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Abstract

In this study, immunoregulation and desensitization therapies were jointly applied in the treatment of asthma, in which chitosan
(CS) nanoparticles were used. BALB/c mice were selected and mouse models of asthma were constructed. Mice were divided
into 7 groups. A double-chamber plethysmograph, MTT, hematoxylin-eosin staining, and ELISA were used. The expression
levels of IL-4 and IL-5 in lung tissue cells were detected. CS-BCG-PSN-OV A sustained-release vaccines significantly alleviated
airway hyperresponsiveness (AHR) in asthmatic mice. The numbers of total lymphocytes and eosinophils in BALF were
remarkably reduced. The expression levels of IL-4 and IL-5 in lung tissue cells of the treatment groups were dramatically
decreased. CS-BCG-PSN-OVA was found in vitro to be able to inhibit OVA-induced T-cell proliferation and upregulate the
proportion of CD4+CD25+Foxp3+ T cells. CS-BCG-PSN-OVA sustained-release vaccine could significantly attenuate AHR
and airway inflammation in asthmatic mice. Thus, it has a promising application prospect for the treatment of bronchial asthma.
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Introduction

The main features of bronchial asthma are chronic airway
inflammation, airway hyperresponsiveness (AHR), and re-
versible airflow limitation [1]. At present, it is believed that
the overactivation of CD4+ T cells induced by allergen chal-
lenge leads to the imbalance of Th1/Th2, in which Th2 cells
were increased with the significantly increased Th2 cytokines,
ultimately resulting in airway allergic inflammation dominat-
ed by infiltration of eosinophils [2, 3]. Studies also indicated
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that the decreased number and reduced function of CD4+
CD25+ regulatory T cells (Tregs) with inhibitory immune
regulatory function lead to the overactivation of Tregs, conse-
quently inducing the occurrence of asthma [4, 5]. The patho-
genesis of asthma is complex and has not been fully
elucidated.

Main components of Bacillus Calmette-Guerin (BCG) in-
clude lipid, polysaccharides, proteins, and nucleic acids,
among which polysaccharides and nucleic acids play an im-
portant role. BCG-polysaccharide nucleic acid (BCG-PSN)
has been used in the clinical treatment of bronchial asthma
with strong immunomodulatory effects. Studies suggested
that BCG and BCG-PSN can inhibit the production of
antigen-specific IgE, significantly reduce the airway eosino-
phil inflammation in asthmatic animals, and inhibit AHR [6,
7]. BCG is only used as an adjuvant drug clinically. Therefore,
further improving the efficacy of BCG-PSN in the treatment
of asthma may bring a better clinical application prospect.

Allergen-specific immunotherapy (desensitization) is also
one of the effective methods for asthma treatment and its
effectiveness has been clinically confirmed on patients with
specific allergens. Desensitization therapy can relieve symp-
toms, reduce asthma deterioration, and attenuate AHR in asth-
matic patients [8]. The present study considered that
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immunoregulation combined with desensitization therapy has
better efficacy for asthma treatment than desensitization ther-
apy alone and has less desensitization-related side effects [9].

Polysaccharide microparticles have become an important
direction in the study of novel polysaccharide delivery sys-
tems [10-12], which contribute to improving the shortcom-
ings of BCG preparations. BCG-PSN encapsulated by chito-
san (CS) can protect the nucleic acid components from being
destroyed by nuclease in vivo. Moreover, the polysaccharide
components encapsulated by CS can form polysaccharide
nanoparticles, which significantly enhance the bioavailability
and have sustained release effect. In this study, immunoregu-
lation and desensitization therapies were combined used in the
treatment of asthma, with BCG-PSN and small-dose ovalbu-
min (OVA) encapsulated by CS nanoparticles simultaneously,
so as to achieve better therapeutic effect.

Materials and methods
Preparation of CS nanoparticles

CS-BCG-PSN-OVA was prepared by ionic gelation method.
CS was dissolved in 1% acetic acid solution to prepare a
solution at a concentration of 1.5 mg/mL with the pH value
of 5.5-5.7. Being stirred under continuous magnetic force,
BCG-PSN and OVA were added to the CS solution, followed
by stirring for 10 min. Then, 0.1% sodium tripolyphosphate
solution was added slowly until pale opalescent solution was
formed. The size, dispersion, and state of CS nanoparticles
were detected by a scanning electron microscope (JEOL,
Akishima, Japan).

