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Interleukin-27 ameliorates allergic asthma by alleviating
the lung Th2 inflammatory environment
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Abstract. Interleukin (IL)-27 can inhibit the differentiation
of Th2 cells and plays a role in the development of asthma.
However, whether the therapeutic administration of IL-27
in a mouse model of asthma can inhibit allergic responses
remains a matter of debate. Additionally, the mechanisms
through which IL-27 ameliorates inflammatory responses
in asthma are not yet fully understood. Thus, the aim of
the present study was to examine the effects of IL-27 on
asthma using a mouse model and to elucidate the underlying
mechanisms. For this purpose, mice received an intranasal
administration of IL-27 and the total and differential cell
counts, levels of cytokines and type 1 regulatory T (Tr1) cells
in the lungs were detected. The protein and mRNA levels
of signal transducer and activator of transcription (STAT)1
and STAT3 were analyzed and airway remodeling was
assessed. The results indicated that IL-27 did not amelio-
rate airway inflammation, airway hyperresponsiveness,
and airway remolding when administrated therapeutically.
Preventatively, the administration of IL-27 decreased the
concentrations of Th2 cytokines and increased the number
of Trl cells. The protein and mRNA levels of STAT1 and
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STAT3 were increased. Taken together, these findings
demonstrate that the prophylactic administration of IL-27
ameliorates asthma by alleviating the lung Th2 inflamma-
tory environment through the restoration of both the STAT1
and STAT3 pathways. IL-27 may thus prove to be useful as
a novel agent for the prevention of asthma.

Introduction

Asthma is a chronic inflammatory disease characterized by
variable respiratory symptoms and airflow limitation (1).
According to the Global Initiative for Asthma (GINA),
~300 million individuals worldwide suffer from asthma
and the number is estimated to reach 400 million by the
year 2025 (2). As a result, the socio-economic burden of this
disease is increasing. Corticosteroids and bronchodilators
continue to play a major role in the treatment of asthma (3.,4);
however, symptom control is poor in ~10% of patients (5).
Furthermore, asthma attacks are common and are associated
with an accelerated and permanent loss of lung function (6).
Therefore, effective prevention measures and novel therapies
are required for the more effective control of symptoms and
for the reduction of asthma attacks in patients with asthma.

As a novel cytokine, interleukin (IL)-27 was identified
as a new member of the IL-6/IL-12 family (7). IL-27 is a
heterodimeric molecule that consists of EBV-induced gene 3
(EBi3) and p28 subunit, and is primarily produced from
activated antigen-presenting cells and macrophages (7,8). By
binding to its receptor [composed of WSX-1 (T-cell cytokine
receptor) and gpl130], IL-27 activates signal transducer and
activator of transcription (STAT)1 (8,9) and thereby functions
as a promoter of T-helper 1 (Th1) differentiation (10,11), and
a suppressor of Th2 and Th17 differentiation (12,13). Group 2
innate lymphoid cells (ILC?2) also play a crucial role in allergic
inflammation and IL-27 suppresses the proliferation of ILC2
cells in lung tissue (14). Thus, IL-27 may be involved in allergic
inflammatory diseases, including asthma.
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Previous studies have found that the levels of IL-27 in
serum are altered in patients with acute asthma and are associ-
ated with alterations in lung function (15,16). Jirmo et al (17)
reported that IL-27 enhanced the secretion of IFN-y, whereas
it decreased that of IL-5 and IL-13, demonstrating its critical
role in the control of allergic asthma. In a previous study by
the authors, it was demonstrated that the preventative intra-
nasal administration of IL-27 alleviated airway inflammation
and remodeling in mouse models of asthma by restoring both
the STAT1 and STAT3 pathways (18). However, the associated
mechanisms have not yet been fully elucidated and required
further investigation. As a distinct subset of T-cells, T regu-
latory type 1 (Trl) cells are characterized by the ability to
secrete high levels of IL-10 and the lack of the forkhead box P3
(Foxp3) expression (19,20). Tr1 cells play a crucial role in main-
taining peripheral tolerance and preventing T-cell-mediated
diseases (21). However, the effects of IL-27 on Trl cells
have not yet been investigated in asthma, at least to the best
of our knowledge. Based on the mouse model of ovalbumin
(OVA)-induced airway inflammation, Yoshimoto et al (22)
found that the intranasal administration of IL-27 reduced
OVA-induced airway hyperresponsiveness (AHR) and inflam-
mation. However, Su et al (23) reported that IL-27 alleviated
airway inflammation and improved the pathological changes
when it was preventatively administered, while IL-27 did not
affect AHR and airway inflammation when delivered thera-
peutically. Therefore, whether the therapeutic administration
of IL-27 can suppress airway inflammation, AHR, and airway
remodeling in a mouse model of asthma remains unclear.

