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Abstract: Oxidative stress and cell apoptosis play important roles in the pathogenesis of asthma. Specific immu-
notherapy (SIT) is the only curative approach for asthma and is effective at decreasing asthmatic oxidation and
cell apoptosis, but the mechanisms remain unclear. In this study, by using in vivo and in vitro models, we indirectly
demonstrated that SIT alleviated the apoptosis and oxidative stress of bronchial epithelial cells in an asthma model
through regulating interleukin (IL)-25. Female BALB/c mice were used for an asthma model induced by exposure to
house dust mite (HDM) extracts as allergens. Prior to the challenge, the mice were either given the SIT vaccine or
N-Acetyl-L-cysteine (NAC). Results: Compared with that in asthma models, SIT administration decreased (1) airway
hyper-responsiveness; (2) the production of cytokines, including IL-4, IL-5, IL-13, and IL-25, as well as serum HDM-
specific IgE and IgG1, as shown by ELISA; and (3) lipid oxidative species, such as reactive oxidative species (ROS)
and malondialdehyde (MDA), in the lung tissue. Moreover, TUNEL staining showed that SIT alleviated pulmonary
cell apoptosis. In vitro, flow cytometry showed that human recombinant IL-25 (rIL-25) led to increased cell apoptosis
and ROS in the human epithelial cell line 16HBE in a dose and time-dependent fashion. In conclusion, in vivo, SIT
reduced asthmatic Th2 cytokine levels and the production of IL-25 and alleviated oxidative stress and cell apoptosis
in the lung tissue. In vitro, IL-25 increased the number of apoptotic cells and the production of ROS in16HBE cells.
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Introduction In the clinic, asthma is commonly believed to be
associated with T cell differentiation from ThO
to Th2 [3, 4] and is characterized by the pre-

dominate presence of CD4'Th2 cells [5].

Allergic asthma is a chronic airway disease
characterized by airway hyper-responsiveness

(AHR), high mucus secretion, airway remodel-
ing, and airway narrowness, which is mediated
by dysfunction of immune system regulation
[1]. Currently, the control of asthma symptoms
commonly relies on the administration of hor-
mones and B2 receptor agonists.

Specific immunotherapy (SIT), first developed
at St Mary’s Hospital London in the 19'" centu-
ry, was thought to be the only method to cure
asthma [2]. For SIT, specific allergen extracts
are given to patients with different modified
treatment plans to revise the immunity imbal-
ance and, in the end, abolish the symptoms.

The pathogenesis of asthma is normally belie-
ved to be mediated by the secretion of Th2 cy-
tokines such as interleukin (IL)-4, IL-5, and
IL-13, which can be induced by cytokines, such
as granulocyte/macrophage colony-stimulating
factor (GM-CSF), thymic stromal lymphopoietin
(TSLP), IL-25 and IL-33 [6, 7], secreted by airway
epithelial cells. Airway epithelial cells, as the
outside barrier of the lung, are commonly where
immune responses are initiated [8]. Epithelial
cells are critical in the process of allergen con-
tact and sensitization and asthma stimulation
[9]. However, whether there are differences in
the expression of these epithelial cell-secreted
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Figure 1. SIT and NAC alleviate asthmatic symptoms in a mouse model. The
design of the model is shown in (A). Histology of a lung stained with H&E (B) and
PAS (C) at 10x magnification. The AHR of the four groups is shown in (D). The
results are representative of 3 independent experiments. The statistics of the
results were performed by student t-test. *means P<0.05, **means P<0.01.

cytokines in response to
SIT treatment in asthma is
not yet known.

IL-25 is a member of the
IL-17 family, termed IL-17E.
High expression of IL-25
promotes a Th2-type imm-
une response, an increase
in IgE and the number of
eosinophils in the serum,
and the pathogenesis of
lung tissue damage [10,
11]. However, whether SIT
regulates IL-25 secretion in
an asthmatic mouse model
in unclear.