Drug release in vitro

To evaluate the in vitro release rate of CS particles, 10.0 mg of
particles was accurately weighed and dispersed in 5.0 mL
phosphate-buffered saline (10 mM PBS, pH 7.3) containing
0.5% (w/v) Tween 80. Afterward, the solution was continu-
ously cultured in a constant temperature oscillator (37£1 °C)
at a rate of 80 r/min. On days 1, 2, 3, 4, 5, and 6, 1.0 mL
solution was collected and centrifuged at 6650xg for 10 min.
The drug content in the supernatant was analyzed by high-
performance liquid chromatography (HPLC).

Establishment of asthmatic mouse models and drug
administration

Thirty-five female BALB/c mice (4-6 weeks old, weighed
16-22 g) were chosen and randomly divided into 7 groups
(5 for each group) including CS-BCG-PSN-OVA group,
BCG-PSN group, OVA group, BCG-PSN-OVA group, CS
group, Normal group, and Model group. Except for the
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Normal group, mice in the other groups were sensitized by
intraperitoneal injection of 20 pg OVA on days 0, 7, and 14,
and then treated with 1% OVA atomization inhalation for
bronchial provocation on days 28, 29, 30, and 31 for once a
day. The mice in the Normal group were treated by normal
saline (NS) instead of OVA. Mice in each group except the
Normal group and the CS group were intraperitoneally
injected with corresponding drugs on days 18 and 24, while
mice in the Normal group and CS group were given NS in a
corresponding dose at indicated time points. The animal
modeling intervention flow is detailed in Fig. 1.

AHR detection

A double-chamber plethysmograph (Buxco, Wilmington,
NC, USA) was used for AHR detection. The mice were put
into the chamber to monitor their respiration 48 h after the last
provocation. Non-invasive lung function test was performed,
and the enhanced pause (Penh) values were determined after
methacholine (Mch) provocation at increasing doses (3.12,
6.25, 12.5, 25, 50, and 100 mg/mL). The Penh value deter-
mined after NS treatment was taken as the baseline value. The
increase percentage of Penh (Penh/NS — 1) % at different
concentrations was calculated and used as a statistical indica-
tor of airway responsiveness.

Analysis of bronchoalveolar lavage fluid

After the detection of AHR, bronchoalveolar lavage was per-
formed by using PBS for 3 times. Then, the bronchoalveolar
lavage fluid (BALF) was collected, centrifuged, and resus-
pended. Part of the suspension was taken for calculating the
total number of cells. The remaining part was stained with
hematoxylin-eosin (HE) for differential cell counts. There
were 400 cells counted per slide and the number of different
types of cells was recorded. The supernatant of BALF was
retained to detect the levels of IL-4, IFN~y, and IL-10.

Enzyme-linked immunosorbent assay

The contents of IL-4, IL-10, and IFN-y in BALF supernatant
were determined by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions. The
diluted BALF was added into ELISA plate and incubated at
25 °C for 2 h, with the plate precoated with IL-4 (ab100710,
abcam, China), IL-10 (ab100764, abcam, China), or IFN-y
(ab46107, abcam, China) antibodies. The plate was washed
and then added with conjugate for incubation at 25 °C for 2 h.
After the wells were washed, BALF was incubated with sub-
strate for 30 min. The absorbance at 450 nm was measured by
an ELISA reader.
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Fig. 1 The modeling process of asthmatic mouse models

Histopathological examination

The lungs were separated and inflated with 10% neutral form-
aldehyde. Then, the lungs were taken out and fixed in 10%
neutral formaldehyde. The left lobe was removed, and treated
with ethanol and xylene at gradient concentrations.
Subsequently, it was paraffin embedded, sectioned, stained
with HE, and examined under a microscope.

qRT-PCR

Total RNA was extracted using Trizol (Invitrogen, CA, USA)
according to the manufacturer’s instructions. cDNA was syn-
thesized using the reverse transcription system kit (Invitrogen,
CA, USA). qRT-PCR was performed on the ABI 7900HT
instrument (Applied Biosystems, USA) using SYBR Green
assays (TaKaRa Biotechnology, Dalian, China). (3-Actin
was used as internal reference, and the difference in relative
expression of target genes was calculated by 2"**" method.
The experiment was repeated three times. Primer sequences
are listed in Table 1.