In the present study, the effects of the therapeutic intra-
nasal administration of IL-27 on airway inflammation, AHR
and airway remodeling were investigated in mouse models of
OVA-induced asthma. Additionally, the inflammatory environ-
ment in the lungs of mice was evaluated based on the analysis
of bronchoalveolar lavage (BAL) fluid (BALF) and lung tissue
from mice which received IL-27 prophylactically. Finally, the
main signaling pathways involved in the anti-inflammatory
effects of IL-27 were examined.

Materials and methods

Animals. A total of 48 healthy female BALB/c mice (6-8 weeks
old, weighing 12-14 g) were purchased from the Experimental
Animal Center of Shandong University (Jinan, China). The
animals were housed in pathogen-free and standard conditions
(12-h light/dark cycle, room temperature of 22°C and a relative
humidity of 60%). The mice were randomly divided into three
groups as follows: the phosphate-buffered saline (PBS) group
(n=8), the OVA group (n=8) and the OVA and IL-27 group
(OVA + IL-27, n=8). All animal procedures were conducted
according to the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals (24). Moreover,
all protocols were approved by the Ethics Committee for
Laboratory Animals Care and Use in First Affiliated Hospital
of Shandong First Medical University, Jinan, China.

Experimental model of acute asthma. Mice were exposed to
OVA as previously described (25,26) to establish a model of
acute asthma. When IL-27 was administered in a preventative
manner to the mice in the OVA + IL-27 group (Fig. 1A), the

mice received 50 ul PBS and 50 ng IL-27 intranasally twice
a day from day-6 to day 7. However, the mice received 50 ul
PBS alone on the same days when IL-27 was delivered in a
therapeutic manner in the OVA and PBS groups (Fig. 1B). The
mice were then sensitized with intraperitoneal (i.p.) injections
of 100 ug OVA (Sigma-Aldrich; Merck KGaA), 2 mg alum
(Thermo Fisher Scientific, Inc.) and 100 pl sterile endo-
toxin-free PBS (Invitrogen; Thermo Fisher Scientific, Inc.) on
days 0 and 7 in the OVA and OVA + IL-27 groups. The mice
received PBS instead of OVA on the same days in the PBS
group. In the OVA group, the mice were challenged with 50 ul
PBS and 100 g OVA intranasally from days 14 to 18 under
light isoflurane (3%) anesthesia (27). In the OVA + IL-27
group, the mice were treated intranasally with 50 x1 PBS and
1 ug IL-27 1 h prior to OVA sensitization and subsequent chal-
lenge (50 ¢l PBS and 100 g OVA) on days 0, 7 and 14-18. The
mice received PBS alone on the same days in the PBS group.
Each group included 8 mice.

Experimental model of chronic asthma. To establish the
phenotype in chronic murine models of allergic asthma, the
mice were treated with OVA as previously described (28).
Briefly, 20 ug OVA/1 mg Alum/200 pl PBS were delivered
subcutaneously (s.c.) to mice in the OVA and OVA + IL-27
groups on days 0, 7, 14 and 21, while 1 mg alum/200 ul PBS
was administered to the mice in the PBS group. On days 26,
27 and 28, and on the following 4 weeks (twice a week), the
mice were challenged intranasally with 20 mg of either OVA
in 50 u1 PBS (OVA and OVA + IL-27 group) or 50 1 PBS alone
(PBS group) following anesthesia (27). In the OVA + IL-27
group, the mice received 50 pl PBS and 20 ng IL-27 intra-
nasally 1 h before the OVA challenge on days 0, 7, 26-28, 35,
38, 42,49, 52, 56 and 59 (please refer to the protocol scheme
illustrated in Fig. 2A). Each group included 8 mice.

Measurement of airway responsiveness. AHR is one of the
characteristic features of asthma (29). In the present study,
AHR was assessed using invasive techniques 24 h following
the final OVA challenge, as previously described (30). In
brief, the mice were anesthetized with pentobarbital sodium
(50 mg/kg, i.p. injection) and their responses to nociceptive
stimulation and movement were assessed in order to determine
the depth of anesthesia (27). A tracheostomy was performed
and the mice were connected to the flexiVent system (SCIREQ
Scientific Respiratory Equipment, Inc.). The mice were then
mechanically ventilated according to the following param-
eters: tidal volume, 5 ml/kg; breathing rate, 150 breaths/min;
positive end-expiratory pressure, 3 cmH,O (31). Subsequently,
the mice were challenged with aerosol saline followed by
increasing concentrations of acetyl-f-methylcholine chloride
(methacholine; 0, 5, 10 and 20 mg/ml; Sigma-Aldrich; Merck
KGaA) for 10 sec at each dose. Airway resistance and lung
compliance were presented as a percentage change relative to
baseline levels (saline challenge).

