Mice 131
Influenza HA, NA and matrix protein of VLPs Intranasal Solution Preclinical Mice 132
influenza virus
Influenza OVA PLGA nanoparticles Intranasal Solution Preclinical Mice 133
Influenza rCTB = Intranasal Solution Preclinical Mice 134
Influenza — Saponin derives Intranasal Solution Preclinical Mice 135
COVID- CIGB-669 (RBD+AgnHB) = Intranasal Solution Clinical Human 136
19 phase I/IT
COVID- ACM-SARS-CoV-2-beta ACM- — Intranasal Solution Clinical Human 137
19 CpG vaccine candidate phase I
RSV Purified RSV F protein CpG ODNSs Intranasal Solution Preclinical Mice or 126,127
cotton
rats
RSV M2 protein of RSV Fused peptide Intranasal Solution Preclinical Mice 128
RSV RSV-F protein Influenza virosomes and Intranasal Solution Preclinical Mice 129

Escheriagen (Escherichia coli
heat-labile toxin)
RSV RSV long strain G protein fused Protollin Intranasal Solution Preclinical Mice 138
to a fragment of thioredoxin

TB, tuberculosis; TLR, toll-like receptors; CDN, cyclic diguanylate; VLPs, virus-like particles; HA, haemagglutinin; NA, neuraminidase; OVA,
ovalbumin; PLGA, poly(lactic-co-glycolic acid); rCTB, recombinant cholera toxin B subunit; RBD, receptor-binding domain; ODNS, oligodeox-
ynucleotides; RSV, respiratory syncytial virus; —, not applicable.

Table 4 Representative subunit vaccine nanoparticles for respiratory tract delivery.

Indication Nanoparticle Immunogenic compound Administration Excipient Preclinical In vivo Ref.
type route or clinical model
TB Polymeric self-  Mycolic acid Intranasal PEG-PPS Preclinical Mice 139
assemblies copolymers
Pneumococcus Cationic Pneumococcal surface protein A Intranasal Cationic cholesteryl Preclinical Macaques 140
amphiphilic pullulan nanogel
polysaccharide
derivatives
Tumor Chitosan Gastrin-releasing peptide Intranasal Mannosylated Preclinical Mice 141
nanoparticles chitosan
TB Amphiphilic BMDC cognate antigen Ag85B Pulmonary KFES, a self- Preclinical Mice 142
peptide self- administration  associating peptide
assemblies containing 8 amino
acids
M cell Polymer- IgA and protein antigen pertussis  Intranasal Chitosan—dextran Preclinical Mice 143
targeting  polysaccharide  toxin sulphate
nanoparticles
M cell PLGA Recombinant protein containing Intranasal PLGA Preclinical Mice 144
targeting ~ nanoparticles HA from influenza virus A, His-tag
and perfringens enterotoxin
Hepatitis Chitosan-PLGA  Recombinant hepatitis B surface  Intranasal Glycol chitosan, Preclinical New 145
nanoparticles antigen PLGA Zealand
white
rabbits
TB Lipidic Mpycobacterium tuberculosis Intranasal, Yellow carnauba Preclinical Mice 146
nanoparticles antigens intratracheal wax

TB, tuberculosis; PEG-PPS, poly(ethylene glycol)-bl-poly (propylene sulfide); PLGA, poly (lactic-co-glycolic acid); HA, haemagglutinin.
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commercially available for respiratory route delivery yet, many
attempts have been made to promote the progress in this field. The
research progress of nucleic acid vaccines delivered via the res-
piratory tract in both clinical and preclinical stages was summa-
rized in Table 5 '7""'%° Some typical examples of nucleic acid
vaccines based on lipid, polymer, or protein/peptide carriers for
respiratory delivery were schematically shown in Fig. 2 and dis-
cussed in the following.

3.5.1. pDNA vaccines

pDNA vaccines are usually constructed by inserting the DNA
fragments encoding antigen into a bacterial plasmid. The pDNA
has high stability due to the double-chained structure as well as
the hydrogen bonds. The stability can be further enhanced when
supercoiled'*’. The pDNA is anionic because of the negatively
charged phosphate groups with large molecular weight, which
hinders the ability to cross cellular and nuclear membranes.
Therefore, cationic materials are necessary to be utilized in pDNA
vaccine formulations to rearrange their net charge and increase
their transmembrane efficiency.

Some cationic lipids, such as 1,2-dioleoyl-3-
dimethylammonium chloride (DODAC) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) can form complexes
with polyanionic pDNA enhance its cellular uptake and endo-
somal escape. In a preclinical study, cationic lipid DODAC, helper
lipid DOPE, and PEGylated lipid PEG-C8 were formulated into

cationic liposomes to encapsulate pDNA encoding the HA protein
of influenza'*®. The integrity of pDNA against DNAse challenge
was retained, and high titers of IgA in BALF and serum as well as
a high level of T cell proliferation was induced after intranasal
administration to mice. More interestingly, the vaccines rendered
animals complete protection against lethal doses of influenza
virus. Another cationic liposome encapsulating pDNA encoding
mycobacterial 65-kDa heat shock protein (DNA-hsp65) was re-
ported to show a significant reduction of the bacilli amount in
lungs together with increased IFN-y level lung parenchyma
preservation against tuberculosis in mice after intranasal admin-
istration'*’, The formulation contains egg phosphatidylcholine
(EPC), DOPE, and DOTAP. The EPC and DOPE serve as structure
lipids, while DOTAP serves as the transfection reagent and
complex with pDNA on the surface of liposome through elec-
trostatic interaction. However, the physiochemical stability of
liposome vaccines in an aqueous environment after storage still
needs improvement for large-scale adoption'’.

Cationic polymers can also serve as net charge adjusters for
pDNA vaccine formulations by forming polyplexes with pDNA.
Polyethyleneimine (PEI) is an extensively used cationic polymer-
based transfection agent for pDNA as it could enhance their
transfection efficiency by facilitating endosomal escape. In a
previous study, pDNA encoding SARS-CoV spike (S) protein was
mixed with PEI and administered to mice intranasally'®'. The
immunized mice exhibited significantly higher sIgA levels in the

Table 5 Preclinical and clinical studies of nucleic acid vaccines delivered via respiratory route.
Indication Formulation composition Nucleic acid  Coding antigen Administration Preclinical  In vivo Ref.
vaccine type route or clinical  model
Hepatitis PC/DOPE/Cholesterol liposomes pDNA S protein Intranasal Preclinical  Mice 177
Influenza DODAC/DOPE/PEG liposomes pDNA HA Intranasal Preclinical ~ Mice 148
TB GAP-DLRIE: DOPE lipoplexes pDNA Ag85A Intranasal Preclinical Mice 178
TB EPC/DOPE/DOTAP liposomes pDNA HSP65 Intranasal Preclinical ~ Mice 149
Influenza PEI polyplexes pDNA HA Intranasal Preclinical  Mice 179
Influenza dPEI polyplexes pDNA HA Intranasal Preclinical ~ Mice 152
SARS-CoV PEI polyplexes pDNA S protein Intranasal Preclinical  Mice 151
HIV PEI polyplexes pDNA HXBc2 gp120 Intratracheal Preclinical  Mice 180,181
TB Mannosylated chitosan pDNA HSP65 Intranasal Preclinical Mice 182
nanoparticles
SARS-CoV Chitosan nanoparticles pDNA N protein Intranasal Preclinical Mice 153
SARS-CoV-2 Chitosan-gold nanoparticles pDNA S protein Intranasal Preclinical  Mice 183
RSV Chitosan nanoparticles pDNA M2 protein Intranasal Preclinical  Mice 154
Tumor Protamine nanocomplexes pDNA pGRP Intranasal Preclinical  Mice 156
Influenza LNP mRNA HA Intranasal Preclinical ~ Mice 184
= Cyclodextrin—PEI polyplexes mRNA OVA Intranasal Preclinical  Mice 166
HIV Cyclodextrin—PEI polyplexes mRNA gpl120 Intranasal Preclinical Mice 185
Influenza Chitosan nanoparticles mRNA HA and M2 Intranasal Preclinical ~ Chicken 186
Mice Lewis lung Cationic liposome/protamine mRNA Cytokeratin 19 Intranasal Preclinical ~ Mice 187
cancer model
HIV = mRNA HT1 Intranasal Clinical- Human 188
terminated
Influenza LNPs saRNA Influenza A HIN1 Intranasal Preclinical ~ Mice 176
Cal/09 strain
SARS-CoV-2 Alphavirus replicon particle saRNA CB6 Intranasal Preclinical ~ Mice 189
Rabies virus LNPs, solid lipid nanoparticles saRNA Glycoprotein Intranasal Preclinical Mice 173

