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Abstract

The pathogens of most infectious diseases invade the host through mucosal sites, and immunization with mucosal vaccines
is the best means of combating these infectious diseases. Oral delivery and nasal delivery are the most common methods of
mucosal vaccination. However, the delivery process is inefficient, and mucosal vaccination is ineffective because the vaccine
formulation is easily and rapidly removed and has difficulty in crossing the mucosal surface. In this paper, we investigated
whether the mucosal immune response could be enhanced by ultrasound facilitation of nasal mucosal delivery of vaccine
preparations. For this purpose, we used manganese dioxide (MnO3) as the vaccine carrier/adjuvant, coated with chitosan
oligosaccharide (COS) to enhance mucosal adsorption, and further physically adsorbed model antigen ovalbumin (OVA) to
construct a nanoparticulate vaccine formulation MnO, @ COS @OVA. Ultrasound treatment was found to promote antigen
delivery and recruitment of dendritic cells (DCs) and macrophages as well as T-cell infiltration in nasal mucosal tissues through
nasal mucosal immunization studies. With ultrasound assistance, MnO, @ COS @ OVA particles promoted the maturation of
DCs in vitro and in vivo and promoted the production of effector memory T cells in vivo and cytokine secretion by splenocytes
in vitro. In particular, ultrasound treatment significantly increased the levels of secretory IgA antibodies in the nasal mucosa
and genital tract mucosa of experimental mice. In addition, the experimental data showed that the MnO, @COS@OVA
particles had good biocompatibility and caused no significant damage to the nasal mucosal and vital organ tissue. These data
suggest that ultrasound treatment can promote the induction of efficient immune responses to mucosal vaccines and provide
new ideas for the opening and clinical translation of mucosal vaccines.
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Introduction

It is estimated that 70% of pathogens invade their hosts
through mucosal sites [1]. The mucosal immune system,
as the first immune barrier in the body, possesses a higher
concentration of antibodies than other tissues in the body
and protects against more than 90% of potential pathogens
[2]. Mucosal vaccination is the best means to protect against
pathogens that invade mucosal sites. However, to date, a
vast majority of vaccines for infectious diseases approved
for marketing have been administered via the nonmucosal
route. These vaccines induce an effective systemic immune
response but not an effective mucosal immune response [3,
4]. The reason for this is that vaccine delivery at the mucosal
site is inefficient and fails to induce an effective mucosal
immune response due to the rapid clearance of the vac-
cine formulation and the difficulty in crossing the mucosal
surface. For this reason, researchers have adopted various
strategies to enhance the delivery of mucosal vaccines. Cur-
rently, mucosal vaccines can be broadly classified into two
categories. One category is the use of attenuated or inacti-
vated viruses and bacteria as antigenic vectors to enhance
mucosal vaccine delivery through the autonomous invasion
ability of these pathogens, such as adenovirus vectors and
lactic acid bacteria vectors [5, 6]. The other category is the
use of biomaterials as carriers to enhance the transmucosal
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delivery of vaccines by using their unique physicochemical
properties (e.g., electrostatic adsorption), such as liposomes
and squalene nanoemulsions [7, 8]. However, at present, the
number of safe and effective mucosal vaccines is extremely
small and far from sufficient to meet the widespread clinical
demand for mucosal vaccines.

The route of delivery is an important factor affecting
the efficacy of mucosal vaccination, with oral delivery and
nasal delivery being the most common [3, 9]. However,
oral delivery faces multiple challenges, especially the pro-
tein hydrolases in the gastrointestinal tract and the acidic
pH environment that tend to degrade antigens [10]. Com-
pared to other mucosal vaccine delivery routes, antigen
degradation is significantly reduced in nasal delivery, and
a large number of immune cells are located in the nasal
region, the surface layer of the nasal mucosa relatively easy
to penetrate [11]. In addition, nasal delivery is a needle-
free injection and can be performed by unskilled personnel
[12]. Despite these multiple advantages of nasal delivery,
only a few nasal vaccines have been approved for mar-
keting. This is because there are still many problems in
the development of nasal vaccines: low uptake of solu-
ble antigens by nasal immune cells, short residence time
due to rapid removal of antigens by cilia in the nasal cav-
ity, poor antigen stability, and insufficient antigen delivery

[3].
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In the present study, we envisioned whether mucosal
immune responses could be enhanced by ultrasound treat-
ment to facilitate nasal mucosal delivery of vaccine formu-
lations. Ultrasound is a mechanical sound wave that vibrates
periodically [13] and has been widely used in medical imag-
ing for diagnosis and for drug delivery [13-15], including
chemotherapy drugs, hydrocortisone, salicylic acid, oligonu-
cleotides, insulin, and vaccines [16]. It has been reported
in the literature that granular substances can move under
the action of ultrasound [17], which can be used to facil-
itate the penetration of antigens into the surface layer of
mucous membranes. Moreover, ultrasound can change the
cell membrane permeability [18] and is expected to enhance
the efficiency of antigen entry into the cell. It has also been
shown that ultrasound-driven carriers can deliver antigens
to the cytoplasm to produce cross-presentation and promote
cellular immune responses [19]. In addition, ultrasound has
been found to trigger inflammatory responses and play an
adjuvant role in the mucosal immune response [20, 21], as
well as to promote the recruitment of dendritic cells (DCs)
and macrophages [22, 23]. These studies suggest that ultra-
sound is expected to enhance the immune response induced
by mucosal vaccines through delivery and adjuvant effects.