BAL and inflammatory cell analysis in BALF. At 24 h after
the final OVA challenge and immediately following the AHR
assessments, the animals were euthanized by cervical disloca-
tion and the verification of death was based on a combination of
criteria,including the absence of breathing, pulse, corneal reflex
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Figure 1. Intranasal administration of IL-27 following sensitization with OVA cannot alleviate airway inflammation and AHR in an acute model of experi-
mental allergic asthma. (A and B) Protocol of OVA-induced allergic asthma and administration of IL-27. (C) AHR was invasively measured by lung resistance
and compliance in response to increasing concentrations of methacholine. Treatment with IL-27 did not improve lung resistance and lung compliance. (D) Total
cell number and the differential cell counts in the BALF samples. The total cell number and the differential cell counts exhibited no significant difference
between the OVA + IL-27 group and OVA group. The data are expressed as the mean + SEM of three independent experiments, with 8 animals per group.
“P<0.05, “P<0.01, ""P<0.001. IL-27, interleukin 27; OVA, ovalbumin; AHR, airway hyperresponsiveness; BALF, bronchoalveolar lavage fluid; i.n., intranasal.

and response to a firm toe pinch. After the left main bronchus
was clamped, BAL was immediately performed in the right
lung and BALF was subsequently collected and processed,
as previously described (12,32). The BALF was centrifuged
(80 x g for 10 min at 4°C) and the cell pellets were resuspended
in 1 ml PBS-EDTA (Sigma-Aldrich; Merck KGaA). The total

number of BALF cells and BALF differential cell counts were
determined on cytospin slide preparations which were stained
with Wright-Giemsa (Beyotime Institute of Biotechnology) at
room temperature for 8 min. A total of 200 cells per slide were
counted per sample under a light microscope (DP73; Olympus
corporation) at x400 magnification (33).
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Figure 2. Levels of IL-4, IL-5 and IL-13 in BALF and serum samples. (A) Protocol of OVA-induced allergic asthma and administration of IL-27. (B and C) The
levels of IL-4, IL-5 and IL-13 were measured using ELISA when IL-27 was administered in a therapeutic manner. The concentrations of IL-4, IL-5 and IL-13
exhibited no significant differences in BALF and serum between the OVA + IL-27 group and OVA group. (D) The levels of IL-4, IL-5 and IL-13 in the BALF
were measured using ELISA when IL-27 was used in a preventive manner. The levels of IL-4, IL-5 and IL-13 were lower in the OVA + IL-27 group compared
with the OVA group. The data are expressed as the mean + SEM of three independent experiments, with 8 animals per group. "P<0.05, “P<0.01, “*P<0.001. BALF,

bronchoalveolar lavage fluid; ELISA, enzyme linked immunosorbent assay.

Enzyme-linked immunosorbent assay (ELISA). IL-4,1L-5 and
IL-13 are typical allergic asthma-associated cytokines which
initiate and promote airway inflammation, mucus overproduc-
tion, immunoglobulin E (IgE) synthesis and fibrosis (34,35).
Therefore, in the present study, ELISA kits (R&D Systems,
Inc.) were used to evaluate the levels of IL-4 (cat. no. M4000B),
IL-5 (cat. no. M5000) and IL-13 (cat. no. dY413) in the serum
and in the supernatant of BALF according to a standard
protocol as previously described (36).

Cell isolation for flow cytometry. Cell isolation from the lungs
was performed as previously described (37,38). In brief, the right
lung was excised after the ligation of the left main bronchus.
The whole lungs were minced, homogenized and subsequently

incubated with shaking for 30 min at 37°C with the collage-
nase type I'V solution (cat. no. C8160; Beijing Solarbio Science
& Technology Co., Ltd.). The supernatant was removed and
then filtered through a nylon mesh with pore size 48 ym
(cat. no. YA0691; Beijing Solarbio Science & Technology Co.,
Ltd.), and the resulting cells were washed in complete medium
[CM; RPMI-1640 + 10% heat-inactivated fetal bovine serum +
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer + 10 mM non-essential amino acids + 10 mM
sodium pyruvate + 10 U/ml penicillin/streptomycin; all from
Sigma-Aldrich]. Subsequently, the isolated cells were enriched
by density gradient centrifugation at 800 x g for 30 min
at 4°C (Percoll, Sigma-Aldrich; Merck KGaA) and they were
re-suspended in CM for further analysis.
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Flow cytometry. The antibodies used in the present
study included the following: fluorescein isothiocyanate
(FITC)-labeled anti-mouse CD4 (1:100; cat. no. 100510),
APC-labeled anti-mouse CD49b (1:100; cat. no. 103516) and
PerCP/Cyanine 5.5 anti-mouse CD223 (LAG-3) (1:100; cat.
no. 125212) (all purchased from BioLegend). The cells were
stained in fluorescence-activated cell sorting (FACS) buffer
at 4°C in the dark for 30 min with mixed the antibodies.
After washing, 2% formaldehyde was added to the system
at 4°C for 30 min and the cells were analyzed using a flow
cytometer (FACs Verse, BD Biosciences) and FlowJo software
(version 10.4, Tree Star, Inc.) (39).