and polymeric nanoparticles

PC, phosphatidylcholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DODAC, 1,2-dioleoyl-3-dimethylammonium chloride; EPC, egg
phosphatidylcholine; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; PEG, poly(ethylene glycol); HA, haemagglutinin; TB, tuberculosis;
PEI, polyethyleneimine; dPEI, deacylated polyethyleneimine; GAP-DLRIE:DOPE, aminopropyl-dimethyl-bis-dodecyloxy-propanaminium bro-
mide—dioleoylphosphatidyl-ethanolamine; HIV, human immunodeficiency virus; LNPs, lipid nanoparticles; Ag85A, tuberculosis antigen 85 A;
HSP65, mycobacterial 65-kDa heat shock protein; pGRP, plasmid encoding gastrin-releasing peptide; OVA, ovalbumin; —, not applicable.
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lung wash and S-specific IgG levels in the sera than those treated
with pDNA alone. In addition, the percentage of IFN-y, TNF-a,
and IL-2-producing cells was also elevated. In another study,
Mann et al."”” have developed a deacylated PEI (dPEI)-pDNA
polyplexes-based nasal influenza vaccine. Following administra-
tion, influenza HA antigen-specific IgG and IgA responses were
significantly induced in mouse lungs, and the dPEI-DNA poly-
plexes could transfect human mucosal epithelium and traverse
epithelial monolayers. Despite the excellent pDNA transfection
efficiency PEI provides, the toxicity and non-degradable nature
hinder its application in the clinic.

Chitosan is a positively charged natural polysaccharide with
great biodegradability and biocompatibility, which can bind with
pDNA through electrostatic complexion and facilitate gene
transfection. In a related study, pDNA encoding N protein of
SARS-CoV was loaded into biotinylated chitosan nanoparticles
and given intranasally to mice'>. The results demonstrated that
intranasal vaccination induced enhanced mucosal IgA and sys-
temic IgG levels against N protein. However, the systemic IgG
level by intranasal route was lower than that of intramuscular
route. In another study, pDNA encoding the CTL epitope from the
M2 protein of RSV was formulated with chitosan and immunized

Carrier-based nucleic acid vaccine for respiratory delivery.

to mice through intranasal administration'>*. The RSV-specific
CTL responses induced by the intranasal route were comparable to
the intradermal route. Moreover, the intranasally immunized mice
exhibited great protection effects against RSV challenge.

Protamine, a cationic protein extracted from mature male
fish, is also extensively used as the carrier material for nucleic
acid delivery due to the capacity to self-assemble with DNA and
target the nuclei via the nuclear localization signal-like regions
consisting of four to six arginine repeats'>”. Via mannosylation
and complexation with pDNA encoding gastrin-releasing pep-
tide (pGRP)'°°, the affinity of protamine to macrophage could
be increased and consequently, the cellular uptake and trans-
fection efficiency of protamine-based nanoparticles in macro-
phages were enhanced. Higher pGRP-specific antigen titer and
tumor inhibition rates were also observed in mice after nasal
vaccination.

Despite the encouraging results of preclinical studies, the po-
tency of pDNA vaccines is disappointing in humans. Firstly,
vaccination would benefit from the transient production of antigen
instead of long-lasting or even permanent production of protein
for gene therapeutics'>’, for which the pDNA with great inherent
stability may need to be modified to produce the encoded antigen
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for a limited time. Secondly, the pDNA vaccines warrant proper
boosting or promoting strategies to generate optimal immune re-
sponses'®. Thirdly, the pDNA vaccines need to enter the nuclei,

. . .. . 159
which raises the concern of genomic integration .

3.5.2.  mRNA vaccines

mRNA vaccines have demonstrated remarkable effects in con-
trolling the SARS-CoV-2 pandemic. Compared with pDNA vac-
cines, the mRNA vaccines would not enter the nucleus and,
therefore do not have the risk of insertional mutagenesis and
genomic integration'*’. Moreover, the transient gene expression of
mRNA would avoid undesired persistent gene expression and
provide better control of vaccine activity'°’. Although promising,
the mRNA is easily degraded by the RNase in the environment
and shear forces during airway nebulization. Therefore, the cargos
for respiratory-delivered mRNA vaccines need to be optimized to
acquire satisfying immune responses in the respiratory tract.

Lipid nanoparticles (LNPs) have been thoroughly investigated
and successfully launched for two authorized coronavirus disease
2019 (COVID-19) vaccines, mRNA-1273'°" and BNT162b2'%%.
The typical formulation of LNPs for injection is composed of
ionizable or cationic lipids, PEGylated lipids, cholesterol, and
helper lipids. When LNPs are applied for the respiratory route, the
composition of LNPs should be comprehensively modified ac-
cording to the aerosol device and local microenvironment in the
lung. A recent study exhibited some design principles for aero-
solized LNPs through in vivo cluster-based iterative screening'®’.
According to this study, a higher ratio of PEGylated lipids is
required for aerosolized LNPs to ensure better stability and slower
lung clearance of mRNAs'®*. It was found that LNPs with higher
PEG and cationic lipids molarity could achieve higher transfection
efficiency in vivo and cause less aggregation during nebulization,
but too high amount of PEGylated lipids might reversely
compromise the intracellular protein expression level'®. In
addition, the type of PEGylated lipids and helper lipids also have a
significant influence on the mRNA transfection and protein
expression levels in the lung. The mechanism behind these phe-
nomena warrants further investigation.

The cationic polymers are also appealing for mRNA vaccine
delivery to the respiratory tract. In a preclinical case, PEI with
different molecular weights (600 Da and 2 KDa) was conjugated
with cyclodextrin (CD) respectively. The resultant cationic con-
jugate CP600 or CP2K was complexed with mRNA encoding
OVA protein and intranasally administered to the mice'®’.
Compared to CP600-mRNA, CP2K-mRNA complexes more
easily migrate to lymph nodes and stimulate dendritic cell matu-
ration in vivo, which was probably due to the smaller particle size.
The CP2K-mRNA complexes could induce stronger CD4"/
CDS8™T responses in the lungs and lymph nodes with lower local
and systemic toxicities than PEI 25k-mRNA.

A new class of cationic polymer named hyperbranched poly
(beta-amino esters) (hPBAEs) showed superior capacities of
nebulized delivery of mRNA over PEI as they were less toxic and
their hyperbranching architecture could help to maintain structural
stability during inhalation. In a related study, the polyplexes of
hPBAE and mRNA implied a uniform distribution of mRNA
throughout all five lung lobes of mice after nebulization, and the
gene expression level in mouse lungs was nearly 20 times greater
than that of branched PEI/mRNA complexes. Furthermore,
repeated dosing of inhaled hPBAE-mRNA could cause persistent
protein production in the lungs without local or systemic

toxicities'®’.

The use of cationic peptides and proteins in this area is also
extensively explored. They can exhibit diverse functions by
adjusting the kinds and sequences of amino acids. The incorpo-
ration of cationic amino acids (i.e., lysine, histidine, and arginine)
would facilitate the peptides or proteins to create complexes with
anionic nucleic acids. In addition, the combination of hydrophilic
and hydrophobic amino acids would form amphiphilic peptides or
proteins, which can be formulated into nanoparticles or nanofibers
by self-assembly protocols. Therefore, the peptides and proteins
are promising materials for mRNA vaccine delivery. In a previous
study, synthetic cationic peptide KLL4 was PEGylated for better
solubility and formed nanosized complexes with mRNA through
electrostatic complexation'®®. The PEG-KL4/mRNA complexes
mediated effective transfection onto human lung epithelial cells.
The spray-dried complexes were intratracheally administered and
exhibited much higher gene expression than naked mRNA and
lipofectamine-transfected mRNA. The high gene expression lasted
for 24 h post-administration. In addition, the complexes showed
no inflammation or toxicity in mice lungs, which indicated that the
PEG-KL4 had great potential for pulmonary delivery of mRNA
vaccines.

Although mRNA vaccines have exhibited so much potential for
respiratory tract delivery, the intrinsic immunogenicity makes it
still challenging to transfer respiratory-delivered mRNA vaccines
to clinics. mRNA has several immunostimulatory mechanisms,
which may either be useful or detrimental for mRNA vaccination
or vaccination safety'®'”. The booming of type I interferon
would result in both inflammation and autoimmune re-
sponsesm‘m. On the other hand, mRNA can also activate the
TLR pathways and exhibit adjuvant activities'”’. The balancing of
the potential efficacy and safety of mRNA vaccines needs to be
further explored. Furthermore, some side effects of mRNA vac-
cines cannot be predicted by preclinical studies due to species
differences between human and animal models, which indicates
that the application of mRNA vaccines should be very careful.