To this end, we constructed an intranasal mucosal
nanovaccine formulation to explore whether ultrasound can
promote nasal mucosal delivery of the vaccine and enhance
the mucosal immune response. In recent years, the applica-
tion of manganese dioxide (MnO,) nanoparticles as vaccine
carriers and adjuvants has attracted widespread attention.
The MnO, material can degrade to harmless water-soluble
Mn?* in vivo and thus has good biocompatibility [24]. Sec-
ond, MnO, nanoparticles can load and deliver antigens
and have carrier functions. In addition, MnZ* generated
from MnO, degradation has an adjuvant effect and can
enhance the immune response of the body [25]. Accordingly,
we selected MnO» as a vaccine carrier/adjuvant. However,
MnO; nanoparticles are negatively charged and have elec-
trostatic repulsion with the identically charged antigen and
mucosal surface layer, which is not conducive to antigen
loading and transmucosal delivery. To overcome this draw-
back, we coated the MnO, surface with chitosan oligosac-
charide (COS), a chitosan degradation product with good
biocompatibility and biodegradability, to prolong the vaccine
residence time by electrostatic attraction with the mucosal
surface [26-28]. Moreover, COS can open the cellular gap
of the mucosal surface layer and promote mucosal uptake
while improving the efficiency of mucosal delivery of antigen
[29]. On this basis, the obtained MnO, @COS nanoparti-
cles were further physically adsorbed with the model antigen
ovalbumin (OVA) to construct a nanoparticulate vaccine for-
mulation MnO, @ COS @OVA, which was used to investigate
whether ultrasound treatment could promote nasal mucosal
vaccine delivery and immunization effects. The data obtained

in this study provide an important basis for the use of ultra-
sound to improve mucosal vaccine immunization.

Materials and methods
Materials

Ethyl orthosilicate and ethanol were purchased from Shang-
hai Macklin Biochemical Technology Co. (Shanghai, China).
Potassium permanganate was purchased from Guangzhou
Chemical Reagent Factory (Guangzhou, China). Concen-
trated ammonia was purchased from Tianjin Damao Chemi-
cal Reagent Factory (Tianjin, China). Mucin was purchased
from Shanghai Yuanye Bio-Technology Co. (Shanghai,
China). A bicinchoninic acid assay (BCA) protein concen-
tration assay kit (enhanced) was purchased from Shanghai
Beyotime Biotechnology Co., Ltd. (Shanghai, China). OVA-
Cy5.5 was purchased from Three Arrows Biotechnology
Co. (Tianjin, China). All flow cytometry antibody dyes
and cytokine detection enzyme-linked immunosorbent assay
(ELISA) kits were purchased from BioLegend (CA, USA).
The Roswell Park Memorial Institute (RPMI) 1640 cell cul-
ture medium, fetal bovine serum and penicillin—streptomycin
double antibodies were purchased from Gibco (CA, USA).
Mouse granulocyte-macrophage colony-stimulating factor
(GM-CSF) and mouse interleukin-4 (IL-4) were purchased
from PeproTech (NJ, USA). All C57BL/6 female mice (4-6
weeks old) were purchased from HFK Laboratory Ani-
mal Technology (Beijing, China). In addition, all animal
experiments in this study followed animal ethics and Jinan
University guidelines.

Preparation and characterization
of Mn0,@COS@0VA

MnO, was prepared as described in the literature [24]. First,
solid silica nanoparticles (SiO;) were synthesized according
to the method reported in the literature [30]. Then, 4.5 mL of
ethyl orthosilicate, 9 mL of 28% concentrated ammonia, 62
mL of ethanol, and 24.5 mL of deionized water were mixed
and stirred at room temperature for 2 h. The precipitate was
collected by centrifugation at 8000 r/min for 10 min and
washed with ethanol and deionized water twice each. Aque-
ous potassium permanganate solution (containing 300 mg of
potassium permanganate) was added to the SiO; suspension
(containing 40 mg of SiO,) under sonication, sonicated for 1
h, and stirred at room temperature for 6 h. The mixture was
centrifuged at 10 000 r/min for 10 min, the precipitate was
collected, and the sample was washed with deionized water
three times. The resulting mesoporous MnO;-coated SiO,
was added to a 2 mol/L aqueous sodium bicarbonate solu-
tion and stirred at 60 °C for 12 h. The mixture was centrifuged
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at 10 000 r/min for 10 min, and the precipitate was collected
and washed with deionized water three times to obtain hollow
mesoporous MnO, nanoparticles. Two milliliters of MnO;
suspension (2 mg/mL) was added to 4 mL of COS solution
(1 mg/mL) under ultrasonication and stirred at room tem-
perature for 2 h. The mixture was centrifuged at 8000 r/min
for 10 min, and the precipitate was collected and washed
twice with deionized water. The 500 WL MnO, @COS sus-
pension (containing 1 mg MnO, @ COS) was mixed with 500
pL OVA solution (containing 300 wg OVA) and incubated
at room temperature for 168 h. The supernatant was cen-
trifuged at different time points, and the OVA content in the
supernatant was determined by a BCA protein concentration
assay kit to calculate the OVA loading. After that, the 500 nL
MnO, @COS suspension (containing 3 mg MnO, @COS)
was comixed with 500 pL. OVA solution (containing 300 g
OVA) and incubated at room temperature for 6 h to obtain
the vaccine preparation MnO, @ COS @OVA pellets.

The structural composition of five substances (OVA,
COS, MnO,, MnO; @COS, Mn0O, @COS@QOVA) was ana-
lyzed by Fourier infrared spectroscopy (FT-IR, VERTEX?70,
Germany). Transmission electron microscopy (TEM, JEM-
2010HR, Japan) was used to observe the morphology of
MnO;, MnO,@COS, and MnO; @COS@QOVA nanopar-
ticles. The zeta potentials of different particles (MnO»,
MnO, @COS, MnO,; @COS@0OVA) were determined using
a Malvern laser nanoparticle sizer (Zetasizer Nano ZS,
Malvern Instruments Ltd., UK) with a test sample concen-
tration of 0.05 mg/mL.