Reverse transcription-quantitative PCR (RT-qPCR). After
the BAL was collected, the left lungs were immediately
excised and total RNA was extracted using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), as per the manu-
facturer's protocol. The RNA concentration was determined
using a Nanodrop™ Nd-1000 spectrophotometer (Thermo
Fisher Scientific, Inc.). The synthesis of complementary DNA
(cDNA) was conducted using a Superscript III First-Strand
Synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.)
at 50°C for 50 min. qPCR was then performed using TB
Green Premix Ex Taq II (Tli RNaseH Plus; cat. no. RR820A,
Takara Bio, Inc.) according to the manufacturer's instruc-
tions. The thermocycling conditions comprised an initial
denaturation at 94°C for 5 min, 40 cycles of 10 sec at 94°C
and 20 sec at 60°C, and a final extension of 30 sec at 72°C.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the reference control gene. An ABI 7000 PCR instru-
ment (Thermo Fisher Scientific, Inc.) was used to quantify the
mRNA. The relative abundance of the mRNA transcripts was
determined using the 2244 method (40). Each sample was
analyzed in triplicate and at least three duplicate wells were
used for each group. The sequences of primer and the expected
size of the PCR products are presented in Table SI.

Western blot analysis. Western blot analysis was conducted
as previously described (41). In brief, the mouse lung tissues
were lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM
NaCl, 1% TritonX-100, 1% sodium deoxycholate and 0.1%
SDS; Beyotime Institute of Biotechnology) supplemented with
protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA). The
bicinchoninic acid (BCA) protein assay kit (cat. no. 23225;
Pierce; Thermo Fisher Scientific, Inc.) was used to determine
protein concentration. Proteins were separated on 10% acryl-
amide SDS-PAGE gels. A total of 30 pg protein was loaded
per lane. Following electrophoresis, the isolated proteins were
transferred onto PVDF membranes (EMD Millipore). After
blocking with 5% (w/v) dried skimmed milk at 37°C for 1 h,
the membranes were then incubated overnight at 4°C with
primary antibodies (all 1:500) against STAT1 (cat. no. sc-464),
phosphorylated (p)-STAT1 (cat. no. sc-8394), STAT3
(cat. no. sc-482), p-STAT3 (cat. no. sc-8059) and [-tubulin
(cat. no. sc-47778; all from Santa Cruz Biotechnology, Inc.),
separately. Following five washes with PBST (PBS and 0.15%
Tween-20), the membranes were incubated with goat anti-rabbit
IgG-HRP secondary antibody (cat. no. sc-2004; 1:5,000; Santa
Cruz Biotechnology, Inc.) at 37°C for 45 min. -tubulin was
used as an internal control. The protein lanes were detected

using ECL detection reagents kit (GE Healthcare; Cytiva) as per
the manufacturer's instructions. Densitometry was performed
using ImageJ software (v1.8.0; National Institutes of Health).

Lung histological analysis. The left lungs were excised and
were subsequently prepared for histological analysis, as previ-
ously described (42). The lung tissue samples were fixed in
4% paraformaldehyde at room temperature for 24 h. The
samples were dehydrated, cleared and embedded in paraffin
for sectioning. The lung sections (5-#m-thick) were processed
and stained with hematoxylin and eosin (H&E), Masson's
trichrome and periodic-acid schiff (PAS) stain following a
standard procedure (43). For H&E staining, the sections were
immersed in 1% hematoxylin (Yuanmu Biotechnology Co.,
Ltd.) for 5 min and washed in distilled water. A 1% hydro-
chloric acid-alcohol solution was used to clear the residual dye,
and 0.5% eosin was then used to stain the sections (Huihong
Reagent Co., Ltd, China) at room temperature for 3 min. The
histology sections were evaluated and scored independently by
two experienced pathologists who were blinded to the identity
of the experimental groups. The H&E-stained lung sections
were used mainly to assess thickening of the basal membrane
and hyperplasia of the airway smooth muscle cells. In total,
three bronchioles that were 150-200 ym in inner diameter
were selected and examined. The perimeter of the basement
membrane (Pbm), the total area of the airway wall (Wat) and
the area of smooth muscle (Wam) were measured by morpho-
metric analysis (Image-Pro Plus 6.0; Media cybernetics, Inc.)
and the ratios of Wat to Pbm (Wat/Pbm) and Wam to Pbm
(Wam/Pbm) were calculated (43).

