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Abstract. Type 2 cytokine‑associated immunity may be 
involved in the pathogenesis of allergic asthma. Although 
interleukin 27 (IL‑27) has been reported as an initiator and 
suppressor of T‑helper 1 (Th1) and T‑helper 2 (Th2) responses, 
respectively, its effects on the development of asthma remain 
unclear. In the present study, mice were induced and chal-
lenged with ovalbumin and received subsequent intranasal 
administration of IL‑27. Total and differential cell counts were 
determined from Wright‑Giemsa‑stained cytospins, whereas 
the cytokine levels were detected using ELISA. In addition, 
the expression levels of signal transducer and activator of tran-
scription (STAT) 1, STAT3, GATA‑binding protein‑3 (GATA3) 
and T‑bet (T‑box transcription factor) were analyzed in T cells 
by western blot analysis. Their corresponding mRNA expres-
sion levels were determined by quantitative PCR. Airway 
remodeling was assessed by conventional pathological tech-
niques. The results indicated that intranasal administration 
of IL‑27 ameliorated airway inflammation and hyperrespon-
siveness in an acute model of asthma. Furthermore, IL‑27 
prevented airway remodeling in a chronic model of asthma. 
Following administration of IL‑27, the mRNA expression 
levels of STAT1 and T‑bet were upregulated, while those of 
GATA3 were downregulated. Moreover, the phosphorylation 
levels of STAT1 and STAT3 were increased. Taken together, 

these findings demonstrated that intranasal administration of 
IL‑27 ameliorated Th2‑related allergic lung inflammation and 
remodeling in mouse models of asthma by repairing both the 
STAT1 and STAT3 pathways.

Introduction

Asthma is one of the most common chronic diseases and 
more than 300 million individuals worldwide currently suffer 
from asthma (1). It was estimated that the number will reach 
400 million by 2025 (2). Asthma has been considered a hetero-
geneous disease that comprises different phenotypes and 
shares similar clinical manifestations and typical features of 
airway inflammation, airway hyperresponsiveness (AHR) and 
airway remodeling (3,4). Although corticosteroids and bron-
chodilators can control disease symptoms (5,6), asthma is not 
readily preventable or curable (7,8). Therefore, it is necessary 
to identify early effective primary prevention and intervention 
strategies.

Interleukin 27 (IL‑27) is a novel cytokine composed of 
the subunit p28 (IL‑27p28) and Epstein Barr virus‑induced 
gene 3 (9). This molecule is primarily produced by activated 
antigen‑presenting cells and exhibits pleiotropic effects 
on T‑helper cell responses  (9,10). For example, it induces 
T‑helper  1 (Th1) cell differentiation  (11,12) and directly 
suppresses T‑helper 2 (Th2) production and T‑helper 17 (Th17) 
differentiation (13,14). Th2‑type cytokines play a pivotal role 
in airway inflammation and AHR, which are the hallmarks of 
asthma (15,16). Therefore, IL‑27 may play an important role in 
the pathogenesis of asthma.

Several studies have found that high levels of IL‑27 
combined with activation of the type‑2 signature are associ-
ated with increasing severity of asthma (17‑19). IL‑27 may 
be stimulated as a counter‑regulatory cytokine to suppress 
Th2 inflammation (17‑19). In addition, Miyazaki et al  (20) 
reported that IL‑27R (‑/‑) mice challenged with ovalbumin 
(OVA) exhibited increased asthmatic phenotypes, suggesting 
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that IL‑27 plays a pivotal role in the inhibition of lung inflam-
mation and AHR. Jirmo et al (21) demonstrated that IL‑27 is 
critical for the control of allergic asthma. Therefore, IL‑27 is 
a novel, promising preventative agent for alleviating asthma 
development and exacerbation. A series of studies based on 
the OVA‑induced mouse model have shown that preventative 
intranasal administration of IL‑27 reduced airway inflamma-
tion and improved pathological changes, whereas IL‑27 does 
not reduce airway inflammation and improve pathological 
changes when administered in a therapeutic mode following 
OVA challenge  (22,23). However, Yoshimoto  et  al  (17) 
reported that intranasal administration of IL‑27 could inhibit 
OVA‑induced airway hyperresponsiveness and inflammation 
in OVA‑immunized mice. The biological impact of IL‑27 
on asthma remains elusive and previous studies have shown 
contradictory pro‑inflammatory and anti‑inflammatory 
effects (24,25). Furthermore, it has not been examined whether 
IL‑27 plays a role in airway remodeling of chronic asthma.

