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ABSTRACT. Background: Asthma is an airway disease characterized by airflow limitation and various additional
clinical manifestations. Repeated inflammatory stimulation of the airways leads to epithelial-mesenchymal
transition (EMT) which aggravates subepithelial fibrosis during the process of airway remodelling and enhances
resistance to corticosteroids and bronchodilators in refractory asthma. There is growing evidence that IL-27
modulates airway remodelling, however, the molecular mechanisms involving 1L-27 and EMT are poorly
understood. The objective of this study was to investigate the effects of IL-27 on ovalbumin (OVA)-challenged
asthmatic mice in vivo and TGF-B1-induced EMT in 16HBE cells in vitro. METHODS: Airway inflammation,
mucus secretion, and collagen deposition were analysed by conventional pathological techniques. The ratio of Th17
and Th9 cells in the spleen of mice was measured using flow cytometry, ELISA was performed for cytokine analysis
to identify EMT-related molecules and signalling pathways, and other molecular and cellular techniques were used
to explore the functional mechanism involving IL-27 and EMT. RESULTS: Airway inflammation in asthmatic
mice was significantly alleviated by IL-27, with downregulation of RhoA and ROCK, upregulation of E-cadherin,
and a decrease of vimentin and a-SMA expression, compared to asthmatic mice. Moreover, the frequency of
Th17 and Th9 cells in the spleen of asthmatic mice decreased following treatment with IL-27. In TGF-B1-induced
16HBE cells, the addition of IL-27 was shown to inhibit EMT, based on the expression of E-cadherin, vimentin,
and o-SMA. CONCLUSION: Intranasal administration of IL-27 attenuates airway inflammation and EMT in a
murine model of allergic asthma possibly by downregulating the RhoA/ROCK signalling pathway.
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Asthma is a disease characterized by airflow limitation
and various additional clinical manifestations which
impose a heavy burden on patients and society as a
whole [1]. More specifically, it is characterized by
airway inflammation, variable and reversible airflow
limitation, and airway hyper-responsiveness (AHR)
[2]. Corticosteroids and bronchodilators can alleviate
disease symptoms, notably airflow limitation, but they
are not effective enough to prevent relapse of the
disease [3]. Such relapse, therefore, demonstrates the
existence of allergic inflammation or atopy, which is
difficult to control, therefore preventing overall
development of asthma is challenging. In immuno-
modulatory disorders, the level of inflammatory

factors is increased and this promotes chronic airway
inflammation, generating changes in airway structure,
such as thickening of the airway wall, subepithelial
fibrosis, hypertrophy of smooth muscle cells, and
angiogenesis, which are collectively referred to as
airway remodelling [4].

Asthma airway remodelling is considered to be the
pathological basis of AHR and airway obstruction,
which is closely related to clinical prognosis [5]. Thus,
there is an urgent need to develop a therapy that targets
the biomolecular mechanism involved in airway
remodelling.

The continuous airway epithelium is the most signifi-
cant physical barrier which prevents environmental
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allergens from invading subcutaneous tissue. Com-
pared with healthy individuals, the changes in airway
epithelium profile consist of loss of physical barrier
function, disruption of tissue homeostasis, and
attenuated repair ability [6]. The structural and
functional changes in airway epithelial cells are
attributed to the pathophysiological process of
epithelial-mesenchymal transition (EMT), in which
the polarity and tight junctions of epithelial cells
degenerate, leading to a mesenchymal cell phenotype,
including E-cadherin downregulation and vimentin
and o-SMA upregulation [7].

EMT is a process which is involved in the development
of embryonic organs, regeneration of damaged tissues,
and the phenotypic transformation of tumours.
Increasing evidence implies that EMT can occur in
the early stage of airway remodelling [8]. The signalling
pathway associated with EMT involves TGF-B1. Once
cytoplasmic transcription factors are activated, Smads
2/3 are recruited and phosphorylated by TGFBRI on
serine residues. The phosphorylated Smad2/3 binds to
Smad4 and the complex then translocates to the
nucleus to modulate transcription [9-11]. RhoA, a
member of the Rho guanosine triphosphatases, acts as
a control, to regulate various cell biological functions,
including morphology, cytoskeletal motility, differen-
tiation, and growth. ROCK is a downstream signalling
molecule of TGF-B1, which is associated with the
progression of EMT, and the activation of ROCK
leads to the loss of tight junctions between cells [12]. In
addition, the RhoA/ROCK signalling pathway is
critical in regulating fibrosis of multiple organs,
including the lungs, heart, liver, and kidneys [13].
Interleukin (IL) -27 is a member of the IL-6/IL-12
family, produced by dendritic cells, macrophages and
activated APCs, and consists of the subunit Epstein
Barr virus-induced gene 3 and p28 (IL-27p28) [14]. As
a multifunctional immunomodulatory factor, IL-27
exerts various effects on diverse inflammatory diseases
including a model for Sjdgren syndrome, uveitis, and
encephalitis [15, 16]. In addition, the role of IL-27 in
regulating airway inflammation and AHR in asthma
has been reported [17]. Yoshimoto er al [18]
demonstrated that IL-27 decreases the number of
Th2 cells and the production of Th2 cytokines by
regulating the expression of GATA-3 and T-bet
simultaneously in cellular and animal models of
allergic inflammation. A previous study showed that
IL-27 was critical in promoting Th1 cell differentiation
and decreasing Th2 cell number. Preventive intranasal
administration of IL-27 was shown to alleviate the
development and exacerbation of OVA-challenged
mice by impairing STAT1 phosphorylation, relative to
the treatment group [19]. In an animal model of allergic
asthma, intranasal administration of IL-27 relieved
chronic airway inflammation by increasing the ratio of
Thl to T (Treg) cells. In addition, IL-27 increased the
levels of C-C motif chemokine ligand 2 (CCL2, CCL3,
and CCL4) in HBE cells, triggering monocyte
recruitment, and the recruited MPS cells secreted
IL-27 in a positive feedback cycle reducing aggregation
by airway inflammatory factors [20]. We previously
reported that IL-27 suppresses airway remodelling and
airway inflammation by upregulating the activation of
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STATI1 and STAT3 in an experimental model of
chronic asthma [21]. However, the precise relationship
between IL-27 and asthma is still not clear.