Masson's trichrome-stained slides were used to determine
subepithelial fibrosis around the airways of the mice. The
sections were stained in Biebrich scarlet-acid fuchsin solution
(Thermo Fisher Scientific, Inc.) at room temperature for 10 min
and washed in distilled water. Subsequently, the sections
were differentiated in phosphomolybdic-phosphotungstic
acid solution (Thermo Fisher Scientific, Inc.) for 10 min and
then transferred directly to aniline blue solution (Thermo
Fisher Scientific, Inc.) and stained at room temperature for
5 min. In total, three sections in which the epithelial base-
ment membranes of the bronchioles were 1.0-2.5 mm and the
diameter of bronchial wall was >250 ym were selected. The
area of collagen fiber (stained in blue) beneath the basement
membrane and Pbm were measured using Image-Pro Plus 6.0
software and the results are expressed as the fibrotic area per
unit length (area of Masson-positive/Pbm) (44).

To evaluate the degree of goblet cell hyperplasia, the lung
sections were stained with PAS. Sections were immersed
in PAS solution (Thermo Fisher Scientific, Inc.) for 10 min
and washed four times with distilled water. They were then
immersed in Schiff's solution (Thermo Fisher Scientific, Inc.)
for 15 min and successively in hematoxylin for 3 min (both
at room temperature), followed by washing with distilled
water. The bronchioles with 1.0-2.5 mm long epithelial base-
ment membrane were selected and the area of goblet cells
(PAS-positive stained) was measured using Image-Pro Plus
6.0 software. Subsequently, the mean score of the area of
PAS-positive staining divided by Pbm was calculated (45).

To assess the degree of myofibroblast activation and
angiogenesis, the lung sections were heated, blocked with 3%
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hydrogen peroxide (Thermo Fisher Scientific, Inc.) for 15 min
at room temperature, and then incubated with primary antibody
a-smooth muscle actin (a-SMA) (1:200; cat. no. sc-15320; Santa
Cruz Biotechnology, Inc.) and CD31 (1:100; cat. no. sc-28188;
Santa Cruz Biotechnology, Inc.) at 4°C for 12 h, respectively.
After rinsing with PBS, the sections were incubated with
secondary antibody from the MaxVision™ HRP-Polymer
anti-mouse/rabbit IHC kit (Maixin Group China Co. Ltd.)
at 37°C for 60 min. The peribronchial a-SMA-positive and
CD3l-positive areas in the sub-mucosa were measured using
Image-Pro Plus 6.0 software and the results are expressed as
the area of a-SMA and CD31-positive staining per mm of Pbm
of bronchi (46). All the sections were observed using a BX51
microscopic imaging system (Olympus Corporation).

Statistical analysis. Data are presented as the mean + SEM.
Statistical analysis was performed using PRISM version 6
(GraphPad, Inc.). Comparisons between multiple groups
were performed using one-way ANOVA with the Bonferroni
post-test. A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Therapeutic administration of IL-27 does not improve airway
inflammation, AHR and airway remodeling in a mouse
model of OVA asthma. To investigate whether IL-27 exerts an
inhibitory effect on airway inflammation and AHR, IL-27 was
administered to mice with acute asthma in the final 5 consecu-
tive days of the experiment (Fig. 1B). As shown in Fig. 1C,
IL-27 was unable to alleviate AHR, a hallmark of asthma
(Rova + 127 V8. Royar 4.49 vs. 4.80, t=2.22, P>0.05; Cqya 4 1127
vs. Coya: 0.31 vs.0.33,t=2.78, P>0.05). Furthermore, IL-27 did
not decrease the numbers of total cells [OVA + IL-27 vs. OVA
(x10* cells/ml): 191.40 vs. 160.00, t=0.74, P>0.05] or those of
differential cells [OVA + IL-27 vs. OVA (x10* cells/ml) for
monocytes: 14.19 vs. 18.06, t=1.31; eosinophils: 54.03 vs. 61.95,
t=0.77; neutrophils: 24.79 vs. 28.79, t=1.04; lymphocytes: 71.94
vs. 78.23, t=0.46; basophils: 4.78 vs. 6.48, t=1.53; all P>0.05]
in BALF (Fig. 1D). It also did not significantly decrease the
levels of Th2 cytokines in BALF and serum (OVA + IL-27 vs.
OVA), such as IL-4 [BALF (pg/ml): 114.60 vs. 136.20, t=0.91;
serum (pg/ml): 80.58 vs. 102.90, t=1.37, both P>0.05], IL-5
[BALF (pg/ml): 58.87 vs. 61.11, t=0.61; serum (pg/ml): 62.80
vs. 72.07, t=1.22, both P>0.05] and IL-13 [BALF (pg/ml):
297.70.6 vs. 380.00, t=1.16; serum (pg/ml): 345.40 vs. 451.90,
t=1.75, both P>0.05] (Fig. 2B and C). Moreover, the effects of
the therapeutic administration of IL-27 on airway remodeling
were assessed in mice with chronic asthma using different
staining methods. As depicted in Fig. 3, no significant differ-
ences were found between the OVA and OVA + IL-27 groups.
Taken together, these results demonstrated that IL-27 did not
effectively suppress airway inflammation, AHR and airway
remodeling in mice with OVA-sensitized allergic asthma when
administrated in a therapeutic manner.