3.5.3.  Self-amplifying RNA vaccines

Self-amplifying RNA (saRNA) vaccines are generated by
combining the gene encoding the antigens with the gene fragments
of RNA-dependent RNA polymerases (RDRP)'’®. The RDRP
fragments would facilitate the gene amplification, which enables a
much lower dose of saRNA to acquire equivalent immune re-
sponses as non-amplifying mRNA'7*'7>_ Similar to other nucleic
acid vaccines, the saRNA vaccines also require proper vectors for
respiratory tract delivery.

In a recent study, a novel ionizable modified dendron was
complexed with saRNA encoding influenza antigen via micro-
fluidic mixing. Then the cholesterol, helper lipid DOPE, and
PEGylated lipid DMG-PEG2000 were added sequentially to form
LNPs'’®. After intranasal vaccination to mice, the LNPs boosted
more pulmonary Tgy and persisting memory CDS8 T cells in BAL
fluid and respiratory tract than that of intramuscular vaccination.
In contrast, the intranasal vaccination induced less circulating
CDS8 and CD4 T cell memory than the intramuscular vaccination.
Combining intramuscular immunizations with an intranasal boost
achieved both high levels of circulating T cell memory and lung
TrMm, however, the dosage regimen for optimizing long-term
protection still warrants further exploration. In addition, this
research demonstrated that the modified dendron-based LNPs
resulted in negligible material-induced inflammation in the lungs
and acceptable liver safety, which were much better than
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conventional RNA LNPs. However, the mechanisms of better
safety profiles of this novel LNPs were not evaluated.

Despite the promising results discussed above, the immuno-
genicity of saRNA-loaded LNPs is contradictory in various
studies. In another related study, a saRNA encoding the rabies
virus glycoprotein (RVG) was encapsulated in LNPs containing
helper lipid DOPE, PEGylated lipid DMG-PEG2000, and cationic
lipid DOTAP'”?. Regrettably, after intranasal administration to
mice, the immune responses generated by the LNPs were lower
than those of intramuscular and intradermal administration. In
addition, the intranasal-delivered LNPs experienced rapid clear-
ance from the body. The differences might be related to the
formulation composition of LNPs as well as the chain length of
saRNA. Till now, the saRNA-loaded formulations for respiratory-
administered vaccines are still limited. Formulation strategies for
saRNA-loaded respiratory administered vaccines require further
improvement.

In addition to the abovementioned nucleic acid vaccines, other
nucleic acids might also be utilized for vaccines. For instance,
small interfering RNA (siRNA), which can mediate sequence-
specific gene silencing effects through the RNAi pathway, has
great potential in treating diseases caused by gene overexpression.
In the case of vaccines, silencing the upstream gene might be able
to adjust the levels of immune-related genes. However, the choice
of critical genes and their exact mechanism warrants further
exploration.

3.6.  Nanobody vaccines

Nanobodies are naturally the smallest functional single-domain
antibodies which consist of two heavy chains of immunoglobulin
with ultrahigh affinity to antigens'®’. Compared with traditional
monoclonal antibodies, nanobodies are more stable to a wide
range of pH and temperatures together with superior hydrophi-
licitym, which facilitates them to be aerosolized to the respiratory
tract directly'®?. The unique characteristics of nanobodies offer
great opportunities for developing both therapeutical reagents and
vaccines via inhalation.

Till now, there have been several inhaled nanobodies against
various lung infection diseases under investigation. The recent
research progress of nanobodies for respiratory delivery is sum-
marized in Table 6 '93°1%9,

For instance, a nanobody targeting the RBD of SARS-CoV-2 S
protein was optimized and nebulized to Syrian golden ham-
sters'??, and the results showed that the virus neutralization ca-
pacity of the nanobody was well reserved and the droplet sizes
were reproducibly distributed to reach all compartments of air-
ways. When animals were challenged with the SARS-CoV-2 virus
intranasally 3 h after the immunization with nebulized nano-
bodies, almost complete protection with significantly lower weight
loss was achieved, as compared with the control group without
immunization. For therapeutic purposes, nanobodies administered
24 h after infection also exhibited significant recovering effects on
treated animals with much milder weight loss as well as less in-
flammatory and degenerative changes.

In another study, a trimeric Nanobody that binds the antigenic
site II of RSV F protein was administered to cotton rats either
intranasally or by nebulization for therapeutic or prophylactic
application, respectively'”’. For therapeutic application, the
nanobodies were administered intranasally to animals on the
second or third day after RSV infection. The treatment exhibited
significant viral load reductions in the lungs compared with the

untreated group. For prophylactic application, the nanobodies
were nebulized to animals 1 h before the RSV challenge, and the
RSV replication was almost completely blocked. These results all
suggested the great potential of nanobodies to serve as a pro-
phylactic or therapeutic strategy against lung diseases. However,
there are still some limitations. Firstly, the protection duration of
nebulized nanobodies is too short, mostly in hours, which is
insufficient to provide long-term prophylaxis in the human crowd.
Secondly, although nanobodies have the potential to be used as
therapeutic agents, nanobodies will not be suitable for severe lung
infection, since the key pathomechanism of lung infection is
hyperinflammation rather than virus replication. Thirdly, the
safety profile of nanobodies with multiple dosing regimens in the
lungs warrants further investigation.

4. Formulation strategies for enhancing the efficiency of
particulate respiratory delivered vaccines

As shown above, the application of nano- or micro-sized partic-
ulate drug delivery systems based on various functional materials
is an effective way to induce efficient and prolonged immune
effects in the respiratory tract. However, the successful delivery of
vaccine particles into the airway is still extremely challenging
because of the multiple barriers in the respiratory tract. The upper
airway of the respiratory tract is covered with a dense and
viscoelastic mucus layer, which prevents the vaccines from con-
tacting the lung cells”” 2%, The vaccine particles would be
entrapped within mucus and transported towards the mouth,
swallowed, or coughed out, which consequently reduces the
vaccination effects. In addition, the antigens would only elicit
immune responses after being uptake by antigen-presenting cells
(APCs)**19016¢ However, the majority of cells in the respiratory
tract are epithelial cells without antigen-presenting function®’?,
the preferential uptake by epithelial cells could decrease the im-
mune effects of the mucosal vaccines. To overcome these barriers,
more delicate modifications of nanoparticles and microparticles
are needed to render them extra functions like targeting profile,
mucus penetration, or adhesion ability by controlling the inter-
action between the vaccine and the microenvironment in the res-
piratory system”’*”%. In this section, some novel strategies that
have been explored to modify particles to promote their perfor-
mance in the context of respiratory vaccine delivery will be
summarized and discussed in detail.

4.1.  Strategies for improving targeting efficiency

As mentioned above, M cells and APCs that function as antigen
capturing and presenting in respiratory mucus immune systems
play a critical role in vaccination. Targeted delivery of vaccines to
M cells or APCs could increase the immunization efficiency of
vaccines, and consequently lead to the reduction of dose and
potential side effects induced by broad transportation of proteins
or nucleic acids to the somatic cells. In general, targeting can be
achieved via the way of passive targeting and active targeting
(receptor-specific binding).