Isolation of mice spleen-derived lymphocytes

Mice were executed and immersed in alcohol for 5 min. The
skin of left abdomen was incised on a super clean bench, and
the spleen was exposed. Then, the spleen was taken out,
washed with 5 mL Hanks and transferred to a Petri dish with
4 mL mice spleen lymphocyte separation medium.
Afterwards, the spleen was ground between the rough surfaces
of two sterile slides within 5 min, and the obtained cell sus-
pension was softly treated with a pipette (not sharply), after

Table 1 Primer sequences used in qRT-PCR
Gene Primer sequences
IL-4 F: 5-ACA GGA GAA GGG ACG CCA T-3'
R: 5-GAA GCC GTA CAG ACG AGC TCA-3'
IL-5 F: 5-TGA GAC GAT GAG GCT TCC TG-3'
R: 5-ATTTCCACAGTACCCCCACG-3'
[3-Actin F: 5'-GCT TCT TTG CAG CTC CTT CGT-3'

R: 5'-AGC GCA GCG ATA TCG TCA TC-3'

which the cell suspension was filtered through a 200-mesh
nylon net and then transferred into a centrifugal tube. RPMI-
1640 of 1 mL was added to the centrifugal tube and centrifu-
gation was run for 15 min at 2000 RPM. The cells in the lower
liquid were the lymphocytes, which were absorbed by a
pipette.

MTT assay

CS-BCG-PSN-OVA, BCG-PSN, OVA, and BCG-PSN-OVA
were incubated with spleen-derived lymphocytes of asthmatic
mice and OVA provocation was sequentially conducted. After
being trypsinized and resuspended, cells were seeded in 96-
well plates at a density of 5x10° cells/well. After 72 h of
culture, 10 uL MTT reagent with the concentration of 5 mg/
mL was added for incubation at 37 °C for 4 h. The supernatant
was discarded and sequentially 200 pL. dimethyl sulfoxide
(DMSO) was added to the cells. The absorbance at 595 nm
was measured by a microplate reader (Thermo Fisher
Scientific).

Analysis of Tregs

CS-BCG-PSN-OVA, BCG-PSN, OVA, and BCG-PSN-
OVA were cultured with spleen-derived lymphocytes of
asthmatic mice and then co-cultured with OVA. Cells
were firstly incubated with antigen-presenting cell-labeled
anti-CD4 and phycoerythrin (PE)-labeled anti-CD25
monoclonal antibodies (mAbs). Having been washed,
cells were fixed and stained with Alexa Fluor 488-
conjugated anti-mouse Foxp3 mAbs or negative control
mADbs. The cells were washed 3 times and resuspended
in FCM buffer (PBS, 0.1% BSA and 0.1% NaN3).
FASCalibur flow cytometry (Becton Dickinson, Franklin
Lakes, NJ, USA) was used, and the data were analyzed
using Cell-Quest software. Firstly, FSC/SSC was set as a
gate to isolate lymphocytes. The CD4/CD25 gate was
used. The percentage of Foxp3-stained CD4+CD25+ T
cells was determined by the cell percentage of T cells
stained with indicated anti-mouse mAbs minus that of
the cells nonspecifically stained with negative control
mAbs in the same dot-plot region.
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Data statistics and analysis

All data were processed by SPSS 21.0 statistical software
(SPSS, Inc., Chicago, IL, USA), and the measurement data
were expressed in the form of mean + standard deviation. The
comparison between the two groups was analyzed by #-test,
and one-way analysis of variance was used for comparison
among multiple groups. Tukey’s test was used for back test-
ing. P<0.05 indicated a statistically significant difference.