Preventive administration of IL-27 alleviates the lung Th2
inflammatory environment. To examine whether the effects of
IL-27 on inflammation and AHR resulted from the suppres-
sion of the inflammatory environment when IL-27 was

prophylactically administrated, the concentrations of Th2
cytokines (IL-4, IL-5 and IL-13) were examined in BALF
samples obtained from mice. As shown in Fig. 2D, compared
with the OVA group, the intranasal administration of IL-27
led to a significant reduction in the levels of the inflamma-
tory cytokines (OVA + IL-27 vs. OVA, pg/ml) IL-4 (92.81 vs.
191.70, t=2.63, P<0.05), IL-5 (57.68 vs. 117.00, t=3.64, P<0.05)
and IL-13 (212.10 vs. 397.00, t=3.68, P<0.05) in BALF. These
results demonstrated that the preventative administration of
IL-27 ameliorated the lung Th2 inflammatory environment
which would result in an improvement of allergic asthma in
the experimental model.

Preventive administration of IL-27 promotes the generation
of Trl cells in lung tissue. There is emerging evidence to
indicate that Trl cells play a role in inhibiting the production
of the pro-inflammatory cytokines, IL-5 and IL-13, and are
instrumental in the prevention of tissue inflammation (47,48).
Therefore, in the present study, Trl cells in the lung tissue were
evaluated by means of FACS analysis. As shown in the right
column of Fig. 4A and B, the proportion of Tr1 cells in the OVA
group was lower than that in the PBS group, and the admin-
istration of IL-27 increased the proportion of Trl cells in the
OVA + IL-27 group (Fig. 4C and D). These results suggested
that the preventative administration of IL-27 promoted the
generation of Trl cells in mouse lung tissue, which led to the
the decreased production of Th2 cytokines.

Preventative administration of IL-27 prior to the OVA
challenge upregulates both the STATI and STAT3 pathways.
The possible signaling pathways involved in the effects of
IL-27 were subsequently investigated. The STAT1 pathway
is critical for Th1 differentiation (49,50). Studies have found
that the blockade of IL-6, the activator of STAT?3, leads
to diminished Th2 responses in mice (51,52). Therefore,
whether the ameliorating effects of IL-27 on the lung Th2
inflammatory environment are associated with the STAT1
and STAT3 pathways was further examined. As shown
in Fig. 5A, compared with the OVA group, the mRNA
expression levels of STAT1 exhibited no significant changes,
while those of STAT3 were significantly upregulated in
the OVA+ IL-27 group. As for the total levels of STAT1
and STAT3 proteins, no significant differences were found
between the OVA+ IL-27 and the OVA group. However,
obvious differences were observed in the phosphorylation
levels of STAT1 and STAT3 between the OVA+ IL-27 and
the OVA group. Moreover, similar trends were observed in
the ratios of the p-STAT1/3 and to STAT1/3 (Fig. 5B and C).
These results indicated that IL-27 inhibited Th2 cell
differentiation and ameliorated the lung Th2 inflammatory
environment by reversing the impairment of the STAT1 and
STAT3 pathways.

Discussion

The findings of the present study provide novel contributions
to the current knowledge of the association between IL-27
and allergic asthma. First, the therapeutic administration
of IL-27 does not attenuate airway inflammation, AHR and
airway remodeling in a mouse model of acute and chronic
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asthma. Second, IL-27 increased the proportion of Trl indicated that IL-27 alleviated the lung Th2 inflammatory
cells in the lung tissues of asthmatic mice, which partially = environment and sequentially ameliorated OVA-induced
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allergic asthma. To the best of our knowledge, this is first
study to evaluate the effects of IL-27 on Trl cells in a model
of acute asthma. Finally, IL-27 alleviated airway inflamma-
tion and airway remodeling mainly through the STAT1 and
STAT3 signaling pathways.