In the present study, the effects of intranasal administration 
of IL‑27 on airway inflammation and AHR were investigated 
in OVA‑immunized mouse models of acute asthma. In addi-
tion, the effects of IL‑27 on airway remodeling in mouse 
models of chronic asthma were explored. Finally, the effects of 
IL‑27 stimulation on the expression levels of signal transducer 
and activator of transcription (STAT)1, STAT3, T‑box tran-
scription factor (T‑bet), and GATA binding protein‑3 GATA3) 
were studied. The data revealed that the effect of IL‑27 was 
dependent on STAT1 and STAT3 pathways.

Materials and methods

Mice. A total of 24 healthy female BALB/c mice were 
purchased from the Experimental Animal Center of Shandong 
University and used between 6‑8 weeks of age. The animals 
were kept under specific pathogen‑free and standard condi-
tions including 12 h light/dark cycle, room temperature of 
22˚C, relative humidity of 60% and free access to food and 
water. The health and wellbeing of animals were monitored via 
daily observations of behaviour and condition. The mice were 
randomly assigned to three study groups: PBS group (PBS, 
n=8), OVA group (OVA, n=8) and IL‑27 group (OVA + IL‑27, 
n=8). All procedures on mice were performed in accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (26). In addition, all protocols were 
approved by the Ethics Committee for Laboratory Animals 
Care and Use in Shandong Qianfoshan Hospital, Shandong 
University (Shandong, China).

Experimental model for OVA‑induced acute asthma. OVA 
sensitization and challenge were accomplished using a modi-
fied protocol as previously described by Reddy et al (27) and 
Venkayya et al (16). Briefly, in the OVA and OVA + IL‑27 
groups, the mice received intraperitoneal (i.p.) injections 
containing 100  µg OVA (Sigma‑Aldrich; Merck KGaA), 
2 mg Alum (Thermo Fisher Scientific, Inc.) and 100 µl PBS 
(Invitrogen; Thermo Fisher Scientific, Inc.) on days 0 and 7. 
The mice received aerosol challenge with 50 µl PBS and 100 µg 
OVA intranasally (i.n.) on days 14‑18 under light isoflurane 
anesthesia, which was performed for 1 min with a concentra-
tion of 3% isoflurane (28). The mice were sensitized with 

sterile endotoxin‑free PBS/Alum and challenged with PBS i.n. 
on the same days in the PBS group. In the OVA + IL‑27 group, 
the mice were treated i.n. with 50 µl PBS and 50 ng IL‑27 
twice a day on days 6 and 7. On days 0, 7 and 14‑18, the mice 
received i.n. 50 µl PBS and 1 µg IL‑27 1 h prior to OVA sensi-
tization and the subsequent challenge. The mice were treated 
with 50 µl PBS alone in the OVA and PBS groups (see the 
protocol scheme in Fig. 1A). Each group included eight mice.

Experimental model of OVA‑induced chronic asthma. The 
mice were sensitized and challenged with OVA using a 
modified protocol described by Kirstein et al (29). In brief, a 
mixture containing 20 µg OVA/1 mg Alum/200 µl PBS was 
delivered subcutaneously to mice on days 0, 7, 14 and 21 to 
the OVA and OVA + IL‑27 groups, while 1 mg Alum/200 µl 
PBS was administered to the PBS group. On days 26 and 28 
and on the following 4 weeks, the mice received i.n challenge 
of 20 mg either OVA in PBS (50 µl; OVA and OVA + IL‑27 
groups) or 50 µl PBS alone (PBS group) following induction of 
anesthesia. The administration of OVA and IL‑27 from day 28 
was performed twice every week. In the OVA + IL‑27 group, 
the mice were treated i.n. with 50 µl PBS and 50 ng IL‑27 
twice a day on days 6 and 7. On days 0, 7, 26‑28, 35, 38, 42, 49, 
52, 56 and 59 the mice received i.n. 50 µl PBS and 20 ng IL‑27 
1 h prior to OVA sensitization and prior to the subsequent chal-
lenge. The mice were treated with 50 µl PBS alone in the OVA 
and PBS groups (Fig. 2A). Each group included eight mice.