The generation of reactive
oxygen species (ROS) has
been shown to be critical
in asthma [12]. Oxidative
stress may be associated
with allergic reactions and
inflammatory cascade am-
plification. Indicators of oxi-
dative stress, potentially in
response to allergen stimu-
lation or the release of ROS
and reactive nitrogen spe-
cies (RNS) upon pollutant
stimulation, have been fou-
nd in asthma patients [13].
N-acetyl-L-cysteine (NAC) is
a thiol compound that has
the potential to interact
either directly as a free rad-
ical scavenger or indirectly
as a precursor of reduced
glutathione [14]. The anti-
oxidant protective effect of
NAC can attenuate inflam-
mation in experimental as-
thma [15] and in various in-
flammatory pulmonary dis-
eases [16-18].

Airway epithelial cells are
the target of many pulmo-
nary diseases. The apopto-
sis of these cells associat-
ed with the activation of
ROS is an initial step in the
pathogenesis of multiple
pulmonary diseases and is
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always accompanied by pathogenic processes
such as airway remodeling and pro-inflammato-
ry cytokine secretion. Thus, a deeper under-
standing of airway epithelial apoptosis may pro-
vide a new therapeutic asthma treatment.

In this study, we report that SIT alleviates the
asthmatic oxidative stress reaction and down-
regulates the secretion of IL-25 in lung tissue.
We then indirectly prove that this down-regula-
tion of IL-25 affects oxidative stress and apop-
tosis of the airway epithelial cells.

Materials and methods
Animals, cells, and reagents

Six to eight-week-old female BALB/c mice were
purchased from the Animal Center of Guang-
dong Province. All experimental protocols and
procedures were approved by the Animal Care
and Use Committee of Shenzhen University.
The human bronchial epithelial cell line was
purchased from the Cell Culture Institute of
Xiangya Medical College, Zhongnan University.
Cell culture medium was supplemented with
RPMI 1640, 10% fetal calf serum, 200 mg/mL
streptomycin and 200 U/mL penicillin, and
these reagents were purchased from Invitrogen
(Carlsbad, CA, USA). NAC was purchased from
Sigma-Aldrich Inc (Saint Louis, MO, USA). The
NAC solution for intragastric administration
was prepared with sterile distill water with an
adjusted PH value of 7.4.

HDM extract collection

Four grams of Dermatophagoidesfarinae (Der.
f) was ground in a mortar with a pestle for 30
minutes in the presence of liquid nitrogen.
Then, 10 mL PBS was added prior to ultrasonic
disruption for 1 h on ice. After the solution was
re-suspended by centrifugation at 20000 rpm
at 4°C, the supernatant was collected and
stored at -80°C.

Study design

The mouse model was designed based on pre-
vious studies [19, 20], and the scheme of the
study is shown in Figure 1A. For the asthma
group, BALB/c mice were sensitized by intra-
peritoneal injection with a thorough mixture of
Der. f extracts (50 yg per mouse) and the same
amount of aluminum hydroxide adjuvant (Ther-
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mo, USA) on day O, 7 and 14. From day 32 to
38, the mice were intranasally challenged with
50 pg Der. f extracts daily for a week. The PBS
control group was treated with PBS in all proce-
dures. The SIT group consisted of another asth-
ma group that received SIT vaccine treatment
by subcutaneous injection of 50 pg Der. f
extracts per mouse on day 21 and 25. The NAC
group consisted of another asthma group that
received intragastric administration of NAC
solution (3 mmol/kg) everyday from day 25 to
day 31.

AHR and airway inflammation

Twenty-four hours after the final challenge,
Penh values were evaluated by whole-body
plethysmography (Buxco Europe Ltd, Winche-
ster, UK). The baseline response was recorded
for 5 minutes in the event of stabilized respira-
tion after 10 minutes of adaptation. Mice were
exposed to increasing doses of methacholine
(Mch) (i.e., 6.25, 12.5, 25, 50, 100 mg/mL,
Sigma, St Louis, USA) or PBS. Tests at two dif-
ferent concentrations were temporally separat-
ed to allow the respiratory intensity to drop
back to baseline. The percentage curves for
Penh values at different Mchdoses were plot-
ted, starting with PBS stimulation. Mice were
sacrificed on day 40, and the lungs were
removed and processed for hematoxylin-eosin
(H&E) staining. The levels of IgE and IgG1 in the
serum and the levels of IL-4, IL-5, IL13 and
IL-25 in the bronchoalveolar lavage fluid (BALF)
of each group were measured by ELISA. BAL
fluid was centrifuged at 1500 rpm for 5 min at
4°C, and the supernatants were stored at
-80°C for cytokine analyses. Lung tissues were
fixed in 10% formalin for 24 h and then embed-
ded in paraffin wax after dehydration in alcohol.
Tissue slides were prepared for H&E, periodic
acid-Schiff (PAS), and TUNEL staining.