In the present study, the effect of IL-27 on airway
inflammation and EMT was investigated in vivo using
OVA-challenged asthmatic mice, with a view to
identifying the signalling pathways involved. Further-
more, we explored the role of IL-27 in vitro based on
induction of EMT markers in human bronchial
epithelial cells (16HBE) stimulated with TGF-BI.
Knowledge of the novel mechanisms associated with
IL-27 and airway inflammation and EMT in this study
may potentially provide a valuable target for the
treatment of asthma in the future.

METHODS

Animals

Female BALB/c mice (n=30; weight: 25-28 g; eight
weeks old), obtained from the Experimental Animal
centre of Shandong University, were maintained in a
specific pathogen-free and temperature-controlled
room (22+1°C) under 12-hour dark/light cycles, with
relative humidity of 55% and ad libitum free access to
food and water. Animal procedures were in accordance
with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by
the First Affiliated Hospital of Shandong, First
Medical University & Shandong Provincial Qian-
foshan Hospital Ethics committee on Animal care.

Experimental animal protocol

The experimental mice were assigned to three study
groups (10 mice per group) randomly: control group
(Control), OVA group (OVA), and OVA+IL-27 group
(OVA+IL-27). Sensitization and challenge using the
mice asthma model were performed by intraperitoneal
injection and aerosol inhalation of OVA (Sigma-
Aldrich; Merck KGaA) solution using a modified
method [22, 23]. The first step was to establish the
primary sensitization state of asthmatic mice. On Day 0
and Day 7, the OVA and OVA + IL-27 group of mice
were intraperitoneally injected with a mixture contain-
ing 20 ug OVA /2 mg Alum (Sigma-Aldrich; Merck
KGaA)/200 uL PBS (Invitrogen; Thermo Fisher Scien-
tific), while the control group of mice were administrated
with an equal amount of solution containing 2 mg
Alum/200 puL PBS. The next step was the induction and
maintenance of the asthmatic state from Day 14; the
mice in the OVA and OVA + IL-27 groups were treated
with 3% OVA solution via ultrasonic atomization/
inhalation every day for 30 minutes for three consecutive
days. On Days 21 and the following four weeks, the mice
inhaled 3% OVA solution three times per week, and the
control group of mice inhaled an equal amount of PBS.
The mice in the OVA+ IL-27 group were treated
intranasally (i.n.) with IL-27 (sc-390482; Santa Cruz
Biotechnology, Inc; 50 ng IL-27 in 50 uL. PBS/mouse)
before the second OV A sensitization, for 14 consecutive
days, twice a day. On Days 14-16 and 21-48, the mice
were given IL-27 i.n. (20 ng IL-27 in 50 uL PBS/mouse)
one hour prior to OVA challenge (figure 1A4). All of the
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mice were euthanized immediately after the assessment resistance and dynamic lung compliance were assessed
of AHR. by measuring the percentage increase over baseline
value (PBS challenge).

Assessment of AHR

The Buxco invasive test system (America) was applied Bronchoalyeolar lavage fluid (BALF)

to measure airway reactivity including lung resistance After the last OVA challenge and following the
(RL) and dynamic lung compliance (Cdyn), as assessment of AHR, all the mice were euthanized by
previously reported [24, 25]. Briefly, mice in each cervical dislocation. BALF, intact spleen and lung
group were anesthetized by intraperitoneal injection of tissues were collected for following studies. BALF was
sodium pentobarbital (50 mg/kg). After the skin of the collected immediately using sterile ice-cold PBS lavage
neck was disinfected with 75% alcohol, the trachea was four times (0.5 mL per time) (to ensure >80% alveolar
exposed and endotracheal intubation was applied to macrophages). Subsequently, the BALF was centri-
the Buxco test system, and the auxiliary breathing fuged (1,500g for 5 minutes at 4°C). The supernatant
equipment was connected to the newly placed was collected and stored at -80°C until enzyme-linked
endotracheal intubation in the closed lung function. immunosorbent assays (ELISA) were performed for
Respiratory waveform stability of the mice was closely cytokine detection.