Functional characterization of Mn0O,@COS@OVA
and its components

Five hundred microliters of COS solution (containing 3 mg
of COS) was mixed with 500 pL of OVA-CyS5.5 solution
(containing 300 pwg of OVA-Cy5.5) and incubated for 6 h
at room temperature to obtain COS @OVA-Cy5.5. Six 4- to
6-week-old C57BL/6 female mice were randomly divided
into two groups, and they were administered OVA-Cy5.5 and
COS@OVA-Cy5.5 via the intranasal route (administration
dose was 40 pL, OVA-Cy5.5 content was 300 pg/mL). At
different time points (1, 6, and 12 h), the fluorescence inten-
sity of the nasal cavity was observed by an in vivo imaging
system (IVIS, PerkinElmer, FX Pro, Bruker, USA).

A DC cell line (DC2.4) was inoculated into 24-well
cell culture plates (each well contained 1x 10% cells).
The cells were divided into three groups (Control, MnO,,
MnO, @COS), where the content of MnO, was 1.5 mg/mL.
The cells were placed at 37 °C with 5% carbon dioxide (CO;)
and coincubated with the material for 24 h. The cell suspen-
sion was centrifuged (1000 r/min, 5 min), and the supernatant
was collected. The supernatant was stored at —80 °C and
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used for the IFN-B assay. The level of IFN-f secretion in the
supernatant was measured by an ELISA kit.

Effect of ultrasound treatment on cross-mucus
delivery of Mn0,@COS@OVA particles

The nasal mucus composition was as described in the lit-
erature [31]. We dissolved 2.5 mg of mucin in 10 mL
of deionized water to obtain a mucin solution to sim-
ulate nasal mucus. A hydrogel was made by dissolving
0.02 g of sodium alginate with 0.05 g of calcium chlo-
ride in 10 mL of deionized water. The resulting mucin
solution was coated on the surface layer of the hydrogel
to simulate the surface layer of the nasal mucosa. Two
hundred microliters of MnO, @ COS @OVA suspension (1
mg/mL) was added to two groups (MnO, @COS@OVA
group, MnO, @COS @OVA+US group), each consisting of
4 mL of mucin solution with 5 mL of hydrogel. The
MnO, @COS@OVA group was placed naturally for 5 min,
and the MnO, @COS@OVA+US group was treated with
ultrasound (the NSE-UPH-I handheld ultrasonic acoustic
power processor (Nason Ultrasound, Suzhou, China)) at an
ultrasound frequency of 1 MHz, a power density of 0.48
W/cm?, and an ultrasound time of 5 min (stopping for
5 s every 5 s of work) according to previously reported
experience with ultrasound parameters [19-21, 23, 32].
Subsequently, the hydrogel surface was rinsed twice with
deionized water to remove mucin and free particles. Particle
retention in the hydrogels of both groups was observed with
a microscope (DMRAZ2, Leica, Germany).

Effect of ultrasound treatment on bone
marrow-derived dendritic cells (BMDCs)

BMDCs were extracted by referring to the literature [33].
BMDCs were generated from the bone marrow cells of
C57BL/6 mice (female, 4-6 weeks old). First, the mice
were anesthetized, killed, and immersed in 75% (volume
fraction) ethanol for 15 min. The femurs and tibias of the
mice were excised intact, and the muscles were carefully
removed. The bones were soaked in 75% (volume fraction)
ethanol for 3 min and washed with phosphate buffered
saline (PBS) three times. Then, both ends of the bones were
cut, and the bone cavities were rinsed with RPMI 1640
medium by syringe. The obtained marrows were dispersed
by vigorous pipetting, and the suspension was filtered
through a 200-mesh sieve. The bone marrow cells were
collected and cultured in 10 mL. RPMI 1640 medium with
10% fetal bovine serum (FBS), 100 IU/mL penicillin, 100
mg/mL streptomycin, 10 ng/mL granulocyte-macrophage
colony stimulating factor (GM-CSF) and 5 ng/mL IL-4 in
an incubator with a 5% CO, atmosphere at 37 °C. Half
of the culture medium was changed every two days. After
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seven days, the immature BMDCs were harvested and used
for further experiments. Immature BMDCs were inoculated
into 24-well low-adsorption plates (each well contained
1x10° cells). The cells were divided into three groups
(OVA, MnO,@COS@OVA, MnO;@COS@OVA+US),
and the three groups were stimulated with OVA,
MnO; @COS@OVA, and MnO; @COS@OVA for 24
h. The MnO, @ COS @OVA+US group was sonicated (same
conditions as above). Subsequently, BMDCs from differ-
ent groups were stained for 30 min with the following
fluorescently labeled antibody reagents: APC-anti-CDl Ic,
FITC-anti-CD80, Cy5.5-anti-CD40, PE-anti-MHC II and
PE-anti-MHC I (in this paper, the PE-anti-MHC I used in
the full text is PE anti-mouse H-2Kb specifically bound to
the SIINFEKL antigenic peptide of OVA). Subsequently, the
expression levels of costimulatory molecules on the surface
of BMDCs were analyzed by flow cytometry (Beckman
Coulter, USA).