The findings that IL-27 exerted no inhibitory effect on
asthmatic models of mice when used following sensitization
with OVA are in accordance with those of a recent study by
Su et al (23), who reported that the therapeutic administra-
tion of IL-27 did not suppress allergic asthma. However,
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the results of the present study are contradictory to those of
a previous study by Yoshimoto et al (22), who revealed that
IL-27 diminished AHR and airway inflammation when IL-27
was administered at the time of the OVA challenge. The
reason for these contradictory results is unclear; however, it
may be partly be ascribed to the different protocols used for
the establishment of murine models of allergic asthma. Mice
were challenged with 50 yg of OVA for 3 days in the study
by Yoshimoto et al (22), whereas the mice were stimulated
with 100 g OVA for 5 days in the present study. In addition,
Yoshimoto et al (22) selected an asthma model of 10 days,
whereas the model used herein involved a period of 19 days.
These differences may affect the severity of Th2-mediated
airway inflammation and may result in the differences observed
in the interventional effects of IL-27 on airway inflammation
in the mouse models of allergic asthma. Th2 cells secrete IL-4
and play a fundamental role in the pathogenesis of allergic
asthma. IL-4 from differentiated Th2 cells can upregulate the
mRNA expression of suppressor of cytokine signaling 3 and

impair IL-27-induced STAT1 phosphorylation. Consequently,
established Th2 cells are resistant to reprogramming into Th1
cells (53). Th17 cells can produce IL-17, which can lead to
neutrophilic airway inflammation (54). Airway neutrophilia
is associated with asthma which is refractory to cortico-
steroids (55). IL-27 suppresses de novo Thl7 development;
however, it has a minimal effect on committed Th17 cells (56).
When viewed in combination, these findings demonstrate that
whether IL-27 plays an anti-inflammatory role in asthma is
dependent upon the polarization of inflammatory cells in the
context of an inflammatory environment.

As type 2 cytokine-producing cells, ILC2 cells are
increasingly recognized as a key controller of type 2 inflam-
mation and play an essential role in the pathophysiology of
asthma (14,57). ILC2 cell numbers are increased in patients
with allergic rhinitis, chronic rhinosinusitis with nasal polyps
and asthma (58,59). ILC2 cell-derived cytokines, such as IL-4,
IL-5 and IL-13 are associated with the initiation and ampli-
fication of airway inflammation by promoting the activation
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and survival of eosinophils, B cells, mast cells, macrophages
and epithelial cells during the Th2 immune response (60). As
a negative regulator, IL-27 inhibits the proliferation and type 2
cytokine production of ILC2s from mice and humans through
the activation of STAT1 (60,61). IL-27-deficient mice exhibit
an increased ILC2 cell fraction and an enhanced Th2 immune
response following papain-induced lung inflammation (57).
Therefore, IL-27 is a fundamental environmental cytokine for
the regulation of ILC2 cells. Th2 cytokines may be partially
produced by ILC2 cells and are involved in orchestrating the
allergic inflammatory responses in the Th2 inflammatory
environment.

Trl cells, a type of induced regulatory T-cells (Tregs), are
derived from the peripheral lymphoid tissue. They are nega-
tive for Foxp3 and GATA-3, but double positive for LAG-3 and
CD49b (62). By secreting high levels of the immunosuppressive
cytokine, IL-10, and TGF-p, Trl cells can suppress immune
and autoimmune responses in autoimmune diseases (63-65).
Thus, Trl cells play a crucial role in maintaining the peripheral
immune tolerance. Allergic individuals have lower levels of
antigen-specific Trl cells in peripheral blood in comparison to
healthy ones (66). The adoptive transfer of Trl cells has been
shown to suppress the development of inflammation in a mouse
model of inflammatory bowel disease and asthma (23,67).
Allergen immunotherapy (AIT) is the only etiological therapy
and provides a specific and potentially curative approach
for the treatment of allergic asthma. Trl cells downregulate
allergen-specific immune responses and play crucial roles
in AIT (68). Matsuda et al (62) reported that subcutaneous
immunotherapy was associated with an increased number of
Trl cells in peripheral blood mononuclear cells. It has been
demonstrated that Trl cells are instrumental for the inhibition
of atopic diseases, including allergic asthma (62).

The mechanisms through which Trl cells suppress the
development of allergies may include the following aspects:
first, the production of IL-10 and TGF-f increases in Trl cells
during autoimmune responses (63,69). IL-10 is a secreted cyto-
kine that tempers inflammatory responses by antagonizing
the activation of antigen-presenting cells (APCs) (70,71).
TGF-p maintains tolerance by regulating the development of
lymphocytes and the chemotaxis and survival of lymphocytes
and other immune cells (72). Second, Trl cells express certain
inhibitory receptors, such as cytotoxic T-lymphocyte antigen 4
and programmed cell death protein 1, which play inhibitory
roles in T-cell function (19,73). Trl cells also express the
ectoenzymes (CD39/CD73) and subsequently produce higher
levels of adenosine and prostaglandin E2, which leads to
the suppression of effector T-cells (74). Third, Trl cells kill
myeloid APCs and regulate T-cell responses by a granzyme
B- and perforin-dependent mechanism (19,75). Overall, Trl
cells directly and indirectly affect the functions of different
immune cells and molecules in an antagonistic manner to
mitigate immune responses.