monitored, and baseline values were recorded when the
variation rate of lung resistance values was less than

- . L . Lung histolo,
5% and stabilized for two minutes. Liquid PBS in 4 sy
aerosol with subsequent increasing doses of 3.125, 6.25 Tissue from the right lung of mice was removed from
and 12.5 mg/mL methacholine (Mch) (Sigma-Aldrich; the chest cavity and fixed in 4% paraformaldehyde for
Merck KGaA) was atomized into the detection device 24 hours. After paraffin embedding, lung samples were
for 10 seconds for each dose, respectively. Airway then sectioned by microtome into 5-um-thick slices,
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Figure 1

The effect of intranasal administration of 1L-27 on Mch-induced AHR in asthmatic mice. A) Murine OVA asthma model and
schematic diagram of IL-27 administration. B, C) Buxco system: RL and Cdyn were used to measure airway responsiveness to
Mch. D) H&E staining to detect aspects of inflammation changes (arrow). Representative photomicrographs from each group are
shown (x200 magnification). E) Mucus production (arrow) in each group measured by PAS staining. Representative
photomicrographs from each group are shown (x200 magnification). F) Collagen deposition (arrow) analysed using Masson’s
trichrome staining. Differences in inflammatory aspects, mucus production and collagen deposition were scored in order to
evaluate tissue inflammation (PAS- and Masson-positive areas were calculated; n=10. ##,<0.01 and ###p<0.001 vs. control group;
p<0.05, p<0.01, and  p<0.001 vs. OVA group).
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dewaxed in xylene, rehydrated in graded ethanol, and
stained with haematoxylin and eosin (H&E) in order to
assess airway inflammation. Periodic acid-Schiff (PAS)
staining was performed for the evaluation of mucus
production, and Masson’s trichrome for analysis of
changes in collagen deposition; all staining procedures
were conducted according to a standard protocol [26].
All dye reagents were purchased from Solarbio
(Beijing, China). H&E-stained lung sections were
observed under a random field of vision using an
optical microscope according to a blind method, and
airway inflammation was evaluated according to a
previously reported method [27, 28]. Three different
fields were observed for each section. Areas of collagen
fibre beneath the basement membrane were stained
blue using Masson’s trichrome. Morphometric analy-
sis (Image J 6.0; Media cybernetics) was conducted to
measure the perimeter of the basement membrane
(Pbm) and Masson-positive area, and the mean value
corresponding to the Masson-positive area was divided
by the Pbm. Similarly, the bronchioles (1.0-2.0 mm
long), with relatively complete epithelial basement
membranes, were randomly selected, and the area of
goblet cells (stained with amaranth) was analysed
using Image J 6.0. The ratio of the area stained with
PAS to Pbm was calculated accordingly.

ELISAs

The concentrations of IL-4 (ab100710), IL-13
(ab219634), IFN-y (ab252363), IL-9 (ab222505) and
IL-17A (ab199081) (all from Abcam) in BALF were
detected using ELISA kits following the manufac-
turers’ instructions.

Measurement of Th9 and Thl7 cells in the spleen

The spleen was harvested and ground with RPMI-1640
media (Invitrogen), and the supernatant was removed,
and red blood cell lysis buffer was added for rinsing to
obtain a single-cell suspension. DMEM medium
(Santa Cruz Biotechnology) was then added to the
cell pellet, followed by a leukocyte activation cocktail
(No. 550583, BD Biosciences, USA). Subsequently, the
cells were stimulated and cultured for five hours. CD4-
FITC antibody solution mix (No. 4304296, RM4-5,
BD Biosciences, USA) was added, and then the cells
were incubated at 4°C for 30 minutes in the dark. After
surface staining, the cells were fixed and permeabilized
with BD cytofix/cytoperm kit (No. 4347572, BD
Biosciences) at 4°C in the dark for 45 minutes. The
cells were washed with 1*Perm Buffer (Santa Cruz
Biotechnology) at 400g for 5 minutes. Following
washing, the cells were stained intracellularly for anti-
IL-9 (ab227037, Abcam) and anti-IL-17A (ab79056,
Abcam) antibodies (5 pg/mL, respectively) at 4°C for
45 minutes. The cells with intracellular staining were
washed with 1*Perm Buffer and measured by flow
cytometry (C5 Flow Cytometer System).