Tissue section to observe nasal mucosa tissue

Fifteen female C57BL/6 mice aged 4-6 weeks were ran-
domly divided into five groups (PBS, PBS+US, OVA,
MnO,; @COS @OVA, MnO; @COS @OVA+US) and admin-
istered different vaccine preparations and treatments (40 pL
vaccine preparation) by the nasal drip route. Twenty-four
hours later, nasal tissues were surgically removed. The result-
ing tissues were fixed in 4% paraformaldehyde for 48 h
and decalcified for 30 days. The decalcified tissues were
paraffin-embedded and sectioned. The sections were sub-
jected to immunofluorescence staining (fluorescence-labeled
antibody reagents: Cy3-anti-CD11c, FITC-anti-CD68) and
hematoxylin-eosin (HE) staining. Microscopic observation
of DC and macrophage recruitment in nasal mucosal tis-
sues and nasal mucosal tissue damage was performed.
Subsequently, three sets of sections containing OVA were
immunohistochemically stained for microscopic observation
and analyzed for OVA antigen delivery efficiency. In addition,
six female C57BL/6 mice aged 4-6 weeks were randomly
divided into two groups, both administered by the nasal drip
route with MnO, @ COS @OVA (administered at a dose of
40 pL). The MnO, @ COS @OVA+US group was sonicated
(same conditions as above). Seven days later, nasal mucosa
tissue sections were obtained by the above method and sub-
jected to immunofluorescence staining (fluorescent labeled
antibody reagent: Cy3-anti-CD3). The infiltration of T cells
in the nasal mucosa tissue was observed by microscopy.

Immunization of mice
Twenty-five female C57BL/6 mice aged 4-6 weeks were

randomly divided into five groups. Four groups were
nasal drip groups: OVA, Alum@OVA, MnO, @COS@OVA,

and MnO,; @COS@OVA+US. Each mouse was adminis-
tered by the nasal drip route (40 wL vaccine preparation),
with the MnO, @ COS @OVA+US group undergoing ultra-
sound treatment for 5 min (conditions as above). The
remaining group was the subcutaneous vaccination group
(MnO, @COS @OVA-SC), where each mouse was adminis-
tered by the subcutaneous route (40 L of vaccine prepara-
tion). OVA (300 pg/mL) was administered to all five groups,
with the first vaccination recorded on day 0, followed by a
booster on days 7 and 11. Mice were executed 4 days after
the last vaccination, and splenocytes, blood, nasal lavage, and
genital tract lavage were collected.

In vivo DC activation

Mouse spleens were removed, washed, ground, and cen-
trifuged (1000 r/min, 5 min), and splenocytes were collected.
Blood cells were removed with erythrocyte lysate and
centrifuged (1000 r/min, 5 min), and splenocytes were col-
lected, resuspended and counted in RPMI 1640 complete
medium, diluted to 1x107 cells/mL, and stored as spleno-
cyte stock solution. One hundred microliters of splenocyte
master mix was taken and stained for 30 min with the fol-
lowing fluorescently labeled antibody reagents for different
groups of splenocytes: APC-anti-CD11c, FITC-anti-CD80,
Cy5.5-anti-CD40, PE-anti-MHC IT and PE-anti-MHC . Sub-
sequently, the expression levels of costimulatory molecules
on the surface of CD11c* splenocytes were analyzed by flow
cytometry.

Antibody titer assay

Blood samples, nasal lavage, and genital tract lavage were
collected. The blood samples and lavage fluid samples were
centrifuged at room temperature, and the supernatant was
collected and stored at —20 °C for antibody titer detection.
The levels of IgG antibody in serum and IgA antibody titers
in mucosal lavage fluid were determined by ELISA Kkits.

Cytokine assay

Splenocyte stock solution was taken and diluted to a 2x
109 cells/mL cell suspension. The splenocyte suspension was
inoculated into a 6-well plate with 2 mL of splenocyte sus-
pension and 2 mL of OVA solution (OVA concentration of
25 pg/mL, RPMI 1640 complete medium) per well. The
cells were incubated at 37 °C with 5% CO, for 60 h. The
cell suspension was centrifuged (1000 r/min, 5 min), and
the supernatant was collected. The supernatant was stored at
—80 °C and used for the cytokine assay. The secreted levels
of cytokines (IL-4, IL-6, TNF-a, IFN-y) in the supernatant
were measured by ELISA Kkits.
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Memory T-cell assay

Twenty-five female C57BL/6 mice aged 4-6 weeks were
randomly divided into five groups. Four groups were
nasal drip groups: OVA, Alum@OVA, MnO,; @COS@QOVA,
and MnO, @COS@OVA+US. Each mouse was adminis-
tered by the nasal drip route (40 WL vaccine preparation),
with the MnO, @ COS @OVA+US group undergoing ultra-
sound treatment for 5 min (conditions as above). The
remaining group was the subcutaneous vaccination group
(MnO, @COS @OVA-SC), where each mouse was adminis-
tered by the subcutaneous route (40 pL of vaccine prepara-
tion). OVA (300 pg/mL) was administered to all five groups,
with the first vaccination recorded on day 0, followed by
a booster on days 7 and 14. Mice were killed on day 35,
and splenocytes were collected. One hundred microliters of
splenocyte stock solution was taken, and different groups of
splenocytes were stained with the following fluorescently
labeled antibody reagents for 30 min: APC-anti-CD62L,
FITC-anti-CD4, CY5.5-anti-CD8a, and PE-anti-CD44. Sub-
sequently, the fractionation and proportion of memory T cells
in splenocytes were analyzed by flow cytometry.

HE staining to observe the major organs

The hearts, livers, spleens, lungs and kidneys of mice were
surgically collected, and the resulting organs were fixed in
4% paraformaldehyde for 48 h, paraffin-embedded and sec-
tioned. The resulting sections were subjected to HE staining.
Microscopy was used to observe major organ damage in vivo.