4.1.1.  Passive targeting

The preferential uptake of particles with specific sizes and surface
charge by APCs could turn into a passive way of targeting APCs
(Fig. 3A). Blank et al.>*® have examined the uptake of polystyrene
(PS) particles with different sizes by mouse lung APCs after
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Table 6 Studies of nanobody vaccines delivered via respiratory route.
Pathogens Nanobody type Administration Prophylactic or therapeutic  In vivo model Administer regimen Ref.
route use
RSV Nanobody that binds Intranasal or Prophylactic and therapeutic Cotton rats Prophylactic-1 h before 193
the antigenic site II nebulized infection; therapeutic-2
of RSV F protein inhalation or 3 days after infection
SARS-CoV-2  RBD-specific nanobody Nebulized Prophylactic and therapeutic Syrian Prophylactic-8 h before 194
inhalation hamster infection; therapeutic-
24 h
after infection
SARS-CoV-2  Omicron variant Nebulized Therapeutic Mice 2 h after infection, once 195
RBD-specific inhalation a day for three days
nanobody
SARS-CoV-2  Heterotrimeric Intranasal Prophylactic and therapeutic Mice Prophylactic-24 h 196
RBD-specific before
nanobody infection; therapeutic-
24 h
after infection
SARS-CoV-2 S protein-specific Intranasal Prophylactic and therapeutic Syrian Prophylactic-2 h 197
trimer nanobody hamster before infection;
therapeutic-24 h after
infection
SARS-CoV-2  Trimerized nanobody Intratracheal Therapeutic Mice One day after infection 198
cocktail
SARS-CoV-2  PiN-21 Nebulized Prophylactic and therapeutic Syrian Prophylactic-6 h before 199
inhalation hamster infection; therapeutic-8

and 24 h after infection

RSV, respiratory syncytial virus; RBD, receptor-binding domain; PiN-21, ultrapotent homotrimeric Pittsburgh inhalable nanobody 21.

intranasal administration. The results evidenced that the majority
of PS particles were taken up by the alveolar macrophages, in-
dependent of particle size. In contrast, DCs preferentially captured
20- and 50-nm particles as compared to 1000-nm particles. The
DCs were then activated and triggered an enhanced antigen-spe-
cific CD41 T-cell stimulation. In addition, the smaller-sized par-
ticles captured by DCs could be translocated to lung-draining
lymph nodes (LDLNs), while the particles captured by alveolar
macrophages failed to do so.

In addition to size, the surface charges could also influence the
uptake of vaccine nanoparticles by DCs (Fig. 3A). It was
demonstrated that as compared to anionic scaffolds, cationic
nanoparticles bestowed an increased accumulation within DCs of
mouse lungs after orotracheal instillation®”’. Furthermore,
cationic nanoparticles had an adjuvant-like effect in the lungs by
promoting the production of CCL-2 and CXCL-10, which are
chemo-attractants involved in DC recruitment to the lungs®*® >'°

211

and contributed to the increased IgA production™ .

4.1.2.  Receptor-specific binding

The existence of some specific ligands on M cells or APCs offered
a way of active targeting via specific receptor-ligand interaction
(Fig. 3B). An early study has exploited IgA as a targeting ligand
for M cells because it can specifically adhere to the apical
membrane of M cells'*® (Table 4 '*°7'*%). When IgA was incor-
porated into  protein  antigen  pertussis  toxin-loaded
chitosan—dextran sulfate nanoparticles (IgA-CS-DS NPs, the
NPs were preferentially taken up by M cells after intranasal
administration to mice. Claudin 4, a tight junction transmembrane
protein, that is highly expressed on the surfaces of M cells, was
used as a targeting site in another study (Table 4 '*°7'%%). Since
claudin 4 can specifically bind to clostridium perfringens

enterotoxin (CPE), the CPE could be employed as a targeting
ligand'**. The investigators built a recombinant protein containing
HA from influenza virus A, His-tag (HT), and CPE, in which the
HA acted as antigen, and the HT was inserted for purification. The
recombinant protein was encapsulated into PLGA nanoparticles
using the solvent evaporation/double emulsion method. The re-
combinant protein was distributed both in core matrices and on the
surfaces. The CPE remaining on the surfaces of the nanoparticles
served as a targeting ligand. The nanoparticles were readily
uptaken by claudin 4-expressing cells in vitro and also showed
significantly increased cellular uptake by M cells of mice after
intranasal administration.

For APCs, the mannose receptors have attracted much interest
as these are expressed on most macrophages and DC cells®'”.
Therefore, grafting mannose onto the surface of vaccine vectors
could improve their targeting of APCs. For example, mannosy-
lated chitosan was shown to enhance the cellular uptake of vac-
cines by APCs and result in improved immunogenicity'*""'*°. In
this study, mannosylated chitosan (MCS) was complexed with the
pDNA encoding gastrin-releasing peptide (GRP) through elec-
tronic interaction to form nanoparticles (MCS-pGRP) (Table 4
1397146y141 " The complexes depicted a high macrophage accu-
mulation through mannose-mannose receptor binding, and the
levels of anti-GRP antibody were significantly elevated in mice
serum after intranasal vaccination. Compared to the non-modified
nanoparticles counterpart and free pDNA, the growth of tumors
could be dramatically suppressed by MCS-pGRP, when all of
them were used as preventative vaccines against tumors. In
another study'®?, the MCS-DNA nanoparticles (MCS-DNA NPs)
also showed specific targeting to alveolar macrophages, and both
sIgA titer in BALF and CD4"/CD8™T responses in the lungs were
significantly increased relative to the unmodified chitosan-DNA



5144

Lan Wu et al.

A

Passive targeting

Particle size

00—

Surface charge

O'a

APCs

Cc

(Enhancing mucus penetratiorD
=8

@

Lung mucus —— “? JC

learance

Inadequate
surface modification

Lung epithelium ——

Lung mesenchyme ——

® 5y

B
@eceptor-specific bindingD

2
@

- .

Vaccine particle ) 59

Targeting ligand =

Targeting receptor [t?

Adequate
surface modification

Mucus penetrating
surface modification
material

9 Q Macrophage

Vaccine
particle

D E
(Enhancing mucus adhesio@ @nhancing lung epithelium permeability)
Opening
tight junction ®
—— Lung mucus —
@ @ 9 Q ® ® o @
—Lung epithelium ——
o7 o
Lung mesenchyme ®
Mucus adhesive ) )
vaccine particle ® Vaccine particle

Antigens encapsulated
in vaccine particle

Figure 3

Formulation strategies for enhancing the respiratory delivery efficiencies of vaccines. (A) Facilitating passive targeting; (B) Pro-

moting receptor-specific binding; (C) Enhancing mucus penetration ability; (D) Enhancing mucus adhesion; (E) Enhancing lung epithelium

permeability.

nanoparticles or naked DNA. When used as a vaccine for tuber-
culosis, MCS-DNA NPs could significantly reduce the lung bac-
terial CFUs comparable to subcutaneous BCG vaccination.
However, the protection against bacterial infections in the spleen
was less effective.

In addition to mannose, galactose was also used as a ligand to
target macrophages because it can selectively bind to the galactose
type C-type lectins on the surfaces of macrophages®'”. In a pre-
vious study”'®, galactose-modified liposomes exhibited higher

recognition and endocytosis levels by the macrophages, and
induced significantly higher sIgA levels in nasal and lung wash
and higher serum IgG antibody level in mice after intranasal
administration, as compared to the unmodified liposomes and
galactose-mixed liposomes.

Sialic acids are also highly expressed on the surfaces of DCs
and widely involved in their functions, such as antigen uptake,
migration, and T cell response priming®'”. In an in vitro study,
glutamic  acid-alanine-leucine-alanine (GALA) peptide, a
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synthetic peptide with high selectivity binding to sialic acid
terminated glycans on DCs, was conjugated with poly uridine
(PolyU)/mRNA polyplexes and facilitated mRNA internalization
and subsequent cytosolic release, further leading to higher mRNA
transfection efficiency in RAW 246.7 macrophages (around 36%)
and D1 splenic dendritic cells (around 50%) as compared to the
same polyplexes but modified with non-sialic acid targeting pep-
tide®'®. The GALA-modified polyplex could also enhance T-cell
responses and DC maturation. However, the in vivo DC target-
ing and immunotherapy effects after respiratory administration
warrant further consideration.

4.2.  Strategies for enhancing mucus penetration

The presence of mucus on the surface of the respiratory tract poses
a huge barrier for the respiratory-delivered vaccine. The vaccine
particles with excellent mucus penetration abilities could poten-
tially escape from the trap of mucus to avoid the mucociliary
clearance effects”'’. The ability to penetrate through mucus is
dependent on the adhesive forces between vaccine particles and
pulmonary mucus, which are mainly induced through two mech-
anisms: (1) the interactions between the hydrophobic regions of
mucin strands and hydrophobic segments of foreign particles; (2)
the electrostatic interactions between mucin and surface-charged
particles®'®. Surface modification of vaccine particles with hy-
drophilic and/or neutrally-charged molecules would be essential to
avoid their hydrophobic and electrostatic interactions with mucus
and eventually facilitate efficient lung mucus transport (Fig. 3C).