TUNEL staining

Lung tissue sections were dewaxed, hydrated,
incubated with 0.1% Triton X-100 for 5 min, and
washed twice with PBS. After incubation with
proteinase K (Biolegendinc.) at 37°C for 10
min, the sections were washed with PBS, incu-
bated with the TUNEL reaction mixture at 37°C
in darkness for 1 h, washed with PBS, incubat-
ed with converter-peroxidase (POD) at 37°C for
30 min, and incubated with diaminobenzidine
(DAB) was for 10 min. The sections were then
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washed with PBS 3 times and stained with
hematoxylin before observation under a micro-
scope.

Determination of cytokines and allergen-spe-
cific IgE and IgG1

The levels of IgE and IgG1 in the serum were
measured by ELISA. In brief, a 96-well plate
was coated with 100 ng house dust mite (HDM)
extract in a total volume of 100 ul carbonate-
bicarbonate buffer overnight at 4°C. Then, the
plate was blocked with 5% BSA for 2 h at 37°C,
followed by 10% (v/v) serum solution diluted
with blocking buffer. BiotinylatedIgE was then
added to the plate for 2 h. After the plate was
washed 5 times and incubated at 37°C for 1 h,
100 pL of streptavidin-labeled horseradish per-
oxidase (HRP; 1:5000 dilution) was added. The
plate was then developed for 10 minutes, and
the reactions were stopped by adding 2 mM
H,S0,. The plate was then read with a micro-
plate reader at an absorbance of 450 nm.

ROS of BALF and lung tissue

BALF was centrifuged at 1200 rpm for 5 min
and resuspended with 100 yL PBS. The fluores-
centprobe, 2'-7’-dichlorofluorescein (DCF-DA),
was then added to a final concentration of 25
UM. After incubation at 37°C for 15 min, the
sample was observed under a microscope. The
lung tissue was also collected and stored at
-80°C. Frozen lung sections were sliced 4 uym
thick, and DCF-DA was added to a final concen-
tration of 25 yM per slice. After incubation at
37°C for 15 min and a 3-min wash, the sample
was observed under a microscope.

Immunofluorescent staining

The frozen lung tissue sections and cells in cul-
ture dishes were fixed with 4% para-formalde-
hyde for 30 min, blocked with 0.1% BSA for 30
min, and incubated with FITC-conjugated goat
anti-rabbit or TRITC-conjugated goat anti-rabbit
antibodies to bind the primary antibodies. Con-
focal microscopy was used for observation.

Flow cytometry of Tregs

Mouse spleen tissues were homogenized and
filtered through a 200-mesh screen. The sple-
nocytes were suspended in 1640 culture medi-
um and erythrocyte lysate and then centrifuged
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at 1500 rpm at room temperature for 5 min-
utes. Mononuclear cells (MCs) were isolated
with lymphocyte separation medium. We then
measured the frequency of CD4*CD25*Foxp3*
Treg cells as in previous studies [21, 22]. Here,
106 cells of every sample were stained with the
following antibodies: fluorescein isothiocyana-
te (FITC)-conjugated anti-CD4, allophycocyanin
(APC)-conjugated anti-CD25, and phycoerythrin
(PE)-conjugated anti-Foxp3 (all from eBiosci-
ence).

Cell culture

16HBE cells were cultured in minimum essen-
tial medium (Gibco, Carlsbad, CA, USA) supple-
mented with 10% (v/v) fetal bovine serum, 100
punits/mL penicillin, and 100 yg/mL strepto-
mycin and incubated at 37°C in a humidified
chamber with 5% CO,,. Cells were digested and
passaged two to three times per week with
0.02% (w/v) ethylenediaminetetraacetic acid
(EDTA) and 0.25% (w/v) trypsin.