Statistical analysis

In this study, the results are presented as the mean=standard
deviation. Statistical tests between two groups were per-
formed using a two-tailed ¢ test, and statistical tests between
multiple groups for the same factor were performed using
one-way ANOVA. Significance was determined based on p
values: *p<0.05, **p<0.01, and ***p<0.001.

Results and discussion
Physicochemical properties of Mn0,@COS@OVA

The synthesis path of MnO, @COS@QOVA is shown in
Fig. 1a. First, hollow mesoporous MnO, nanoparticles were
synthesized using silica as a template for vaccine car-
rier/adjuvant. Next, COS was coated on the surface of MnO»
to improve its antigen loading and transmucosal delivery
ability to obtain MnO, @COS. Finally, the MnO, @COS
physisorbed model antigen OVA was used to make the
vaccine formulation MnO; @ COS@QOVA, and the loading
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of OVA can be seen in Fig. S1 (Supplementary Informa-
tion). Next, FT-IR was used to analyze the five substances
(OVA, COS, MnO; MnO;@COS, MnO; @COS@QOVA)
for their structural composition. As shown in Fig. lc, the
absorption peak located at 580 cm™! is the characteristic
absorption peak of the Mn—O bond. The absorption peak
located at 1150 cm~! is the C-N bond stretching vibra-
tion absorption peak. The absorption peaks at 2870 and
1410 cm™" are C—H bond stretching and bending vibra-
tion absorption peaks [34]. The absorption peak located
at 1652 cm~! is the characteristic absorption peak of
protein amide I [35]. The above infrared (IR) spectra indi-
cated that the MnO, surface was successfully coated with
COS and loaded with OVA. Furthermore, the morphologies
of MnO,, MnO, @COS and MnO, @ COS@OVA particles
were observed by TEM. As shown in Fig. 1b, all three
particles are hollow mesoporous spherical structures with a
particle size of approximately 350 nm. Subsequently, the zeta
potentials of MnO,, MnO, @COS, and MnO, @ COS@OVA
were measured by nanolaser particle size measurements.
The particle size distribution and PdI are shown in Figs.
S2a and S2b (Supplementary Information). As shown in
Fig. 1d, the zeta potentials of MnO;, MnO, @COS and
MnO,@COS @ova are (—34.80+0.36) mV, (14.301+0.81)
mV and (—1.21£0.43) mV, respectively.

Functions of Mn0, @COS@OVA and its components

COS is a chitosan degradation product with good biocom-
patibility and biodegradability. COS is positively charged,
which can produce electrostatic attraction with the surface of
the mucous membrane and prolong the residence time of the
vaccine. To explore whether COS can enhance the residence
time of the vaccine, the fluorescence intensity of OVA-Cy5.5
and COS@OVA-Cy5.5 in the nasal cavity at different time
points was observed by IVIS. As shown in Figs. 2a and 2b, the
residence time of COS @OVA-Cy5.5 in the nasal cavity was
significantly longer than that of OVA-Cy5.5. In addition, to
investigate whether Mn>* can activate the stimulator of inter-
feron gene (STING) pathway, we determined the amount of
IFN-B in the cell supernatant by ELISA. STING is an impor-
tant intrinsic immune signaling molecule in organisms, and
STING promotes the production and release of interferon and
inflammatory factors by constituting a specific signal trans-
duction pathway, causing immunity against pathogens [25].
As shown in Fig. 2c, the secretion of IFN-8 by DC2.4 in the
MnO; and MnO, @COS groups was significantly higher than
that in the control group. The above data show that COS can
increase the residence time of the vaccine in the nasal cavity
and that MnO; and MnO, @COS can be used as adjuvants
to activate the STING pathway.
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Fig.1 Design and characterization of vaccines. a Schematic dia-
gram showing the synthesis of MnO;@COS@OVA particles.
b Transmission electron micrographs of MnO;, MnO, @COS, and

Effect of ultrasound treatment on the delivery
of vaccine formulations across mucus

Mucus secretion consists of mucin, which is negatively
charged overall and is produced by the cupped cells in
the mucosal epithelium. One of the main functions of
mucus is to prevent the invasion of foreign particles (e.g.,
microorganisms). Therefore, mucus greatly affects the motil-
ity and permeability of vaccine formulations [36, 37]. To
investigate whether ultrasound treatment can enhance the
cross-mucus delivery of MnO, @COS@OVA particles, a

S
£ 204
c
2
Q -20-
©
B -40-
N
-60 T T T
Vv ] \et
&0 @oo ©04
oV o
S &
Qo‘b
&

MnO,; @COS@OVA. ¢ Infrared (IR) spectra of five substances, OVA,
COS, MnO;, MnO, @COS, and MnO, @COS@OVA. d Zeta potential
of three particles, MnO;, MnO, @COS, and MnO, @COS @OVA

mucin-coated hydrogel surface was used to simulate the sur-
face of the nasal mucosa. MnO, @ COS @OVA was dropped
onto this mucin surface and sonicated, the mucus layer
was removed, and the content of MnO, @ COS @OVA rest-
ing within the hydrogel was observed using microscopy.
As shown in Fig. 2d, ultrasound treatment significantly
promoted the cross-mucus delivery of this vaccine for-
mulation compared to the control group. This result sug-
gests that ultrasound treatment is expected to enhance
the in vivo transmucosal delivery of the vaccine formula-
tion.
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Epi-fluorescence
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Fig. 2 a Typical in vivo imaging system (IVIS) images of the mice at 1,
6 and 12 h after nasal vaccination. b Average radiant efficiency around
the injection site. ¢ Content of IFN-f in the cell supernatants. d Number