Reverse transcription-quantitative PCR (RT-qPCR)

RT-qPCR was performed to measure the mRNA levels
of E-cadherin, vimentin, and a-SMA. Total RNA
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from lung tissue was isolated using TRIzol reagent
(Invitrogen). RNA concentration and the OD260/
0OD280 ratio (1.8~2.0), based on absorbance values at
A260 nm and A280 nm using the Nanodrop™ Nd-
1000 spectrophotometer (Invitrogen), were measured,
and the RNA was used as a template for reverse
transcription. Complementary (c)DNA was synthe-
sized using the PrimeScript first-strand cDNA synthe-
sis kit (Invitrogen). Subsequent qPCR was conducted
using SYBR green reagent on the ABI 7000 PCR
instrument (Thermo Fisher Scientific). The 20-ul PCR
reaction mixture consisted of 10 ul SYBR Premix Ex
Taq (Solarbio), 2 ul cDNA template, 0.8 pl
primer (0.4 ul each forward and reverse) and
7.2 ul dH,O. The primers used were as follows:
E-cadherin, 5-AAAAGAAGGCTGTCCTTGGC-3'
(forward) and 5-GAGGTCTACACCTTCCCGGT-
3" (reverse); vimentin, 5-TCCACTTTCCGTTCA
AGGTC-3  (forward) and 5-AGAGAGAG-
GAAGCCGAAAGC-3  (reverse); o-SMA, 5'-
CGGGACATCAAGGAGAAACT-3 (forward) and
5'-CCCATCAGGCAACTC GTAA-3' (reverse). PCR
was carried out as follows: initial denaturation at 95°C
for 10 minutes, followed by 40 cycles of 10 seconds at
95°C and 20 seconds at 50°C, and a final extension of
25 seconds at 72°C. The relative mRNA levels were
measured using the 2729 method [29]. The data
presented correspond to the average of triplicate
experiments.

Cell culture and treatment

16HBE cells (FMGBio, Shanghai, China) were
cultured in DMEM complete medium (Sigma-Aldrich;
Merck KGaA) containing 10% foetal bovine serum
(FBS; Hyclone). The cells were grown in a humidified
incubator at 37°C with 5% CO,. Subculturing was
conducted until the cells reached 90% confluence using
0.25% trypsin containing 0.02% EDTA (Sigma-
Aldrich; Merck KGaA).

Immunofluorescence

Cells at 80% confluence were starved for 24 hours in
culture medium with 1% FBS, and treated daily with
1L-27 (15 ng/mL), TGF-B1 (15 ng/mL), or a combi-
nation of 1L-27 and TGF-B1 (both 15 ng/mL) for 72
hours. The cytokine concentrations and detection time
were obtained based on a pilot study. To determine the
protein level of E-cadherin, vimentin and o-SMA, cells
in culture dishes were fixed with 4% paraformaldehyde
and permeabilized with PBS containing 0.1% Triton X-
100 for 10 minutes. The sample was incubated with
secondary antibody (1:1,000; sc-2018; Santa Cruz
Biotechnology) for 2 hours at 224+2°C, and then
16HBE cells were blocked with primary antibodies
against E-cadherin (1:50; cat. no. sc-8426), vimentin
(1:100; cat. no. sc-6260) and a-SMA (1:50; cat. no. sc-
53142; Santa Cruz Biotechnology), respectively, over-
night at 4°C. The cells were then stained with FITC-
conjugated mouse anti-rabbit IgG (sc-2359; Santa
Cruz Biotechnology) for one hour at 22+2°C. DAPI
(Beyotime) was used to stain nuclei before acquiring
images. A positive antibody response was measured by



fluorescence microscopy (Olympus, Tokyo, Japan),
and the labelled fields of each section were analysed
using Image-pro plus (Media Cybernetics, Rockville,
MD, USA).

Migration assays

Transwell migration was conducted to evaluate the
migrating ability of 16HBE cells. Cells were seeded
into the upper chamber of transwell plates (EMD
Millipore) and maintained in 100 pL serum-free
medium. In addition, the lower chamber was filled
with 600 uL complete medium. TGF-B1 (15 ng/mL)
or/and IL-27 (15 ng/mL) was added to the upper
chamber for the experimental groups, and no reagent
was added for the control group. Following 72 hours
of incubation at 37°C, the cells in the upper side were
wiped off using a clean cotton swab, and traversed
cells in the lower chambers were fixed with 4%
paraformaldehyde for 20 minutes, followed by
staining with 0.1% crystal violet (Beyotime) for 10
minutes at 22+2°C. Five visual fields were randomly
selected for counting the migrated cells using an
inverted microscope (Olympus, Tokyo, Japan) at
200x magnification.

Western blotting

Total protein was extracted immediately from lung
tissues and 16HBE cells using ice-cold RIPA buffer
(cat. no. PO013K; Beyotime) for 30 minutes. The
protein concentration of the samples from the 1I6HBE
cells and the BALB/c mice was assessed using the
BCA kit (cat. no. PO010; Beyotime). Briefly, 30 pg
proteins of each sample were loaded on to a 10% SDS
acrylamide gel and the separated proteins were
transferred onto polyvinylidene difluoride membranes
(Thermo Fisher Scientific). After blocking with 5%
non-fat dried milk for one hour at 22+2°C, the
membranes were incubated overnight at 4°C with
primary antibodies against E-cadherin (1:1000;
ab7319), vimentin (1:1000; ab92547), o-SMA
(1:2000; ab5694), RhoA (1:1000; ab187027), ROCK1
(1:1000; ab245369) and GAPDH (1:1000; ab8245;
Abcam). After three washes with Tris-buffered saline
containing Tween-20 (TBST), horseradish peroxi-
dase-conjugated anti-rabbit IgG (sc-2004; 1:4000;
Santa Cruz Biotechnology) was used for membrane
incubation at 224+2°C for one hour. Bands were
visualized using ECL reagent kit (Solarbio Science &
Technology, Beijing, China). Protein quantification
was performed using Image Pro Plus 6.0. The relative
expression of target proteins to GAPDH was
calculated.