PEG is one of the most frequently used surface modification
materials for mucus penetrating enhancement”'”. Both PEG 2 kDa
and 5 kDa were shown to significantly enhance the permeability of
PLGA microspheres through artificial lung mucus®*’. In an in-vitro
model, most of the PEG-modified microspheres penetrated through
the mucus layer in 1 h, while the unmodified microspheres were
trapped within the mucus. Another research team has formulated
neutral PEGylated lipoplexes of pDNA"" """~ , which displayed no
differences in gene expression between the presence and absence of
CF mucin both in in-vitro and in-vivo conditions. These results
suggested the superiority of PEGylation of inhalable particulates to
overcome the mucus barrier. However, recent studies revealed that
the PEG-specific antibodies have widely spread in humans and
animals**>***, which might not only cause anaphylaxis reactions
mediated via antigen binding and cross-linking of IgE but also
decrease the hydrophilicity and mucus permeability of PEG under
in-vivo condition’”. To overcome the shortcomings of PEG,
several novel hydrophilic and neutral-charged polymers such as
poly(2-alkyl-2-oxazolines) (POZ)*07 228, N-(2-hydroxypropyl)
methacrylamide (HPMA)*** %% and zwitterionic polymers>****
have been designed. Their penetration abilities through various
mucus have been examined, however, their applications in respi-
ratory vaccine delivery have not yet been evaluated.

Other mucus-penetrating agents include hydrating sugars,
peptides, endogenous pulmonary surfactants, and so on. For
example, mannitol is an osmotically active sugar that could
disrupt the interactions between mucins and decrease the viscosity
by influxing large amounts of water into the mucus®’. The
conjugation of mannitol with hydrophilic chondroitin sulfate A
(CS-A) could combine the mucus disruption ability and hydro-
philicity. The ability of pDNA/siRNA-cell penetrating peptide
nanocoplexes to penetrate the artificial CF mucus layer was
approximately 7—15 times higher than the unmodified
counterparts.

An example of a lung mucus penetrating peptide is the recently
developed receptor for advanced glycation end products (RAGE)
binding peptide (RBP). The RBP was further modified with cis-
aconitic anhydride (CA) to form RBP-cis-aconitic amide (RC). The
RC exhibits a negative charge in neutral pH and can facilitate
diffusion across the mucus layer through electrostatic repulsion to-
ward the mucin glycoproteins. When the surface of siRNA/cationic
polymer nanocomplexes was coated with RC, the mean square
displacement value (MSD) and the translational motion in CF patient
sputum of nanocomplex were improved 1000 fold and around 3 times
respectively”*°. After intratracheal administration to mice, the ma-
jority of RC-coated nanocomplexes could penetrate through the
mucus and reach deeper regions of lung tissues, while the uncoated
nanocomplexes mainly stayed over the top of the goblet cells, which
was ascribed to their greater entrapment within the mucus layer. The
RC-coated nanocomplexes conferred a much lower mucin glyco-
proteins aggregation effect than that of uncoated nanocomplexes
in vitro, which implied the mucus penetration abilities of RC.

The effects of some pulmonary surfactants including the
negatively charged dipalmitoyl phosphatidylglycerol (DPPG),
dipalmitoyl phosphatidylserine (DPPS), and the neutral dipalmi-
toylphosphatidylcholine (DPPC) and dipalmitoylphosphatidyl-
amine (DPPE) to enhance the penetration of PLGA NPs through
artificial lung mucus were also tested”>’. The results elicited that
DPPS modification led to increased permeability, but the other
three phospholipids failed to do so. However, the mechanisms
underlying the results need further investigation.

Combing with some mucolytic agents or permeability enhancers
was also effective in enhancing the mucus penetration of particulate
vaccine formulations. The mucolytic agents could disturb the gel
structure of the mucus layer, therefore decreasing its viscosity and
elasticity®”®. N-Acetylcysteine (NAC) and dornase alfa are the two
major mucolytic agents for pulmonary mucus. The NAC could cleave
the disulfide bonds of mucin proteins, destroy the spatial structure of
mucin fiber, and decrease the viscosity and the elasticity of the
mucus®>***°, Pretreatment of CF sputum with NAC significantly
increased the MSD of PEGylated polystyrene NPs by approximately
10-fold compared with the same NPs in untreated sputum’*’.
Nacystelyn, the lysine salt of NAC, also has shown the same
enhancement capacity for DNA-EDMPC: Chol lipoplexes to pene-
trate through the nasal mucus of mice’**. Dornase alfa could also
reduce the mucus viscosity by the DNA degradation in the mucus and
is widely used to improve the lung function of CF patients by aero-
lization”*®. However, its potential abilities to enhance the perme-
ability of particulate systems need to be further examined.

4.3.  Strategies for enhancing mucus adhesion

Mucus adhesion is another effective strategy to boost the immuno-
genicity of vaccines since it can increase the opportunity for a vac-
cine to be taken up by APCs (Fig. 3D). The mucus adhesion of
vaccine particles is mainly derived from the use of some mucoad-
hesive polymers such as chitosan and its derivatives. As shown in a
previous study, the recombinant hepatitis B surface antigen (HBsAg)
encapsulated PLGA NPs exhibited much higher mucin absorption
after their surface was decorated with glycol chitosan'*’, which
indicated higher mucin adhesion ability. After intranasal adminis-
tration to New Zealand white rabbits, the glycol chitosan modified
PLGA NPs (GC-PLGA NPs) depicted significantly longer nasal
retention, higher accumulation levels in both lungs and other organs
(blood, lymph nodes, liver, spleen, intestine), and higher levels of
both IgA and IgG in mice than PLGA nanoparticles by radiolabeling
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the PLGA nanoparticles and investigate the biodistribution through
gamma counting, which was attributed to the improved mucoad-
hesive ability of GC-PLGA NPs'*.

4.4.  Strategies for enhancing lung epithelium permeability

The lung epithelium barrier is another challenge for respiratory-
delivered vaccines to augment antigen uptake by reaching underlying
APCs. The use of permeability enhancers would be a promising way
to overcome this barrier (Fig. 3E). Conventional permeability en-
hancers such as surfactants and bile salts, can open tight junctions and
lipid membranes®**. However, they also have the risk of inducing
irreversible damage and even the loss of the integrity of lung epithe-
lium*>**. Therefore, the development of novel permeability enhancers
with satisfying safety profiles for pulmonary use would be of great
importance for respiratory-delivered vaccines. Cyclodextrin can
temporarily open the tight junction by depleting the cholesterol on the
epithelial cell membrane and subsequently destroying the tight junc-
tion integrity and displacing the tight junction proteins®*’. In an earlier
study, the researchers conjugated cyclodextrin with PEI 2K and
complexed with mRNA. The complexes significantly lowered the
level of tight junction protein ZO-1 in in-vitro epithelial MDCK cells
after treatment for 6 h. The ZO-1 level could return to the normal state
and the tight junction morphology might be recovered after 12 h.
Therefore, the complexes could overcome the epithelial barrier by
reversibly opening their tight junctions and enhancing the paracellular
delivery of mRNA in the nasal cavity with good biocompatibility'®.

In addition, some researchers demonstrated that phospholipids
such as DPPC and phospholipid hexadecanol tyloxapol**®**7,
polysaccharides such as hydroxypropyl 8-cyclodextrin®*®, as well
as fatty acids**>**" could be used for enhancing macromolecule
absorption via respiratory route by opening up the tight junctions.
However, few have been used for respiratory delivery, which
warrants more investigations.

Collectively, the abovementioned strategies have been
demonstrated to be promising in enhancing the immune responses
of vaccines by improving delivery efficiency. However, there is
still a long distance from clinical. The safety concerns about these
new materials, the gap between animal models and human phys-
iological and pathological conditions, and the lack of under-
standing about the interaction between nanoparticles with the
environment in the lung are the key issues that hinder the clinical
translation of these vaccine delivery systems, which warrants
further investigation in future.

5. Other critical considerations in respiratory vaccine
formulation development

Delivering the vaccines directly to the respiratory tract can shorten
the delivery path and induce mucosal immune response at the first
line. However, to successfully translate the vaccines into clinics,
some critical issues must be considered, including the deposition
site in the lung, the choice of the respiratory delivery device, the
stability of the vaccines during storage and aerosolization, the
breath patterns design, and the vaccinee variability.

5.1.  Respiratory tract deposition

Controlling vaccine deposition sites in the respiratory tract is
critical for enhancing vaccine efficiency and requires careful
consideration. For liquid vaccine formulations, the deep lungs

seem to be ideal for inducing an immune response. Many studies
have exhibited that the immune responses of liquid vaccines were
more robust with longer antigen residence time and reduced
mucociliary clearance when the vaccine was delivered deep into
the lungs®' >>°. However, for powder formulation of vaccines,
the effects of the deposition site on the intensity of induced im-
mune response seem to be varied from case to case.