Effect of ultrasonically treated vaccine preparations
on BMDCs

DCs are antigen-presenting cells (APCs). The maturation of
DCs is an important step in generating an effective immune
response. Immature DCs are highly capable of capturing
antigens, and their antigen processing and delivery capac-
ity increases with cell maturation [38]. High expression
of the costimulatory molecules CD40 and CDS80 is often
a sign of DC maturation. In general, most of the exoge-
nous antigens captured and processed by APCs are delivered
to CD4* T cells via MHC class I molecules, mediating
humoral immunity, and some are delivered to CD8* T cells
via MHC class I molecules, mediating cellular immunity
via antigen cross-presentation. To investigate the effect of
MnO,; @COS@OVA+US on BMDCs, the expression lev-
els of CD80, CD40, MHC II and MHC I on BMDCs were
analyzed by flow cytometry. As shown in Figs. 3a-3e, the
expression levels of MHC I, CD80 and CD40 were signifi-
cantly higher in the MnO, @ COS @ OVA+US group than in
the other two groups. This result is generally consistent with
previous reports [19]. This is due to ultrasound treatment
promoting cytoplasmic delivery of the vaccine preparation,
enhancing antigen cross-presentation and increasing MHC I
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were used to indicate significant differences

expression levels. This experiment suggests that ultrasound
treatment can assist vaccine adjuvants in promoting the acti-
vation of BMDCs and their MHC I expression.

Effect of ultrasonically treated vaccine preparations
on APCs in nasal mucosal tissue

Macrophages and DCs are both APCs, and the recruit-
ment of APCs is one of the steps to generate an effec-
tive immune response. In some immunotherapy strategies,
researchers have used various approaches to recruit APCs
(e.g., using adjuvants) to enhance the therapeutic effect [39].
To investigate whether ultrasound treatment can promote
the recruitment of DCs and macrophages in vivo, nasal tis-
sues from each group of mice were extracted, tissue sections
were made, and immunofluorescence staining was performed
for CDllc, a characteristic protein of DCs, and CD68, a
characteristic protein of macrophages, in the tissue sec-
tions. Figure 4a shows a schematic diagram of ultrasound
application. As shown in Fig. 4b, the number of DCs and
macrophages in the PBS+US group was greater than that in
the PBS group. This indicates that ultrasound treatment can
promote the recruitment of DCs and macrophages. Previous
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Fig.3 Effect of ultrasound-treated vaccine preparations on bone
marrow-derived dendritic cells (BMDCs). a The expression of four
molecules, CD80, CD40, MHC 1II and MHC I, expressed on BMDCs
was analyzed by flow cytometry. b Expression level of MHC I on

studies reported that ultrasound treatment can promote the
recruitment of DCs in the skin [23]. Another study reported
that ultrasound treatment promotes macrophage recruitment
by triggering an inflammatory response [22]. In addition,
ultrasound treatment alone has been reported to exert adju-
vant effects by eliciting an inflammatory response [20].
Figure 4b shows that the number of DCs and macrophages
was higher in the MnO, @COS@OVA+US group than in
the OVA group and the MnO, @COS@OVA group. To
investigate whether ultrasound treatment can promote T-cell
infiltration in vivo, immunofluorescence staining of CD3,
which is the characteristic protein of T cells, was performed
in tissue sections. T cells are important immune cells that
are distributed in immune organs and tissues throughout the
body through lymphatic and blood circulation to perform
immune functions. As shown in Figs. 4c and 4d, the number
of T cells in the MnO, @ COS @OVA+US group was greater
than that in the MnO, @ COS@QOVA group. This indicates
that ultrasound treatment can promote T-cell infiltration. It
has been reported that ultrasound enhances the activation of
the STING pathway in APCs and induces T-cell proliferation
[21]. This result suggests that ultrasound treatment promotes
the recruitment of DCs and macrophages as well as T-cell

BMDC:s. ¢ Expression level of MHC II on BMDCs. d Expression level
of CD80 on BMDC:s. e Expression level of CD40 on BMDCs. Data rep-
resent the meanzstandard deviation (n>3). **p<0.01 and ***p<0.001
were used to indicate significant differences

infiltration in the superficial tissue of the nasal mucosa, con-
tributing to the enhancement of further immune responses.

Damage to the nasal mucosa from ultrasonically
treated vaccine preparations

The vaccine formulation delivery process cannot cause
significant damage to the surrounding tissues. The inner
surface of the nasal cavity is covered with columnar cil-
iated epithelium with a large number of mucus-secreting
cup cells between the epithelium. Nasal toxicity was deter-
mined mainly by observing the morphology of nasal mucosal
epithelial cells and nasal septal cells. We investigated
whether ultrasound treatment and MnO, @ COS @ OVA parti-
cles caused damage to nasal mucosa tissue. The nasal tissues
of each group of mice were extracted, sectioned, and stained
with HE to observe the damage caused by ultrasound and
the vaccine preparation on the nasal tissues. As shown in
Fig. 5a, the morphology of nasal septum cells was normal
in all tissues, no obvious epithelial cell detachment was
observed, and the morphology of nasal mucosal epithelial
cells was clear without cell abnormalities or mucosal disrup-
tion. This experiment suggests that the ultrasound-treated
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Fig.4 a Schematic diagram of ultrasound application. We applied the
ultrasonic coupling agent to the upper skin of the mouse nasal cavity
and brought the instrument probe in contact with the ultrasonic cou-
pling agent for ultrasound treatment. The ultrasonic coupling agent is
the ultrasonic wave transmission medium. b Stained CD11* molecules

vaccine preparation does not cause significant damage to the
nasal mucosal tissue.