Results

Particle size of CS nanoparticles and in vitro release
efficiency

Firstly, we analyzed the CS-BCG-PSN-OVA nanoparticle by
a scanning electron microscope. The result exhibited that the
CS-BCG-PSN-OVA nanoparticle (Fig. 2B) was slightly larg-
er than the empty CS particle (Fig. 2A), with an average

Fig. 2 Morphology of CS
particles observed by a scanning
electron microscope and in vitro
release efficiency. (A) Empty CS
particle. (B) CS-BCG-PSN-OVA
particle. (C) In vitro release rate of
BCG-PCN and OVA was detect-
ed by HPLC

particle size of 11304£22 nm and 923+17 nm, respectively
(p<0.05).

Subsequently, in vitro release efficiency of the drug was
tested. The cumulative release rate of the drug over time is
showed in Fig. 2C. The in vitro release rates of BCG-PSN and
OVA both exceeded 90% on day 6. The above results indi-
cated that the BCG-PSN and OVA could be slowly released
in vitro after being encapsulated by CS nanoparticles, showing
a better sustained release effect.

CS-BCG-PSN-OVA significantly reduces airway
responsiveness in asthmatic mice

We conducted airway responsiveness test 48 h after the last
provocation. The results indicated that compared with the
Model group, the airway responsiveness of the mice in treat-
ment groups (CS-BCG-PSN-OVA, BCG-PSN, OVA, BCG-
PSN-OVA) was significantly decreased upon the dose of Mch
up to 12.5 mg/mL, and the inhibitory effect remained with the
increasing doses of Mch (25 mg/mL, 50 mg/mL, and 100 mg/

-~ BCG-PSN
-= OVA
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mL) (p<0.05) (Fig. 3). Nevertheless, with a high dose of Mch
(50 mg/mL and 100 mg/mL), the airway responsiveness in
asthmatic mice treated with BCG-PSN or OVA alone was
remarkably improved compared with that in mice treated with
BCG-PSN-OVA (p<0.05), which revealed that BCG-PSN-
OVS was more effective in reducing airway responsiveness
in asthmatic mice. More notably, the airway responsiveness in
mice was further alleviated after BCG-PSN-OV A was encap-
sulated with CS (p<0.05), and the efficacy was the best among
all the treatment groups. The above experimental results dem-
onstrated that CS-BCG-PSN-OVA could significantly reduce
the sensitivity of asthmatic mice to Mch, and the effect was
better than that of unencapsulated drugs.

CS-BCG-PSN-OVA significantly reduces airway
inflammation in asthmatic mice

To investigate whether CS-BCG-PSN-OV A could reduce air-
way inflammation in asthmatic mice, we counted the number
of total lymphocytes and eosinophils in BALF. It was
displayed that the total number of lymphocytes and eosino-
phils in each treatment group (including CS-BCG-PSN-OVA,
BCG-PSN, OVA, and BCG-PSN-OVA) was obviously re-
duced compared with that in the Model group (p<0.05), while
there was no significant difference between the CS group and
the Model group (p>0.05) (Table 2).

Then, the levels of IL-4, IFN-y, and IL-10 in BALF super-
natant were detected by ELISA (Fig. 4). Compared with the
Model group, IL-4 was significantly reduced while IFN-y,
and IL-10 were dramatically increased in the treatment groups
except the CS group (p<0.05). In addition, the lowest level of
IL-4 and the highest levels of IFN-y and IL-10 were observed
in the CS-BCG-PSN-OVA group. The above studies sug-
gested that CS-BCG-PSN-OVA had a significant effect on
reducing airway inflammation in mice.
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Lung histopathological changes in asthmatic mice
after administration

HE staining was used. It could be observed that under a light
microscope, the alveolar wall in the normal group was com-
plete and no exudate was in the alveolar cavity, with less
infiltration of eosinophils and lymphocytes. While in the asth-
matic groups and CS group, macrophage infiltration was ob-
served in the alveolar cavity, with a large number of eosino-
phils around the trachea and blood vessels (Fig. SA). After
drug treatment in each group, infiltration of eosinophils and
lymphocytes was significantly reduced (p<0.05), and the ther-
apeutic effect of the CS-BCG-PSN-OVA group was the best.
Subsequently, the mRNA expression levels of IL-4 and IL-5
in lung tissue cells of each group were detected by qRT-PCR
(Fig. 5B). Compared with the Model group, the expression
levels of IL-4 and IL-5 in other treatment groups except the
CS group were found to be significantly decreased, and those
in the CS-BCG-PSN-OVA group were the lowest. These re-
sults indicated that CS-BCG-PSN-OVA significantly im-
proved lung tissue lesions in asthmatic mice.