Cell apoptosis experiment (Annexin V-FITC/PI
apoptosis detection)

Here, 10° 16HBE cells were seeded in a sterile
24-well plate and co-cultured with human re-
combinant IL-25 (rIL-25; Sizhengbolnc, China) in
a final concentration of 0.1 mg/mL or 1 mg/mL
for 12 h or 24 h. An Annexin V-FITC/PI Apoptosis
Detection kit was purchased from BD Inc. After
the cells were digested with 0.2% trypsin with-
out EDTA for 1 min, they were washed in cold
PBS, and 5x10°% cells were re-suspended in
100 pL binding buffer. Afterwards, 5 yL Anne-
xinV-FITC and 5 pL PI staining solution were
added, followed by incubation in darkness at
room temperature for 10 min. Then, the cells
were processed for flow cytometry analysis.

Statistical analysis

All data are expressed as the mean + SD. All of
the experiments were repeated 3 times. Sta-
tistical significance between different groups
was determined using the SPSS 13.0 software
with student t-test. A P<0.05 was statistically
significant.

Results

To compare the effect of SIT and NAC treatment
on a murine asthma model, a lung histological
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Figure 2. In the mouse model, compared with those in the asthma group, SIT reduces the levels of Th2 cytokines
and IL-25 as well as sIgE and slgG1 in the serum. A: The levels of IL-4 and IL-5 in serum, IL-13 in the BALF, and IL-25
in the homogenized lung tissue were measured by ELISA. B: The levels of HDM-specific IgE and 1gG1 were measured
by ELISA, and the value is shown as the optical density read at 450 nm (OD450). The results are representative of 3
independent experiments. The statistics of the results were performed by student t-test. *means P<0.05, **means

P<0.01.

study was performed by H&E and PAS staining.
In Figure 1B, the H&E staining shows that there
was an obvious infiltration of inflammatory cells
around the airway and hyperplasia of the air-
way smooth muscle in the asthma group. In
contrast, in the SIT and NAC groups, the infiltra-
tion of the inflammatory cells was significantly
reduced, and no obvious hyperplasia of the air-
way smooth muscle was seen. The PAS-stained
lung tissue of the asthma group (Figure 1C)
exhibited a large amount of light purple staining
within the airway, indicating that the airway
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secreted a large amount of mucus. However,
dust mite SIT and anti-oxidative NAC signifi-
cantly reduced airway mucosal secretion.

To investigate AHR, the Penh value of the
mouse model was tested after stimulation with
a serial concentration of methacholine. Figure
1D shows that the Penh value of the asthma
group was significantly higher than control (P>
0.01). The Penh values of the SIT group and
NAC group were significantly lower than that of
the asthma group (P>0.01), indicating that dust

Am J Transl Res 2017;9(9):4137-4148
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A * % Figure 3. In the mouse model, dust mite SIT
* alleviates the oxidative stress of lung tissue.
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lung section stained by the fluorescent ROS
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experiments. The statistics of the results
were performed by student t-test. *means
P<0.05, **means P<0.01.
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mite SIT and anti-oxidative therapy alleviated
the asthmatic AHR.

To test if SIT or NAC treatment reduced cyto-
kine secretion in the murine asthma model,
serum was collected from mice from each
group, and the cytokine concentration was test-
ed by ELISA. As shown in Figure 2A, SIT signifi-
cantly reduced the levels of IL-4, IL-5, and IL.-13
compared with those in the asthma model.
Interestingly, the level of IL-25, which is gener-
ally considered to be secreted by lung tissue,
was also reduced after SIT treatment.

Murine serum was tested for the level of dust
mite-specific IgE and 1gG1. Figure 2B shows
significantly higher levels of both antibodies in
the asthmatic model group than in the PBS-
treated group. Furthermore, significantly lower
levels of serum IgE (sIgE) and slgG1 were seen
in the SIT group than in the asthma group
(*P<0.05, **P<0.01).

To test if SIT can reduce the oxidative stress of
lung tissue, the level of lipid oxidation in the
murine lung tissue homogenate was tested by
examining malondialdehyde (MDA). As shown in
Figure 3A, the level of MDA from asthmatic
lung tissue was significantly higher than in con-
trol tissue. Additionally, the SIT and NAC group
had significantly lower levels of MDA than the
asthma group (P<0.05).

The ROS level in the BALF was tested by flow
cytometry after staining cells for ROS. As shown
in Figure 3B and 3C, the number of ROS-
stained cells was significantly higher in the
asthma group than in the PBS-treated group,
whereas the generation of ROS in the SIT group
and anti-oxidative NAC group was significantly
reduced (P<0.05).