Statistical analysis

SPSS version 25.0 (SPSS, Inc., Chicago, IL, USA) was
used for statistical analysis. The results are expressed
as mean + standard deviation (SD). One-way analysis
of variance (ANOVA) followed by a Dunnett’s test
was used to compare differences between multiple
groups. Significant differences were considered at
p<0.05.
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RESULTS

Effect of intranasal administration of IL-27
on Mch-induced AHR in asthmatic mice

To observe the effects of IL-27 on asthma, OVA-
challenged asthmatic mice were used (figure 1 4). AHR,
a hall mark of asthma, was analysed to measure RL
and Cdyn when stimulated with the different concen-
trations of Mch (figure 1B, C). No significant
differences among the three groups at baseline (PBS
challenge) were observed. Airway responsiveness to
Mch was significantly elevated in OVA-challenged
mice, as evidenced by the observed increase in RL and
decrease in Cdyn compared to mice in the control
group (p<0.05). Administration of IL-27 in the OVA
+IL-27 group of mice led to a significant decrease in
RL and increase in Cdyn, compared to the OVA group
of mice (p<0.05).

To evaluate the effects of IL-27 on pathological
features of airway remodelling, histological examina-
tion was performed. OVA challenge resulted in
conspicuous infiltration of inflammatory cells, mucus
production and subepithelial collagen deposition in the
tracheobronchial mucosa and airway lumen. In
contrast to the OVA group, in the OVA + IL-27
group, intranasal administration of IL-27 significantly
inhibited the infiltration of inflammatory cells around
bronchi (p<0.05) (figure 1D), mucus production
(p<0.05) (figure 1E) and collagen deposition (p<0.05)
(figure 1F). These data collectively show that intranasal
administration of IL-27 was effective in preventing
airway remodelling in the murine OVA asthma model.

Effect of intranasal administration of IL-27 on
cytokine levels and Th9/Thl7 cells in asthmatic mice

The release of Th2 cytokines is one of the main
characteristics of allergic airway inflammation. IL-9 is
involved in the pathogenesis of asthma as it promotes
the production of Th2 cytokines, mucus hypersecre-
tion, and accumulation of eosinophils. IL-17A can
accelerate the imbalance of the Th1/Th2 ratio which
contributes to acute AHR and airway inflammation.
To investigate whether IL-27 attenuates airway
inflammation by affecting the levels of cytokines
mentioned above, cytokine levels in BALF were
evaluated in our mouse model. Th2 cytokines (IL-4
and IL-13) (figure 2B), 1L-9 (figure 2D) and 1L-17A
(figure 2E) were upregulated in the OVA group, while
IFN-y (figure 2C) was downregulated, as compared
with control group (p<0.05). Interestingly, intranasal
administration of IL-27 significantly decreased 1L-4,
IL-13, IL-9, and IL-17A levels, and significantly
elevated IFN-y level, compared to the OVA group
(p<0.05).

It is generally accepted that disruption of the balance
of Th1/Th2 cells is an important mechanism in the
occurrence and development of asthma. However,
clinical and experimental research have shown that the
pathogenesis of asthma is complex, involving not only
the imbalance of Th1/Th2, but also changes in the
proportion of Th9 and Th17 cells. As we observed a
decrease in IL-9 and 1L-17A levels in BALF samples
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Figure 2

The effect of intranasal administration of IL-27 on the level of cytokines and Th9 and Thl7 cells in OVA-challenged asthmatic
mice. The concentrations of 1L-4 (A), IL-13 (B), IFN-y (C), IL-9 (D), and IL-17A (E) in BALF samples were detected using
ELISAs The percent ages of Th9+ (F) and Th17+ (G) cells in CD4+ T cells in the spleen were detected using flow cytometry

(n=10; *#p<0.01 and #*™p<0.001 vs. control group; p<0.05,

from IL-27-treated asthmatic mice, we further mea-
sured the level of Th9 and Th17 cells in the spleen. Th9
(figure 2F) and Thl7 (figure 2G) cells increased
significantly in the murine OVA asthma model,
compared to the control group, however, intranasal
administration of IL-27 significantly restored the levels
of Th9 and Thl7 cells (p<0.05) (figure 2F and 2G,
respectively).

Effect of intranasal administration of IL-27 on EMT
in asthmatic mice

The mRNA levels of the EMT biomarkers (E-
cadherin, o-SMA, and vimentin) were measured in
tissue of asthmatic mice to confirm the effects of IL-

*p<0.01, and “p<0.001 vs. OVA group).