Analysis of the penetration efficiency
of ultrasound-treated vaccine preparations
on the surface layer of mucosa

Free antigen is readily removed and degraded at the mucosal
site. Therefore, vaccine carriers are required to load antigens
and deliver them to penetrate the mucosal surface. In this way,
the antigen is facilitated to be processed and presented by the
large number of APCs under the mucosal surface. We investi-
gated whether ultrasound treatment promotes the penetration
of MnO, @COS@OVA particles into the mucosal surface
layer. Immunohistochemical staining of tissue sections was
performed to observe the efficiency of antigen penetration
into the superficial layers of the nasal mucosa. As shown in
Figs. 5b and 5c, the amount of OVA in the nasal mucosa of
the MnO, @ COS @OVA+US group was significantly higher
than that of the OVA group. This experiment suggests that
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ultrasound can significantly promote the penetration of vac-
cine agents into the surface layer of mucosa.

Effect of ultrasonically treated vaccine preparations
on DCs in vivo

To further investigate the effect of MnO, @ COS @ OVA+US
on DCs in vivo, splenocytes were collected and stained
with fluorescently labeled antibody reagents. The expression
levels of CD80, CD40, MHC 1I and MHC I on CD11c*
splenocytes were analyzed by flow cytometry. As shown
in Figs. 6a—6e, the expression levels of MHC I molecules
on CDllc* splenocytes in the MnO, @COS@OVA+US
group were significantly higher than those of the remain-
ing four groups. The expression levels of MHC II
molecules were significantly higher than those in the
OVA and MnO; @COS @OVA groups. The expression lev-
els of CD40 molecules in CD1lc* splenocytes in the
MnO, @COS@OVA+US group were significantly higher
than those in the OVA group. This experiment shows that after
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PBS+US

MnO,@COS@OVA

Fig.5 Ultrasound treatment and vaccine preparation damage the nasal
cavity, and ultrasound promotes vaccine preparation penetration of the
surface layer of the nasal mucosa. a Hematoxylin-eosin (HE) staining
map of nasal mucosa showing nasal mucosa injury in five groups (PBS,
PBS+US, OVA, MnO,@COS@OVA, MnO,; @COS@OVA+US).
b Immunohistochemical staining map of the nasal mucosa of the OVA,
MnO; @COS@OVA and MnO,; @COS @OVA+US groups (n=3). The

ultrasonic treatment, MnO, @ COS @ OVA particles promote
high levels of MHC I and MHC 1II molecule expression on
DCs, which can induce better cellular and humoral immunity.

Antibody potency analysis

Antibody potency is an important indicator of the level of
humoral immunity. Moreover, antibody subtype levels can
be used to assess the balance of Th1 and Th2 types in helper
T cells. The production of IgG1l and IgG2a is associated
with Th2- and Thl-type immune responses, respectively
[40]. We investigated whether ultrasound-treated vaccine
preparations promoted the secretion of IgG-like and IgA
antibodies. ELISA kits were used to detect four antibody indi-
cators, IgG, IgG1, IgG2a and IgA. As shown in Figs. 7a-7c,
the titers of serum IgG, IgG1 and IgG2a antibodies in the
MnO, @COS@OVA+US group of mice are basically the
same as those of the remaining four groups. As shown in
Fig. 7d, the values of IgG1/IgG2a in all five groups are
between 1 and 1.1, indicating that the induced immune
response is a mixed or balanced immune response of Th1 and
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overall picture at the top and the local magnification circled in the red
box below represent the amount of OVA antigen delivery. ¢ The ratio
of integrated optical density (IOD) to area in the immunohistochemical
map is the ratio of the amount of OVA (brown) to tissue area. Data
represent the mean+standard deviation (n>3). *p<0.05 was used to
indicate significant differences

Th2 [41]. As shown in Fig. 7e, the MnO, @ COS @OVA+US
group induced significantly higher IgA secretion from the
nasal mucosa than the other four groups. In addition, a sig-
nificant advantage of mucosal immunity is the ability to
induce an immune response in the systemic mucosal immune
system. This response not only produces IgA antibodies at
mucosal immune sites but also secretes IgA antibodies at
distal mucosal sites to protect the host from pathogenic inva-
sion. When antigen activates the mucosal immune system,
most of the activated lymphocytes return to the stimulated
mucosal site, but some activated lymphocytes move to other
mucosal sites, resulting in activation of immune cells in dis-
tal mucosal sites [42]. We, therefore, examined the titers
of IgA antibodies secreted in the mouse reproductive tract.
As shown in Fig. 7f, the MnO, @COS@OVA+US group
induced significantly higher IgA secretion from the genital
tract mucosa than the remaining four groups. This indi-
cates that after ultrasound treatment, the vaccine preparation
MnO, @COS@OVA can promote IgA antibody secretion
not only from the mucosal immune sites but also from the
distal mucosa, thus enhancing the immune response of the
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Fig.6 Effect of ultrasound-treated vaccine preparation on dendritic
cells (DCs) in vivo. a Expression of four molecules, CD80, CD40, MHC
II and MHC I, expressed on DCs cells in splenocytes by flow cytome-
try. b Expression level of MHC I on DCs in splenocytes. ¢ Expression

systemic mucosal immune system. This experiment shows
that ultrasonic treatment not only induced the production of
the same IgG, IgG1 and IgG2a antibody titers as the other
groups but also induced an immune response that is a mixed
or balanced Th1 and Th2 immune response. In particular, the
MnO, @COS @OVA particles enhance the systemic mucosal
immune response after ultrasonic treatment.