Then, frozen sections of lung tissue from the
asthmatic mouse model were prepared and
fluorescently stained with ROS-sensitive dye.
Figure 3D shows that the ROS signal in the
asthmatic mice was greater than the signal in
the PBS group. However, the ROS signals in the
SIT group and NAC group were significantly
reduced, indicating that both SIT and anti-oxi-
dative therapy reduced the generation of ROS
in the lung.

To determine if SIT can alleviate apoptosis in
lung tissue, murine lung tissue was collected
and processed with TUNEL staining. Figure 4A
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shows that there were significantly more apop-
totic cells in asthmatic mice than in PBS-treated
mice, while the number of apoptotic cells in the
SIT and NAC groups was smaller than in the
asthma group.

To further test if IL-25 may upregulate apopto-
sis of human airway epithelial cells, the human
bronchial epithelial cell line, 16HBE, was ex-
posed to various concentrations of human rlL-
25. As shown in Figure 4B and 4C, the percent-
age of apoptotic cells was significantly higher
with an increase in the dose of rlL-25 and cul-
ture time. At the high concentration of rIL-25 (1
pug/mL), the percentage of apoptotic cells was
significantly higher after culture for 24 hours
than 12 hours (P<0.05). Using a similar co-cul-
ture system, we also studied the production of
ROS in the 16HBE cells. As shown in Figure 4D,
in parallel with the previous apoptosis results,
the production of ROS of 16HBE increased fol-
lowing the increase in the rIL.-25 dose and/or
culture time. The greatest ROS fluorescence
intensity was shown in the cells cultured with
the highest concentration of rIL-25 (1 ug/ml) for
24 hours (P<0.01).

Treg polarization and anti-inflammatory sup-
pression is generally accepted to be an impor-
tant mechanism of the curative effect of SIT.
Therefore, we measured the proportion of Tregs
in the splenocytes of the four groups of mice
using flow cytometry. Figure 5A and 5B show
that the SIT group contained the most signifi-
cant proportion of Tregs (8.98%) compared
with that in the PBS control group (4.34%),
asthma group (3.43%), and NAC group (5.22%)
(P<0.01).

Discussion

Bronchial asthma is a chronic disease that fea-
tures eosinophilic infiltration and high levels of
Th2 cytokine secretion. In recent years, mas-
sive evidence has proven that oxidative stress
plays an important role in the development and
progression of the pathogenesis of asthma,
especially in AHR and mucus secretion. SIT is
the only curative approach to allergic asthma.
This investigation aimed to investigate whether
SIT could relieve the oxidative stress of asthma
and to examine the potential mechanism.

Oxidative stress is a known risk factor for the
morbidity of asthma and its pathogenic exacer-
bation. Many aerial hazardous substances,

Am J Transl Res 2017;9(9):4137-4148
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Figure 4. Dust mite SIT reduces apoptosis in pulmonary tissue. In vivo, SIT reduced lung apoptosis, and in vitro, IL-
25 increased the apoptosis and ROS of 16HBE cells in a time and dose-dependent fashion. A: In the mouse model,
the apoptosis of lung tissue was shown with TUNEL staining observed at 10x magnification. B and C: In vitro, apop-
tosis of 16HBE cells was shown with Annexin V-FITC/PI detection after exposure to various doses of human rlL-25
for different durations (A: control for 12 h; B: 0.1 mg/ml for 12 h; C: 0.1 mg/ml for 24 h; D: control for 24 h; E: 1 mg/
ml for 12 h; F: 1 mg/ml for 24 h). D: The levels of ROS in 16HBE cells of the above groups were also tested using
flow cytometry. The results are shown as the fluorescence intensity and are representative of 3 independent experi-
ments. The statistics of the results were performed by student t-test. *means P<0.05, **means P<0.01.
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such as cigarettes, pollutant particles, or respi-
ratory viruses, stimulate asthma by initiating
oxidative stress. Some patients are highly sen-
sitive to oxidative stress due to a deficiency in
anti-oxidative mechanisms [23-25]. Oxidative
stress may alter the accessibility of chromatin
through its actions on transcriptional factor
NF-E2-related factor 2 (NRF2) or acetylated
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Figure 5. Dust mite SIT upregulates the num-
ber of Tregs in the spleen. The spleen from
mouse models were homogenized, and the
percentage of Tregs (CD4*CD25*Foxp3*) in
CD4*T cells was tested by flow cytometry; the
results showed (A) the representative and (B)
the analysis of 3 independent experiments.
The statistics of the results were performed by
student t-test. **means P<0.01.

albumin and accordingly activate an internal
anti-oxidative mechanism [26-28].