The aerodynamic diameter (D,) of vaccine particles is the
primary factor affecting the deposition pattern of the vaccine in
the respiratory tract”’**’. Generally, particles with D, in the
range of 10—20 um tend to deposit at the posterior NALT instead
of the anterior region of the nose, which is ideal for vaccine nasal
delivery*®*7. For pulmonary delivery, particles with D, larger
than 5 pm tend to deposit in the oropharynx by impaction
mechanisms and exhaled afterward, while particles with D, be-
tween 1-5 pm would distribute within the respiratory tract
by inertial impaction and sedimentation mechanisms and exert
immune effects. In addition, particles smaller than 1 pm can
reach the alveoli through diffusion and sedimentation
mechanisms®®* %’ (Fig. 4A and B).

5.2.  Respiratory delivery device

Respiratory delivery device is an integral part of respiratory
vaccination and play a critical role. Depending on the physi-
ochemical properties of the formulation and targeted area (nasal
cavity or the lung), the device should be designed individually and
specifically. An optimal device should coordinate with the
formulation to generate appropriate aerosols that can deposit at
targeted areas.

Although the nose has an extensive mucous membrane surface,
the complex anatomy of the nose and the aerodynamics of the
particles still limit the delivery efficiency of nasal spray”®'.
Metered-dose spray pumps and nebulizers are the most frequently
used devices for nasal vaccine delivery. Metered-dose spray
pumps could deliver a precise and constant volume of drug so-
lution or suspension with adjustable particle sizes and geome-
tries’®>. The advantages of low manufacturing costs, portability,
simplicity in applications, and safety have made the Metered-dose
spray pumps dominate the nasal drug delivery market®®’. For
vaccines that need precise dosing, long intervals, and limited
inoculation time, single-dose metered-dose spray pumps are
preferred. For example, a single-dose metered-dose spray pump
produced by BD Accuspray™ device (Fig. 4D) is used for the
commercial nasal vaccine FluMist®. The device consists of a
single-use prefilled syringe to produce large particles with di-
ameters of 50—200 pm, which contributes to decreased vaccine
deposition into the lower respiratory tract and minimizes potential
adverse effects”®'. Medical nebulizers like vibrating mesh, air-jet,
and ultrasonic nebulizers have also been utilized for intranasal
administration. OptiNose is a novel bi-directional nasal nebulizer
that consists of a flexible mouthpiece and a sealing nosepiece”®*.
The device isolates the nose from the mouth and lungs through
automatic closure of the soft palate during oral exhalation and
helps the vaccine to deposit in high/deep sites in the nasal, which
has been tested for COVID-19 vaccine (NCT05035576) and
influenza vaccine delivery in clinical trials*®,

For pulmonary delivery of vaccines, the commercially avail-
able devices include pressurized metered-dose inhalers (pMDIs),
dry powder inhalers (DPIs), and nebulizersz(’(”ﬂﬁ(Fig. 4C-F).
Pressurized metered dose inhalers (pMDIs) use pressurized pro-
pellant to deliver a fixed dose of aerosol through a nebulizer
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nozzle. The canister, metering valve, actuator, and dose counter
are the major components of pMDIs (Fig. 4C)*°®. The canister
contains a mixture of propellant, drugs, and excipients. Many
drugs are not readily soluble in the propellant, which poses a
significant challenge in developing pMDI products®®”>’’. Besides,
the administration of pMDIs requires specific hand-mouth coor-
dination training of the patients, which is complex and labor-
consuming. Therefore, despite some studies on the formulations
of pMDIs for DNAs and proteinsyl*zﬂ, there are no pMDIs for
respiratory vaccine delivery on the market or in the clinical
research stage yet, which suggests the application of pMDIs as
respiratory ~ vaccine delivery devices warrants  further
consideration.

Soft mist inhalers (SMIs) are propellent-free metered-dose
inhalers activated by breathing”’**”>. These deliver aqueous for-
mulations through micro holes, forming soft fog for deep lung
deposition®’*?”>. The aerosol generated with SMIs generally has a
high fine particle fraction (65%—80%), a low velocity, and a more
sustained duration than that of pMDIs?’*?’. However, current
researches with SMIs mainly focus on their application of
COPD?"*?"_Its potential for vaccine delivery in the lungs has not
been explored yet.

Unlike pMDIs, DPIs are breath-actuated devices, that can be
used for the respiratory administration of either single or multi-
dose dry powders®™. So far, the most promising devices for pul-
monary powder vaccines are the BD Solovent® and Aktiv-Dry
PuffHaler®. BD Solovent® consists of a 5 mL syringe (without
needle), vaccine powder reservoir, and mask. At the time of
vaccination, the powder was dispersed into the spacer by
depressing the syringe plunger, and then inhaled by the vacci-
nees®”**! (Fig. 4F). Aktiv-Dry PuffHaler® consists of a squeeze
bulb, powder disperser, and collapsed bag reservoir that contains a
mouthpiece”?. The vaccinees pushes the powder from the
disperser into the reservoir by squeezing the bulb and opening the
valve. In a study with rhesus macaques, a single dose of measles
dry powder vaccine inhaled by these two devices induced durable
and fully protective immunity”®®. This result has been further
confirmed in the clinical phase I trials (NCT01557699), in which
the immunogenicity profile and safety of vaccines administered
with PuffHaler® or Solovent® were comparable with subcutane-
ously injected vaccines®™. Other disposable DPIs also show
promise for inhaled vaccines, including SOLO, TwinCaps, and
Occoris®®.

Nebulizers like vibrating mesh, surface acoustic wave (SAW),
air-jet, and ultrasonic nebulizers are also promising for delivering
vaccines. These generate large volumes of inhalable aerosols,
where the loaded formulations do not require propellant as in
pMDIs or drying processes as in DPIs. Air-jet nebulizers employ
high-velocity gas to pass through a venturi nozzle and convert
liquids into a mist. The liquid is drawn from the nebulizer reser-
voir up to a feed tube and emerges as fine filaments that collapse
into aerosol droplets”®>. It has been shown that the immunoge-
nicity of the aerosol measles vaccine produced by the air jet
nebulizers on macaques is comparable to vaccination by injec-
tion”*. However, the jet nebulizers are usually noisy and hard to
carry. In addition, the lung deposition efficiency of jet nebulizers
is as low as 10% of the emitted dose”®”***. Unlike jet nebulizers,
ultrasonic nebulizers exploit a piezoelectric crystal vibrating at
high frequency to produce a fountain at the liquid-air interface,
which forms droplets that can be aerosolized and exit the nebu-
lizer through ventilation”®. Ultrasonic nebulizers are compact and
silent. However, the heat generated by piezoelectric crystals in the

. . . . . 2 2 2C G
device can inactivate the protein-based vaccines®”-*%¢>°%21 Ip

addition, the particle size produced by the ultrasonic nebulizers is
larger than the air-jet nebulizers, which might affect the deposition
sites in the lungs**°. Similar to ultrasonic nebulizers, mesh neb-
ulizers are more portable and efficient than jet nebulizers, but they
are less effective with viscous solutions and suspensions due to
their ability to clog the pores. Vibrating mesh nebulizers are most
widely used in clinical trials of respiratory-delivered vaccines,
which generate aerosols through a perforated plate with micro-
metric apertures vibrating at frequencies around 100 kHz"”.
Convidecia Air™, the first pulmonary administered COVID-19
vaccine, has used a vibrating mesh nebulizer (Fig. 4E)°'>9%2%,

5.3.  Stability of vaccine formulation

As discussed above, the components of vaccines are mainly bio-
logical macromolecules that are prone to multiple stresses,
including heat, enzyme, and altered pH value in the external
environment as well as the shear stress, particle aggregation, and
antigen degradation during storage and respiratory delivery
process”’2*°3" Therefore, stabilization strategies to ensure the
integrity of vaccines are crucial for translating the products from
bench to bed.