The effect of CS-BCG-PSN-OVA on immune cells

To investigate the effect of CS-BCG-PSN-OVA on cellular
immune response, OVA was used, and the results were tested
by MTT assay. Compared with the Model group, the prolif-
eration activity of T cells in the treatment groups (CS-BCG-
PSN-OVA, BCG-PSN, OVA, BCG-PSN-OVA) was notably
reduced, and the number of T cells in the CS-BCG-PSN-OVA
group was the least (Table 3). Flow cytometry was used. The
result showed that the proportion of CD4+CD25+Foxp3+ in
spleen cells treated with drugs (CS-BCG-PSN-OVA, BCG-
PSN, OVA, BCG-PSN-OVA) was greatly higher than that in
the Model group (p<0.05). It was worth noting that the

Normal

Model
CS-BCG-PSN-OVA
OVA

BCG-PSN
BCG-PSN-OVA

Cs

BEDBE

Methacholine (mg/ml)

Fig. 3 Airway responsiveness in asthmatic mice of each group. “a” indicates a significant difference compared with the Model group (p<0.05) and “b”
indicates that there is a significant difference compared with BCG-PSN-OVA group (p<0.05)
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Table 2 Numbers of total cells and eosinophils in BALF

Cells (10*mL) ~ Normal Model CS-BCG-PSN-OVA  OVA BCG-PSN BCG-PSN-OVA  CS

Total cells 39.36+5.11  149.61£12.18  69.21+6.19%* 119.1148.35%  105.45£10.21*%  84.61£10.42%* 142.64+13.14
Eosinophils 0 35.2244.26 15.1242.16%* 28.33+3.26* 25.42+43.25% 19.22+41.72%* 33.2345.18

*p<0.05 compared with the Model group and **p<0.01

proportion of CD4+CD25+Foxp3+ T cells was the most sig-
nificantly increased after treatment with CS-BCG-PSN-OVA
(p<0.01) (Table 4). These results suggested that CS-BCG-
PSN-OVA could effectively regulate the function of Tregs.

Discussion

BCG-PSN vaccine can significantly reduce airway inflamma-
tion and inhibit AHR in asthmatic animals [6]. Studies discov-
ered that the eosinophilic airway inflammation was signifi-
cantly inhibited in mice that received BCG treatment on days
1, 7, and 14 after birth, and IFN-y level in BALF and spleen
cell suspension supernatant was upregulated, thereby activat-
ing Thl cellular immune response and correcting Th1/Th2
imbalance [13, 14]. These findings were further confirmed
in our study. In our study, BCG-PSN vaccine was used in
asthmatic mice and resulted in significant reduction of airway
responsiveness and certain alleviation of airway
inflammation.

A recent study reported that Thl and Th2 cells, espe-
cially Tregs, are vital in the pathogenesis of asthma and
allergies [15]. Our study found that BCG-PSN could reg-
ulate Tregs and significantly increase the proportion of
CD4+CD25+Foxp3+. Although BCG-PSN shows a better
therapeutic effect in animal experiments, it is only used as
an adjuvant drug for the treatment of asthma in clinic, and
no specific clinical data are available to illustrate its effi-
cacy. However, it can be speculated that the clinical

150 =
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Fig. 4 Levels of IL-4, IFN-y, and IL-10 in BALF supernatant of asthmatic mice in each group.

efficacy of BCG-PSN as an adjuvant drug may not be
significant. Therefore, this study further explored a new
treatment for bronchial asthma to improve its efficacy
based on the above results.