This study used HDM extracts to establish an
allergic mouse model and prepare the SIT vac-
cine. In this experiment, SIT significantly allevi-
ated AHR, decreased the infiltration of inflam-
matory cells in the lungs, and decreased the

Am J Transl Res 2017;9(9):4137-4148
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level of Th2-type cytokines, IL-4, IL.-5, and IL-13
in the BALF. SIT also significantly increased the
number of Tregs, which is a known mechanism
of SIT [29, 30]. These results demonstrated the
effectiveness of SIT in an animal model.

The AHR, pulmonary infiltration of inflammatory
cells, Th2 cytokines, IL-4, IL-5, and IL-13, and
airway mucus secretion were also significantly
lower in the NAC group than in the asthma
group, indicating that the oxidative stress
response affects asthmatic pathogenesis and
anti-oxidative therapy relieves the asthmatic
symptoms.

To investigate whether SIT affects the oxidative
stress of asthma, we showed that SIT reduced
1) the generation of ROS in BALF, 2) the genera-
tion of ROS in lung tissue, and 3) the level of
MDA.

The anti-oxidative therapy, NAC, had a more
pronounced anti-oxidative effect than the SIT
vaccine, whereas SIT therapy had a more sig-
nificant therapeutic effect than NAC on AHR
symptoms and inflammatory cell infiltration.
Additionally, in the TUNEL apoptosis experi-
ment, SIT treatment decreased apoptosis in
the lung tissue compared with that observed in
mice with asthma. In summary, SIT not only
alleviated the oxidative stress response but
also inhibited the apoptosis of pulmonary epi-
thelial cells.

Next, we investigated the mechanisms by which
SIT down-regulated the oxidative reaction in
asthma. When exposed to an allergen, murine
pulmonary airway epithelial cells can secrete
IL-25, TSLP, and IL-33. IL-25 and TSLP may pro-
mote the pathogenesis of asthma by promoting
Th2 cytokine secretion; therefore, we hypothe-
sized that SIT might regulate pulmonary ROS
through IL-25. In the experiment, the amount of
IL-25 in the BALF was significantly lower in the
SIT group than the asthma group [31].
Therefore, we suggest that SIT treatment allevi-
ates oxidative stress and the apoptosis of air-
way epithelial cells via down-regulation of IL-25.

Studies have reported a massive death of air-
way columnar epithelial cells in patients with
asthma, as well as a high expression of epithe-
lial cell growth factors such as epidermal
growth factor receptor (EGFR), human epider-
mal growth factor receptor 1 (HER1) [32, 33].
Airway epithelial cells are the targets of oxida-
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tive agents such as O,, N,, and SO,; meanwhile,
inflammatory cells, i.e., eosinophils and neutro-
phils, are producers of internal oxidation and
tumor necrosis factor alpha (TNF-a), which is
known to induce cell apoptosis. Fabio and col-
leagues have shown that the oxidative stress of
airway epithelial cell leads to the apoptosis of
airway epithelial cells [34]. Although there is
a massive death of airway epithelial cells in
patients with severe asthma, the mechanism
of the apoptosis is unclear [35].

In an in vitro assay, human airway epithelial
cells were exposed to various concentrations of
IL-25, and IL-25 significantly increased the gen-
eration of ROS by airway epithelial cells. When
applying the Annexin V-FITC/PI dual-staining
apoptosis assay, we found that IL-25 increased
the apoptosis of human airway epithelial cells.

In conclusion, in the pathogenesis of asthma,
IL-25 exacerbates pulmonary oxidative stress,
and increases the generation of oxidative ROS.
Furthermore, IL-25 exacerbates the apoptosis
of airway epithelial cells and asthma. Our data
suggest that SIT down-regulates the secretion
of IL-25, a promoter of the oxidative stress
response and the apoptosis of airway epithelial
cells.
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