5.3.1. Stability during storage

Currently, liquid formulations are commonly used for respiratory-
delivered vaccines. The strategies for improving the storage sta-
bility of liquid formulation include adjusting pH, regulating ionic
strength as well as the application of stabilizers’’”. The optimal
pH for maintaining the activity of liquid formulations delivered to
the respiratory tract is between 5 to 8°°**%*_ It was also found that
low osmotic pressure and ionic strength (I < 0.15) are conducive
to the stability of liquid vaccines®**"*. Amino acids and
amphiphilic molecules are the most commonly used stabilizers®”.
The amino acids could aid the refolding and solubilization of
proteins and prevent their aggregation and nonspecific adsorption
by preferential hydration”®'***°® For example, the addition of
1% L-arginine in the formulation of FluMist® could significantly
increase the stability of LAIV strains to enable the liquid prepa-
rations to be stable at 2—8 °C for one year’"’. Amphiphilic
molecules are capable of preventing the aggregation of proteins by
preferential adsorbing to the air/water hydrophobic interface,
reducing the free energy of the system, and reducing protein-
interface and protein-protein interactions®**%8 30 These fac-
tors should be taken into consideration when designing novel
liquid respiratory vaccines.

Compared with liquid formulations, dry powders are less
vulnerable to the environmental stresses”'!. Spray drying (SD),
freeze-drying (FD, also known as lyophilization), and spray freeze
drying (SFD) are the most commonly employed techniques to
afford vaccine-dry powders for inhalation and enhance their storage
stability®'*?'3. The application of stabilizers could protect antigens
or nucleic acid in the formulation of vaccine during the drying
process by two major mechanisms, namely hydrogen bond
replacement and vitrification in a glassy matrix’*"*'°, The
hydrogen bond replacement explains the process that during the
drying process, the stabilizers would form hydrogen bonds with the
antigens or nano-formulations and replace the water molecules
which form the bonds with antigens or nano-formulations previ-
ously and maintain a stabilized solid conformation similar to the
native solvated antigen®'’*'%, Vitrification is a process in which the
stabilizers form a glassy matrix around the antigens or nano-
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formulations and prevent degradation by inhibiting the molecular
movements®° >?'. Given the important role that the stabilizers
play in the drying process, the choice of stabilizers is one of the
most critical considerations in the dry powder formulation design.
In some cases, the combination of two or several stabilizers may
have better performance than a single stabilizer. In addition, the
addition of other functional excipients such as anti-humidifiers and
crystallization inhibitors are also beneficial for formulation opti-
mization®>?. Some examples using combined stabilizer systems for
dry powder respiratory vaccines are listed in Table 7 *23%°,

5.3.2.  Stability during aerosolization

In addition to storage, aerosolization also brings potential risks to
the stability of the vaccine. For liquid vaccines, the shear forces and
heat generated during aerosolization would compromise the activ-
ities and lead to particle aggregation’’. Therefore, the delivery
devices should be carefully selected to minimize this detriment. For

instance, the strong shear force produced by jet nebulizers and rapid
temperature rise induced by ultrasound nebulizers would lead to
vaccine degradation®®. In contrast, vibrating mesh nebulizers do
not change the solution temperature and generate less shear forces
within the drug reservoir, which may be more suitable for vaccine
nebulization”®*****! The nanobody vaccine ALX-0171 against
RSV, which we have mentioned in Section 3.6, retained purity and
potency after being nebulized by a vibrating mesh nebulizer named
Akita® Apixneb nebulizer'”>. Moreover, the formation of higher-
molecular-weight species generated by nebulization was minimal,
not exceeding 2%.

The formulation design of delivery vehicles is also important
for maintaining vaccine stability and avoiding particle aggregation
during aerosolization, especially for mRNA nanocarriers.
Including the PEGylated lipid is the most common strategy for
enhancing the stability of mRNA-loaded LNPs by minimizing the
interactions between particles. For respiratory tract delivery, the
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Table 7

Stabilizer systems for solidified respiratory delivered vaccines.

Pathogen

Vaccine
type

Drying
technology

Prescription
composition and
function

Key stability findings (stability-indicating assay)

Ref.

Influenza

Influenza

Influenza

TB

TB

TB

TB
TB

Pertussis

Pneumococcal

Influenza

Influenza
Influenza
Plague

Anthrax

Botulinum
neurotoxin

Ricin

RVV

WIV

WIV

RVV

Subunit

RVV

Subunit
LAV

Subunit

Subunit

WIV

Subunit
WIV
Subunit

RVV

Subunit

Subunit

SD

SD

SD

SD

SD

SD

SD
SD

SD

SD

SFD

SFD
SFD
SFD

SFD

SFD

FD

Inulin: stabilizers

Trehalose dihydrate:
stabilizers

L-leucine: dispersibility
enhancers

Trehalose dihydrate:
stabilizers

Mannitol: anti-
humidifier
Cyclodextrin and
dextran: crystallization
inhibitor

Trehalose: stabilizers
Trehalose: stabilizers
Trileucine:
dispersibility enhancers
Trehalose: stabilizers
Mannitol: anti-
humidifier

Dextran: stabilizers
Trehalose: stabilizers
Trehalose: stabilizers
Trileucine:
dispersibility enhancers
Mannitol: anti-
humidifier

PVP: improve Tg
BSA: resuspend
stabilizer

Trehalose dihydrate:
stabilizers

Lactose: stabilizers
Leucine: dispersibility
enhancers

Dextran: cryoprotectant
Trehalose: stabilizers
Inulin: stabilizers
Inulin: stabilizers
Trehalose: stabilizers
D-Mannitol: stabilizers
Myo-inositol:
stabilizers

L-Leucine:
dispersibility enhancers
Poloxamer 188:
stabilizers

Trehalose: stabilizers
Dextran: cryoprotectant
D-Mannitol:
dispersibility enhancers
Myo-inositol:
stabilizers

L-Leucine:
dispersibility enhancers
Poloxamer 188:
stabilizers

Trehalose: stabilizer
10 mmol/L histidine-
HCI: buffer

Stable for 3 years at 20 °C (reversed-phase chromatography,
bioassay, particle size, and Tg)

Stable for 2 months at 40 °C (particle size, bioassay, antigen content,

Tg)

Stable for 3 months at 60 °C (particle size, bioassay, Tg)

Stable for 12 months at 25 °C and 5 weeks at 37 °C (bioassay)

Stable for 7 months at 25 °C and 3 mouths at 40 °C and 50 °C
(particle size, moisture content, in vitro aerosol performance,
antigen content)

Stable for least 72 h at 45 °C (particle size, bioassay, thermal aging)

— (bioassay)
Stable for 24 months at 25 °C (particle size, bioassay, Tg)

Stable for 4 weeks at 40 °C and 65 °C (bioassay, particle size,
electrophoresis, fluorescence spectroscopy)
— (particle size, bioassay)

Stable for 3 months at 30 °C (particle size, bioassay, aerosol
characterization, electrophoresis)

— (particle size, aerosol characterization, bioassay)

Stable for 12 weeks at 25 °C (bioassay)

— (particle size, Tg, bioassay, electrophoresis, aerodynamic
diameter)

Stable for 15 days at 25 °C, 29 days at 40 °C (electrophoresis,
reversed-phase chromatography)
— (electrophoresis, bioassay, aerosol characterization)

Stable for 12 months at 4 °C (reversed-phase chromatography,
bioassay, electrophoresis)

323

319

322

w
(S
W

326

327
301

329,330

320
331
332

333,334

335

W
(%]
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TB, tuberculosis; SD, spray drying; FD, freeze drying; SFD, spray freeze drying; LAYV, live attenuated vaccine; RVV, recombinant viral vector
vaccine; WIV, whole inactivated vaccine; —, not applicable.
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type and content of PEGylated lipids should be carefully opti-
mized. In a previous study, researchers found that after aero-
solization, the particle size of mRNA LNPs using DSPE-PEG as
PEGylated lipid increased from 50 nm to 1000 nm. In contrast,
LNPs with DMG-PEG or DMPE-PEG exhibited little size
change'®. The reason why different PEGylated lipids have
different abilities to maintain the size of LNPs during the aero-
solization process warrants further investigation. In addition, the
higher molar ratios of PEGylated lipids would make the mRNA
LNPs to be more resistant to shear stress. In a related study, more
PEGylated lipids in LNPs contributed to the lesser increase of
particle size after aerosolization’”. However, the excessive
PEGylated lipids would be detrimental to the mRNA encapsula-
tion efficiency. In addition, the increased PEGylated lipid would
inhibit the receptor-mediated endocytosis by reducing the inter-
action of LNP with the cell membrane, which significantly re-
stricts the intracellular delivery of mRNA>342, Therefore, the
successful respiratory delivery of mRNA by LNP aerosolization
requires the balancing of the positive effect of PEG content on
stability and their negative effect on transfection efficiency.