We further included allergen-specific immunotherapy in
this study. The mechanism of desensitization treatment has
not been fully elucidated. Currently, it is believed that desen-
sitization treatment can act on multiple different processes of
asthma immune mechanism, including correcting Th1/Th2
imbalance, inducing the generation of blocking antibodies
and Tregs, and inducing the allergen-specific immune toler-
ance of the body [16]. However, desensitization therapy is
slow in efficacy, is long in duration, and requires gradual
increase in the dosage of allergens, which may cause serious
side effects on a few patients. Thus, it is only suitable for mild
and moderate asthmatic patients [17]. Li and Liu et al. found
that CS-encapsulated dust mites or main epitope-associated
peptides can reduce airway responsiveness and airway inflam-
mation in asthmatic mice by inducing the production of Tregs
and stimulating Th1 response [18, 19]. It is reported that the
efficacy of immunoregulation combined with desensitization
treatment for asthma is significantly better than that of desen-
sitization treatment alone, and the desensitization-related side
effects can be reduced [9]. Therefore, we jointly used BCG-
PSN and OVA to treat asthmatic mice. Under high doses of
Mch (25 mg/mL, 50 mg/mL, and 100 mg/mL), the BCG-
PSN-OVA complex medicine was more effective in reducing
AHR and had better intervention effect on airway inflamma-
tion than BCG-PSN or OVA alone.

Normal

Model
CS-BCG-PSN-OVA
OVA

BCG-PSN
BCG-PSN-OVA

Cs

ab

220

PESOELRLD

2224

SSSSSSSSTIISIIRNANSENANAN
Y

RRRRRRRRERY
S

IFN-y

T3]

a” shows a significant difference compared with the

Model group (p<0.05). “b” indicates that there is a significant difference compared with the BCG-PSN-OVA group (p<0.05)
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Fig. 5 Histopathological changes of lung tissue and expression of 1L-4
and IL-5 in asthmatic mice after administration. (A) HE staining was used
to observe the pathological change of lung tissue in asthmatic mice after
administration. (B) The mRNA expression levels of IL-4 and IL-5 in lung

In the present study, BCG-PSN and OVA were encap-
sulated with CS nanoparticles to further improve the effi-
cacy. CS is a biocompatible natural polysaccharide that
can promote the transmembrane absorption of peptides
and proteins, and plays a safe and effective role in aller-
gen transmission [18, 20]. CS microspheres are formed
after nanocrystallization, and they can encapsulate nucleic
acids, proteins and polysaccharide drugs, bases or nucle-
ases in the body [21-23]. In our study, CS-BCG-PSN-
OVA sustained-release vaccine had the best effect on

IL-5

tissue cells of asthmatic mice after administration were detected by qRT-
PCR. “a” represents a significant difference compared with the Model
group (p<0.05). “b” indicates a significant difference compared with the
BCG-PSN-OVA group (p<0.05)

alleviating AHR in asthmatic mice. Additionally, it could
markedly reduce the number of eosinophils and immune
cells in BALF, decrease the level of IL-4, and increase the
level of IFN-y and IL-10. On the other hand, it could also
regulate Tregs. Compared with the Model group, CS-
BCG-PSN-OVA dramatically reduced the proliferation
rate of T cells and increased the proportion of CD4+
CD25+Foxp3+. These results revealed that CS-BCG-
PSN-OVA sustained-release vaccine had a better thera-
peutic effect on asthmatic mice.

Table 3 T cell proliferation in each group was detected by MTT assay after OVA stimulation
Normal Model CS-BCG-PSN-OVA OVA BCG-PSN BCG-PSN-OVA CS
OD (595 nm) 0.15+0.02 0.440.02 0.19+0.03** 0.23+£0.01* 0.28+0.03* 0.21+0.01* 0.41+0.02

*p<0.05 compared with the Model group and **p<0.01
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Table 4 The proportion of CD4+CD25+Foxp3+ in CD4+CD25+ T cells (%)

Normal Model

CS-BCG-PSN-OVA  OVA

BCG-PSN BCG-PSN-OVA  CS

CD4+CD25+Foxp3+ (%)  36.16+4.11  19.61+1.10  39.21+£2.29%*

25.1142.15%  27.45+1.22%  34.61+1.34* 21.64+2.40

*p<0.05 compared with the Model group and **p<0.01

In summary, our results confirmed that BCG-PSN-OVA 4.

was more effective in alleviating airway responsiveness and

airway inflammation in asthmatic mice than BCG-PSN or 5

OVA alone. Moreover, the CS-BCG-PSN-OVA sustained-
release vaccine prepared by CS could further improve its ef-

ficacy. However, the specific mechanism and its clinical ap- 6.

plication need to be further clarified in future research.
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