27. In OVA-challenged asthmatic mice, mRNA of the
epithelial cell marker, E-cadherin, was downregulated
(p<0.05) (figure 3A4), whereas mRNA levels of the
mesenchymal markers, a-SMA (p<0.05) (figure 3B)
and vimentin (p<0.05) (figure 3C), were upregulated,
compared to control mice. After intranasal adminis-
tration of IL-27, the mRNA level of E-cadherin
was upregulated, and the mRNA levels of vimentin
and o-SMA were downregulated, compared to the
OVA group (p<0.05). Furthermore, the protein
levels of E-cadherin, vimentin, and o-SMA,
analysed using western blotting, showed the same
results as above. These results collectively indicate
that IL-27 is critical in EMT in this murine model of
asthma.
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Effect of IL-27 on TGF-Bl-induced EMT markers
and migration in vitro

To explore the effects of IL-27 on EMT markers,
16HBE cells were treated in vitro with 1L-27, TGF-B1
or a combination of IL-27 and TGF-B1, and the
expression of the EMT biomarkers was examined by
immunofluorescence. As expected, TGF-B1 stimula-
tion of 16HBE cells led to a remarkable decrease in E-
cadherin (p<0.05) (figure 4A4) and increase in a-SMA
(p<0.05) (figure 4B) and vimentin (p<0.05) (figure 4C),
compared to control and IL-27 groups. However, in
the presence of a combination of IL-27 and TGF-1,
E-cadherin increased and vimentin and a-SMA
decreased (p<0.05). These results suggest that 1L-27
inhibited TGF-B1-induced EMT changes in 16HBE
cells, including loss of the epithelial phenotype and
acquisition of a mesenchymal phenotype in these
bronchial epithelial cells, subsequently inducing their
ability to migrate.

In order to evaluate the effect of IL-27 on migration of
16HBE cells, the transwell migration assay was
performed (figure 5). Results indicated that the
migration of 16HBE cells was increased by TGF-B1,
compared to the control group (p<0.05) (figure 54, B).

Following treatment with IL-27, migration of TGF-
Bl-treated 16HBE cells was repressed (p<0.05).

Effect of IL-27 on RhoA and ROCK expression
in vivo and in vitro

To investigate the signalling pathways triggered by IL-
27, which may be involved in regulating the pathogen-
esis of asthma, RhoA and ROCKI1 expression was
measured in mice and 16HBE cells. As shown in
figure 6, RhoA (p<0.05) (figure 64, B) and ROCKI1
(»<0.05) (figure 6 A, C) protein levels were significantly
increased in the lung tissues of OVA-challenged mice
compared to lung tissue of control mice. In contrast, in
IL-27-treated asthmatic mice, lower protein levels of
RhoA and ROCKI1 were observed.

To further investigate the role of IL-27 in regulating
RhoA/ROCK signalling, complementary in vitro
studies were carried out using the 16HBE cell line.
The levels of RhoA (p<0.05) (figure 6D, E) and
ROCKI1 (p<0.05) (figure 6D, F) were increased
significantly in TGF-B1-treated 16HBE cells. Howev-
er, treatment with I1L-27 decreased the expression of
RhoA and ROCKI1 in TGF-B1-treated 16HBE cells
(p<0.05).



20

Chuanjun Huang, et al.

A TGF-B1

DAPI

Merge

DAPI

@! Merge

DAPI

Merge

TGF-B1+IL-27

E-cadherin

— D N
©n oS Wn

FHHH

s

Mean fluorescene intensity

(=T

Control 1L27 TGF-B1 TGF-B1+
IL-27

a-SMA

%)
(=]

20

S

Mean fluorescene intensity

(=]

Control 1L27 TGF-B1 TGF-B1+
IL-27

Vimentin
Hitt

N
(=}

&&, **

%)

10

Mean fluorescene intensity
(3]
[=)

Control 1L27 TGF-B1 TGF-B1+
IL-27

Figure 4
The effect of IL-27 on TGF-Bl-induced EMT expression markers in 16HBE cells in vitro. The expression of E-cadherin
(A), a-SMA (B), and vimentin (C) was determined by immunofluorescence, and representative images are presented
(x200 magnification; scale bars=100 um). Target proteins are stained green and cell nuclei are stained blue. The levels of
E-cadherin, o-SMA, and vimentin were calculated using Image-Pro Plus 6.0. The graphs display the average of triplicate
experiments (¥p<0.05 and ###p<0.001 vs. control group; **p<0.01 vs. TGF-B1 group, ¥*p<0.01 vs. IL-27 group).

DISCUSSION

The present study shows that intranasal administra-
tion of IL-27 significantly suppressed airway inflam-
mation and EMT in a mouse model of asthma in vivo.
In addition, our present study establishes that I1L-27
inhibited TGF-Bl-induced EMT and migration of
16HBE cells in vitro. These findings are in line with a
previously reported article [20], in which preventative
tracheal administration of I1L-27 was found to have
beneficial effects as treatment for allergic asthma by
regulating the lung Thl microenvironment and
inhibition of EMT, and migration of 16HBE cells in
vitro. Our data suggest that administration of 1L-27

may attenuate airway inflammation and EMT via
regulation of the RhoA/ROCK signalling pathway.