The maintenance of encapsulation efficiency of LNPs during
aerosolization is also crucial for retaining mRNA vaccine stability
since the leaking of mRNA would lead to degradation by envi-
ronmental stresses mentioned above. According to a previous
study, the encapsulation efficiencies of the LNP formulations
significantly decreased after aerosolization'®>. The LNP formu-
lations with DOPE showed a significantly higher encapsulation
efficiency compared to LNP formulations with either DSPC or
DPPC. The highest encapsulation efficiency of aerosolized LNPs
with DOPE was 79.9%, while the lowest encapsulation efficiency
was 15.5%, which was from LNPs with DSPC. The results sug-
gested that the type of phospholipid in the LNPs significantly
influenced the encapsulation efficiencies during aerosolization,
and the inclusion of DOPE in LNPs would enhance the mRNA
vaccine stability during the aerosolization process. Furthermore,
the type and content of ionizable lipids should not be overlooked
when nebulizing mRNA LNPs. The LNPs with four double-bonds
ionizable lipid MC3 exhibited better structural integrity than the
LNPs with less constrained ionizable lipid SM-102, with no
double bonds against aerosolization. However, the LNPs with SM-
102 demonstrated higher mRNA transfection efficiency than the
LNPs with MC3, the reason was still not clear'®*-**,

Moreover, the mRNA LNPs are more fragile to aerosolization
than other kinds of vaccines. For instance, as mentioned above, the
nanobody vaccines exhibited excellent stability after being aero-
solized by a vibrating mesh nebulizer. However, a related study
showed that conventional mRNA LNPs aerosolized by a similar
vibrating mesh nebulizer demonstrated increased size, decreased
mRNA encapsulation efficiency, and loss of transfection ability>**.
To increase the stability of LNPs during aerosolization, the re-
searchers optimized the components of the nebulizing buffer. The
results suggested that a slightly acidic environment (pH 5.2)
would improve the aerosolization stability and transfection effi-
ciency of mRNA vaccines. This might be attributed to the pro-
tonation of the ionizable lipid, which leads to a reduction in LNP
aggregation via electrostatic repulsion”**. In addition, adding hy-
drophilic polymers such as bPEG20K into the buffer also inhibits
LNP aggregation after aerosolization by reducing steric hindrance.

In addition to LNPs, polyplexes with mRNA are also prom-
ising in respiratory delivery, as we discussed above. Compared
with lipid-based formulations, the mRNA polyplexes have more
rigid structures because the high molecular weight and entangled

structures of polymer chains would lead to less mobility. There-
fore, the polyplexes would provide an attractive method for
maintaining mRNA vaccine stability after aerosolization. The
mRNA-hPBAE polyplexes, which we have presented in Section
3.5.2, exhibited stable particle size before (137 &= 21 nm) and after
(146 + 40 nm) aerosolization'®’. In addition, the transfection
efficiency of mRNA after nebulization to mouse lungs was also
retained. In addition, the stability of mRNA polyplexes could be
further enhanced through crosslinking™*. However, the excessive
stability of polyplex may also inhibit the intracellular delivery of
mRNA, which suggests the maintenance of stability during aero-
solization needs limitation**°.

The stability threat of liquid protein vaccines is mainly the air/
water hydrophobic interface-induced aggregation. Since the pro-
teins are amphiphilic and surface active, they tend to be adsorbed
at the air/water interface. This adsorption would cause confor-
mational changes that expose hydrophobic residues at the inter-
face to avoid contact with water, leading to aggregation and
unfolding of protein®’. The air/water interface effect also exists
during storage, as we discussed above. However, this progress
could be accelerated by the aerosolization process™’. Therefore,
the type and amounts of amphiphilic molecules for aerosolized
protein vaccines should be carefully optimized. In a related study,
researchers demonstrated that adding 0.001% polysorbate 20 to
the monoclonal antibody formulation reduced the percentage of
large aggregates (>2 pm) by almost 6-fold after aerosolization
compared with the formulations without polysorbate 20**%, which
should be taken into considerations.

For dry powder vaccines, the shear forces generated by the
airflow would not be the primary threat to the vaccine stability.
However, the strong binding force of DPIs generated by the en-
ergy during inhalation would form agglomerates of powders and
possess poor aerosol performance without being properly admin-
istered to the lungs®*’. The addition of dispersibility enhancers
such as leucine and tri leucine would have the potential to improve
the aerosol properties of dry powder vaccines™*'#2>328:333 which
warrants consideration. The details of the application of dis-
persibility enhancers for respiratory-delivered dry powder vac-
cines are summarized in Table 7 3%,

5.4.  Other considerations

In addition to the deposition site controlling and delivery technolo-
gies optimization, the breathing pattern of vaccines also needs
consideration in detail. Although natural breathing pattern varies
widely among individuals, breathing patterns are controllable for
desired purposes. Deep breathing and then retaining the breath are the
most common methods for increasing the tidal volume and pro-
longing the respiratory retention time within the lungs, respec-
tively’. The first world’s inhaled COVID-19 vaccine,
Convidecia™, takes three steps to breathing patterns: "exhale, inhale,
and breath-holding". In general, the first step is to take a deep exhale
away from the atomizing cup and then take a deep inhale with the
atomizing cup nozzle in the mouth until there is no fog in the cup.
Finally, hold your breath for at least 5 s to ensure successful inocu-
lation”'. The study on immune persistence indicated that the high
level of neutralizing antibody was still maintained after 6 months of
inoculation with inhaled Convidecia™".

We should also take into consideration that the lung function of
vaccinees would significantly affect the effectiveness of respira-
tory vaccines. Respiratory diseases such as asthma and chronic
obstructive pulmonary disease would obstruct the airways and
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increase the risk of overdose®? 2>*. The respiratory vaccines need
to overcome this challenge and provide sufficient immune re-
sponses across different vaccinee populations safely. The fate and
safety profiles of respiratory vaccines after administration are also
critical for dosage regimen optimization to acquire strong and
long-lasting immune responses with minimal side effects.
Collectively, achieving optimized immune responses in the res-
piratory tract should consider all the abovementioned factors,
which is a complex process that requires multidisciplinary
collaboration.

6. Current challenges and future perspectives

Despite a lot of attention that has been paid and rapid progress
achieved in the field of respiratory-delivered vaccines as we dis-
cussed above in recent years, only a few products have entered
different stages of clinical trial and few of them could successfully
be launched in the market. In our opinion, there are several rea-
sons for this dilemma. Firstly, the complicated microenvironment
in the respiratory tract could potentially compromise the efficacy
of vaccines. To overcome these barriers, elegant and rational
formulation design specifically for respiratory delivery is essen-
tial, but most of the formulations tested are just simply taken from
the parental formulations without further modification. Secondly,
the unsatisfactory predictive ability of in vivo animal models used
in preclinical studies also contributed to the failure of some
clinical trials. Thirdly, in most current preclinical studies, some
well-studied parenteral adjuvants were frequently used, but the
research mainly focused on evaluating their mucosal adjuvanticity,
while their respiratory safety and mucosal adjuvant mechanisms
were rarely evaluated. Moreover, the lack of fundamental explo-
ration of the fate of vaccines in the lung and how the respiratory-
delivered vaccines stimulate mucosal and systemic immune re-
sponses has also severely restricted the progress of respiratory-
delivered vaccines. Last but not least, nanomedicine is emerging
as a powerful tool to overcome the barriers to vaccine delivery in
the respiratory tract. However, the safety of these novel nano-
materials for lung tissue is still a big concern. To sum up,
formulation design, the selection of animal models, and the safety
of new adjuvants and nanomaterials are the key issues that have to
be addressed to make widespread market access for respiratory
vaccines become a reality in the near future.

7. Conclusions

Respiratory delivery of vaccines is a relatively new approach to
the prevention/treatment of pulmonary diseases. Respiratory de-
livery of vaccines can induce specific and strong mucosal immune
reactions and systemic immunity. Several commercially available
vaccines have exhibited the potential of delivery through the
respiratory route. However, the complicated environment within
the respiratory tract and the unfriendly properties of vaccines
make it challenging to acquire satisfying effects. To overcome
these barriers, a formulation with the capacity to protect the
vulnerable macromolecules of vaccines, enabling APC-specific
delivery and promoting respiratory mucus penetration is highly
desirable. In addition, the proper deposition within the respiratory
tract should be achieved by the optimization of formulations and
delivery devices. Although respiratory-delivered vaccines are
currently booming, the rational formulation design is still lagging.
Thus, it would be beneficial for researchers to fully understand the

principles of respiratory formulations and focus on optimizing the
formulation engineering strategies, which might facilitate the
development of more advanced and promising vaccines and
expedite their translation to the clinic.
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