The present study found a significantly higher number of
CD4(+)CD49b(+)LAG3(+) T-cells (Trl) in the lungs of mice
from the IL-27 + OVA group compared with those of mice from
the OVA group, suggesting that IL-27 promoted the generation
of Trl cells in the mouse model of asthma (Fig. 4). The present
study also found that the levels of IL-4, IL-5 and IL-13 in
BALF and serum were lower in mice from the IL-27 + OVA

group compared with those from the OVA group (Fig. 2C),
indicating the decreased production of Th2 cytokines. Studies
have revealed that IL-27 promotes the development of Trl
cells in addition to antagonizing the differentiation of Th2 and
Th17 cells (10,63,76,77). Moreover, Trl cell-derived IL-10 can
suppress differentiation of Th2 cells and decrease the cytokine
production of eosinophils, basophils and mast cells (63). The
balance between Trl and Th2 cells plays a critical role in the
development of allergic and normal immune response against
allergens (78). In a previous study by the authors, it was found
that when administrated preventatively, IL-27 attenuated
airway inflammation and remodeling in mouse models of
asthma (18). Thus, IL-27 helps to improve allergic asthma by
alleviating the Th2 inflammatory environment.

Some molecular pathways have been involved in the expan-
sion and differentiation of Trl cells by IL-27. Activation with
IL-27 induces the expression of three key factors: the tran-
scription factor, c-musculoaponeurotic-fibrosarcoma (c-Maf),
the cytokine IL-21, and the receptor for inducible co-stimu-
lator (ICOS) (79). The ligand-activated transcription factor
aryl hydrocarbon receptor binds to c-Maf, which leads to the
transactivation of the IL-10 and IL-21 promoters following Trl
cell induction and IL-10 production (47). IL-21 is produced by
Trl cells due to the IL-27-driven c-Maf expression and func-
tions as an autocrine growth factor for Trl cells (79). ICOS
further promotes the differentiation of IL-27-driven Trl cells
by interacting with ICOS ligand and subsequently inducing
c-Maf expression (80,81). Previous studies have revealed that
the signaling pathways of STAT1 and STAT3 activated by
IL-27 are key to the transcriptional output (82,83). Interferon
regulatory factor 1 (IRF1) is downstream of STAT1 and basic
leucine zipper transcriptional factor ATF-like (BATF) is
dependent on STATS3. It has been substantiated that IRF1 and
BATF play a major role in preparing the chromatin landscape
during IL-27-induced Trl development (84). In this process,
IRF1 specifically upregulates the expression of the IL-10 gene
and BATF serves as a pioneer factor. Therefore, the two tran-
scription factors may function as drivers in the earliest steps
during the expansion of Trl cells (84).

It has been reported that Janus kinase (JAK)I, JAK2 and
tyrosine kinase-2 can be activated by IL-27 in naive CD4*
T-cells (83). As downstream signaling pathways of JAKs,
STATI1-6 can also be activated by IL-27 in bronchial epithe-
lial cells and intestinal epithelial cells (82,85). A previous
in vitro study demonstrated that the activation of STAT1 and
STATS3 is required for the differentiation of Trl-like cells
elicited by IL-27 (86). In addition, this induction is associated
with the expression of IL-10 and IFN-y (87). Harb er al (88)
found that the upregulation of Notch4 receptor in Tregs
in asthmatic lung tissue is indispensable for allergens to
potentiate airway inflammation. Of note, this upregulation
is dependent on STAT3 and IL-6 (88). In the present study,
both the STAT1 and STAT3 pathways were downregulated in
the OVA group, whereas they were upregulated in the OVA +
IL-27 group (Fig. 5), which suggested that IL-27 upregulated
the phosphorylation of the STAT1 and STAT3 proteins and
restored the STAT1 and STATS3 signaling pathways in the
asthmatic mouse model. When administrated preventatively,
IL-27 subverted naive CD4* T-cells into Th2 cells and led to
an improvement in the pathological changes of asthma. Thus,
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the ameliorated Th2 inflammatory environment may help to
attenuate allergic asthma by restoring the STAT1 and STAT3
pathways.

In conclusion, the present study demonstrated that IL-27
did not improve airway inflammation, AHR and airway
remodeling when administrated in a therapeutic manner in a
mouse model of OVA-induced asthma. The preventive admin-
istration of IL-27 decreased the production of Th2 cytokines
in BALF and increased the proportion of Trl cells in lung
tissue. The ameliorated Th2 inflammatory environment is
instrumental in attenuating allergic asthma by STAT1 and
STAT3 pathway-dependent mechanisms. Collectively, these
findings may provide insight into the multifaceted role of IL-27
in allergic asthma. Therapeutic intervention with IL-27 may
be relevant to the improvement of the inflammatory environ-
ment associated with dysregulated type-2 responses in allergic
asthma. With further studies, IL-27 is expected to be used as
an immunotherapeutic treatment target for asthma.
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