In vitro stimulation of splenocytes to secrete
cytokines

The level of cytokines secreted by splenocytes is an impor-
tant indicator of the strength and type of immune response.
Mature DCs deliver antigens to CD4" or CD8* T cells via
MHC II or MHC I molecules to mediate humoral or cel-
lular immunity, respectively. Then, the Thl subpopulation
of CD4" T cells secretes cytokines such as TNF-a and
IFN-y to promote the production of cytotoxic T lympho-
cytes by CD8" T cells. The Th2 subpopulation of CD4*
T cells secretes cytokines such as IL-4 and IL-6 to pro-
mote the activation and proliferation of B cells [43-45].
We investigated whether ultrasound-treated vaccine prepa-
rations could promote the secretion of splenocyte cytokines.
ELISA kits were used to detect four cytokines, IFN-vy,
TNF-a, IL-4 and IL-6, in the supernatant. As shown in
Figs. 8a—8d, the MnO, @COS@OVA+US group induction
of IFN-y secretion by splenocytes in vitro is higher than
those of the remaining four groups. The induction of TNF-a

@ Springer

level of MHC II on DCs in splenocytes. d Expression level of CD80 on
DCs in splenocytes. e Expression level of CD40 on DCs in splenocytes.
Data represent the mean+standard deviation (n>3). *p<0.05 was used
to indicate significant differences

and IL-6 secretion by splenocytes in vitro was signifi-
cantly higher in the MnO2@COS@OVA+US group than
in the other three groups (OVA, MnO; @COS@OQOVA and
MnO, @COS @OVA-SC). The induction of IL-4 secretion
by splenocytes in the MnO2@COS @OVA+US group was
significantly higher than that in the other three groups (OVA,
Alum@OVA and MnO, @COS@QOVA). This experiment
shows that MnO, @ COS@OVA particles induced a better
Th1-type immune response and Th2-type immune response
after ultrasound treatment. This result is basically consistent
with the results of antibody potency analysis.

Activation of memory T cells

The adaptive immune system can record unique antigen
characteristics and establish immune memory after the first
appearance of an antigen. When the same antigen is re-
exposed, memory T cells can respond rapidly to clear the
antigen [46, 47]. Memory T cells can be divided into
effector memory T cells (CD44MehCDE2LIY) and central
memory T cells (CD44MgbCD62LEN). Effector memory
T cells are distributed in lymphoid and nonlymphoid tis-
sues and can induce cytokine secretion to initiate immune
protection and rapid effector functions [48]. To investi-
gate whether the ultrasound-treated vaccine preparation
promoted the activation of memory T cells, the collected
splenocytes were stained with fluorescently labeled antibody
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Fig.7 OVA allosteric antibody secretion after immunization of mice
with different vaccine preparations and treatments. a IgG secretion
level. b IgG1 secretion level. ¢ IgG2a secretion level. d 1gG1/IgG2a

reagents, and the results were analyzed by flow cytom-
etry. As shown in Figs. 9a-9c, the expression levels of
CD44MehCDE2LIY in CD4* T cells and CD8* T cells in
the MnO, @ COS @ OVA+US group were significantly higher
than those in the remaining four groups. This experiment
shows that mice in the MnO, @ COS @ OVA+US group can
rapidly develop humoral and cellular immunity when re-
exposed to the same antigen.

Systemic toxicity analysis

The heart, liver, spleen, lung, and kidney of each group of
mice were extracted, and the resulting organs were made into
tissue sections and subjected to HE staining to determine the
issue of systemic toxicity of the vaccine by observing the

ratio. e Nasal IgA secretion level. f IgA secretion level in the geni-
tal tract. Data represent the mean=standard deviation (n>3). *p<0.05,
**p<0.01, and ***p<0.001 were used to indicate significant differences

cellular morphology. As shown in Fig. 10, the two groups
containing MnO in the vaccine adjuvant had intact cell mor-
phology in their tissue sections with no obvious damage. This
indicates the absence of serious toxic effects of the vaccine.

Conclusions

This study shows that ultrasound treatment promotes the
penetration of MnO, @ COS @OVA particles into the superfi-
cial layer of the nasal mucosa and promotes the recruitment
of DCs and macrophages, as well as the infiltration of T
cells in the nasal mucosal tissue. After ultrasound treat-
ment, MnO, @ COS @QOVA particles promote the maturation
of DCs and the formation of CD4* and CDS8" effector
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Fig. 8 Stimulated splenocytes to secrete cytokines in vitro. a The level
of IFN-y secretion. b The level of TNF-a secretion. ¢ The level
of IL-4 secretion. d The level of IL-6 secretion. Data represent the

memory T cells in vivo and ex vivo. It also promotes the
secretion of cytokines from splenocytes in vitro, which pro-
duces better cellular and humoral immunity. In addition,
MnO, @COS@OVA particles have good biocompatibility
and do not cause significant damage to nasal mucosal tis-
sues and vital organs in vivo. In particular, after ultrasound
treatment, MnO, @ COS @OVA particles increased the level
of secretory IgA antibodies in the mucosa of the nasal
cavity and genital tract of mice and induced an effective
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anti-OVA-specific mucosal immune response. This exper-
iment shows that MnO; @COS@OVA particles induce a
stronger systemic mucosal immune response after ultrasonic
treatment. In recent years, viral and bacterial infections as
well as mucosal cancer have been medical problems that
the world needs to overcome, and ultrasound treatment can
promote mucosal vaccines to induce an efficient immune
mucosal response, which provides new ideas to solve these
problems.
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b The percentage of CD4*CD44Mg"CD62L1V effector memory T cells
in spleen cells. ¢ The percentage of CD8*CD44MehCD62LIV effector
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Fig. 10 Toxicity of different vaccine preparations and treatments
on organs in vivo. HE staining plots of major organs in five
groups of animals with OVA, Alum@QOVA, MnO, @COS @OVA-SC,
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