IL-27 is a pleiotropic cytokine which is involved in the
immune response of different autoimmune and
inflammatory diseases [30]. Current studies have
shown that IL-27 is critical in suppressing differentia-
tion of naive CD4+ T cells into Th2 cells and
alleviating airway inflammation in an asthma mouse
model [31]. Th2 cells are involved in the pathophysiol-
ogy of allergic asthma, and the cytokines secreted by
Th2 cells are the basis of chronic airway inflammation
and AHR. Chronic airway inflammation leads to
rearrangement of epithelial cells, resulting in airway
resistance and decreased airway compliance. IL-27 can
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activate T-bet and ICAM-1/LFA-1-dependent path-
ways in naive CD4+T cells, leading to up-regulation of
Thl differentiation and IFN-y production [32]. In
addition, IL-27 downregulates GATA-3 expression to
inhibit Th2 cell proliferation and Th2 cytokine
production by regulating the STATI1 signalling
pathway [18]. According to previous studies, the
accumulation of IL-4, IL-5, and IL-13 in the airway
aggravates the infiltration of inflammatory cells,
resulting in AHR and obstructive pulmonary ventila-

inflammation and AHR in response to Mch was
observed in a murine OVA asthma model; intranasal
administration of IL-27 suppressed airway inflamma-
tion and reversed Mch-induced AHR. Furthermore,
Th2 cytokine (IL-4 and IL-13) levels in bronchoalveo-
lar lavage fluid were decreased, and Thl cytokine
(IFN-y) level was increased in response to IL-27
administration. These studies are consistent with
previous research on 1L-27 [21].

The Thl/Th2 paradigm is not the only pathogenic

tion dysfunction [33, 34]. In our study, airway feature of asthma, and in recent studies, the role of Th9
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and Th17 cells has been expanded [35, 36]. Increased
IL-9 is observed in the lungs of asthmatic mice [37].
Functionally, IL-9 was shown to elicit eosinophil-
independent bronchial AHR in mice and enhance the
release of Th2 cytokines such as IL-4[38, 39]. Th9 cells
are involved in allergic responses by affecting neutro-
phil aggregation and activation of mast cells in the lung
[40]. IL-17 mediates infiltration of neutrophils, leading
to excessive mucus production and severe airway
remodelling [41, 42]. The number of Th17 cells and
serum IL-17 level was shown to control glucocorticoid
resistance and airway obstruction in severe asthma
[43]. IL-9 and IL-17, to some extent, complement the
pathological mechanism of airway inflammation and
airway remodelling in asthma. Our data highlight that
IL-27 significantly decreased the levels of IL-9 and IL-
17, indicating its potential in regulating asthma
inflammation. IL-9 and IL-17 are mainly produced
by Th9 and Thl7 cells, respectively, which prompted
us to further measure Th9 and Thl7 cells by flow
cytometry analysis. As T cell subsets in lung tissue can
migrate from the spleen [44, 45], we focused on the
proportion of T lymphocytes in this immune organ. In
the present study, IL-27 significantly inhibited the level
of Th9 and Th17 cells in OVA-induced asthmatic mice,
suggesting that IL-27 shows anti-asthmatic effects by
controlling Th9 and Th17 cell differentiation.

Airway remodelling is a key feature of asthma
pathophysiology and is considered to be the major
factor in severe steroid-refractory asthma [46, 47]. Our
results show that IL-27 in the OVA mice significantly
reduced the degree of subepithelial collagen deposition
and goblet cell hyperplasia in the tracheobronchial
mucosa and airway lumen, in contrast to OVA mice,
indicating that airway remodelling was attenuated by
IL-27. EMT is closely involved in the pathophysiology
of airway remodelling in asthma, and mounting
evidence has revealed that inhibition of EMT can
effectively inhibit airway remodelling in asthma
[48, 49]. Broadly speaking, EMT can be classified into
three categories: type 1 EMT occurs during embryo-
genesis and is involved in tissue and organ formation;
type 2 EMT is related to inflammatory injury, repeated
damage and repair, eventually leading to organ fibrosis
and destruction; and type 3 EMT occurs in epithelial
cancer cells and is associated with the invasion and
metastasis of cancer cells [50, 51]. Accumulating
evidence indicates that chronic airway inflammatory
diseases are mainly associated with type 2 EMT [52].
The respiratory epithelium constitutes a physical
barrier that modulates the innate immune response
and adaptive immune response. In allergic asthma,
airway epithelial cells are stimulated by allergens and
inflammatory mediators, which induce damage of the
airway epithelial barrier and proliferation of fibro-
blasts and myofibroblasts [53]. EMT is identified as a
process during which epithelial cells are stimulated to
gradually lose their epithelial phenotype and acquire
mesenchymal characteristics [54]. The accumulation of
myofibroblasts and fibroblasts is responsible for the
accumulation of excessive extracellular matrix (EMC),
which deposits around the bronchial wall, leading to
subepithelial fibrosis and airway remodelling. Collagen
is also a component of the EMC, and changes in
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collagen deposition may be analysed with Masson’s
trichrome. In this study, areas stained with Masson’s
trichrome were significantly decreased with IL-27 in
the OVA-induced asthmatic mice, suggesting that IL-
27 may be involved in attenuating airway remodelling
by affecting the pathological changes associated with
EMT. E-cadherin, vimentin, and o-SMA proteins are
considered to be typical biomarkers of EMT. The loss
of E-cadherin and increase in vimentin and o-SMA
disrupt the structural stability and polarity of epithelial
cells, which are subsequently transformed into spindle-
shaped cells and migrate. In the OVA-induced asthma
mouse model, E-cadherin was found to be down-
regulated, and vimentin upregulated [55]. Moreover,
the expression of E-cadherin was decreased, whereas
fibroblast specific protein 1 and vimentin were
increased in OVA-challenged mice [48]. In this study,
the expression of EMT-related markers (E-cadherin,
vimentin, and «-SMA) was assessed. Our data shows
that E-cadherin decreased, and vimentin and a-SMA
levels increased in the lung tissues of the asthma group,
indicating the occurrence of EMT in asthma, which is
consistent with EMT progression reported in previous
studies. Furthermore, the present results also demon-
strate the suppressive effects of IL-27 on EMT in
allergic asthma by further inhibiting vimentin and o-
SMA and enhancing E-cadherin.

To further define the mechanisms of IL-27 underlying
the observed effects of EMT, a cellular model of
bronchial EMT was applied. The ability to induce an
epithelial to mesenchymal phenotype in epithelial cells
is widely established, and in the present study, TGF-B1
was selected to investigate the role of IL-27 in EMT in
vitro. Our results show that TGF-B1 inhibited the level
of E-cadherin and increased vimentin and a-SMA
levels in 16HBE cells, as observed by immunofluores-
cence. Conversely, these effects were reversed by IL-27.
TGF-B1 induces EMT in epithelial cells by inhibiting
the expression of tight junction proteins and mesen-
chymal markers, following enhanced migration [56]. In
addition, our research shows that IL-27 may exert
antimigration effects on TGF-Bl-induced 16HBE
cells. This finding is consistent with the evidence of
TGF-B1-induced EMT in various cancer cells, includ-
ing A549, renal, and gastric cancer cells. Thus, it can be
concluded that IL-27 inhibits EMT in vitro [57].
According to previous results, the complexity of EMT
is mediated via regulation of diverse signalling path-
ways. Cell—cell or cell-ECM interactions can be
disrupted by different signalling factors, thereby
triggering EMT. Upregulation of SIRT6 has been
shown to primarily alleviate EMT through TGF-B1/
Smad3 and c-Jun signalling in asthma models [58]. Our
previous studies showed that IL-27 exerts anti-airway
inflammatory effects through PI3K/Akt and STAT1/3
signalling pathways, however, inhibition of either
signal pathway could not completely reverse this
phenomenon [17]. IL-27 may affect asthma by
triggering more complex multiple signalling cascades,
which prompted us to further explore its underlying
mechanism. A previous study disclosed that progres-
sion of TGF-B1-induced EMT, cytoskeletal reorgani-
zation as well as increased expression of o-SMA are
regulated through RhoA/ROCK signalling in epitheli-



al cells in vitro [59]. Emerging data have confirmed that
RhoA is activated by TGF-B1, and is an important
molecule that modulates internal structure and the fate
of cells via TGF-Bl-induced EMT [12]. Regarding
asthma, RhoA/ROCK signalling regulates the recruit-
ment of eosinophils to control allergic airway
inflammation, whilst an inhibitor of ROCK (Y-
27632) was shown to be effective in enhancing
substantial changes of the airway smooth muscle cell
cytoskeleton in the progression of asthmatic airway
remodelling [60]. Consequently, this study demon-
strates that the RhoA/ROCK pathway may be
involved in OVA-challenged asthmatic mice, and that
IL-27 suppresses RhoA and ROCKI1 expression and
attenuates EMT and airway inflammation. Moreover,
in vitro studies performed in 16HBE cells indicate the
involvement of the RhoA/ROCK signalling pathway
in response to TGF-B1, which may induce EMT via
reduced E-cadherin expression and increased vimentin
and o.-SMA expression. Treating 16HBE cells with IL-
27 effectively reduces EMT possibly via the RhoA/
ROCK signalling pathway.

IL-27 has previously been shown to be involved in
regulating human non-small cell lung cancer cell
migration [61]. Interestingly, in our study, IL-27
blocked TGF-B1-induced migration of 16HBE cells.
These data are in line with a previous study in which
IL-27 was reported to be an inhibitor of cell motility
and migration [62]. Collectively, our data support the
notion that IL-27 inhibits EMT through the RhoA/
ROCK signalling pathway by regulating the expres-
sion of E-cadherin, o-SMA and vimentin.

CONCLUSIONS

To summarize, we demonstrate the effect of IL-27 on
airway inflammation and EMT in asthmatic mice in vivo
and 16HBE cells in vitro. Our current study provides
evidence, and highlights the potential of IL-27 in
alleviating bronchial EMT via the RhoA/ROCK signal-
ling pathway. These findings provide a novel insight into
potential therapeutic strategies to treat asthma.
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