Measurement of airway responsiveness. Airway responses 
and dynamic lung compliance to methacholine challenge were 
assessed 24 h following the last OVA challenge, as previously 
reported (30). Briefly, the mice were anesthetized with pento-
barbital sodium (50 mg/kg, i.p. injection) and the depth of 
anesthesia was determined by mice's responses to nociceptive 
stimulation and movement (31). No side effects of anesthesia 
were observed in 3 mice groups. After the mice were fully 
anaesthetized (immobility and absence of the withdrawal 
reflex of the right paw), a cannula was subsequently inserted 
into the trachea, and the mice were connected to the flexiVent 
system (Scireq). The mice were mechanically ventilated with 
a tidal volume of 5 ml/kg at a rate of 150 breaths/min with 
a positive end‑expiratory pressure of 3 cm H2O (32). In the 
plethysmograph chamber, a thermostat‑controlled warming 
pad was built to retain the temperature at 37˚C. The mice were 
initially challenged with aerosol saline followed by challenge 
with increasing concentrations of acetyl‑β‑methylcholine chlo-
ride (methacholine; 0, 5, 10, and 20 mg/ml; Sigma‑Aldrich; 
Merck KGaA) for 10 sec at each dose. Airway resistance and 
lung compliance were calculated as percentage increase over 
baseline (saline challenge).

Bronchoalveolar lavage (BAL). At 24 h following the final 
OVA challenge and immediately after the measurement of 
airway responsiveness, mice were euthanized by cervical dislo-
cation and death was confirmed according to lack of breathing, 
pulse, corneal reflex and response to firm toe pinch (33). BAL 
fluid (BALF) was collected and processed as previously 
described (34). In brief, the trachea was cannulated and 4x1 ml 
PBS‑EDTA (0.05 M; Merck KGaA) was instilled in the right 
lung and recovered by gentle manual aspiration. Subsequently, 



INTERNATIONAL JOURNAL OF MOlecular medicine  46:  641-652,  2020 643

the BALF was centrifuged (80 x g for 10 min at 4˚C) and the 
cell pellets were resuspended in 1 ml PBS‑EDTA. Total and 
differential cell counts were determined on cytospin slide 
preparations and stained with Wright‑Giemsa at room temper-
ature for 8 min. A total of 200 cells per slide were counted per 
sample using a light microscope at x400 magnification (DP73; 
Olympus Corporation) (35).

Enzyme‑linked immunosorbent assay (ELISA). The expres-
sion levels of IL‑4 (cat. no. M4000B), IL‑5 (cat. no. M5000), 
IL‑13 (cat. no. DY413), IL‑17 (cat. no. M1700) and interferon 
(IFN)‑γ (cat. no. DY485) in the serum and supernatant of 
BALF were determined using ELISA kits (R&D Systems, 
Inc.) as previously described, according to the manufacturer's 
protocol (36).

Reverse transcription‑quantitative PCR (RT‑qPCR). The left 
lungs of mice were removed immediately after collection of 
BALF and total RNA was extracted from the lung tissues using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. The concentration 
of RNA was assessed by a Nanodrop™ ND‑1000 spectropho-
tometer (Thermo Fisher Scientific, Inc.). cDNA synthesis was 
performed using a Superscript III First‑Strand Synthesis kit 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocols at 50˚C for 50 min. qPCR for mRNA 
detection was conducted using an ABI 7000 PCR instrument 
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. The PCR reaction system consisted of 1 µl 
cDNA, 0.5 µl of each forward and reverse primer, 10 µl SYBR 
Green Mix (Beijing Solarbio Science & Technology Co., Ltd.) 

Figure 1. Intranasal administration of IL‑27 alleviates airway inflammation and AHR in an acute model of experimental allergic asthma. (A) Protocol of 
OVA‑induced allergic asthma and administration of IL‑27. (B) The total cell number and the differential cell counts in the BALF samples. The total cell 
number and the numbers of macrophagocytes, neutrophil, basophils, eosinophils and lymphocytes were decreased in the OVA+IL‑27 group. (C) AHR 
following methacholine challenge was measured in an invasive lung function assay. Treatment with IL‑27 exhibited significant improvement in (a) lung 
resistance and (b) lung compliance. The data are expressed as the mean ± standard error of the mean of three independent experiments, with eight animals 
per group. ***P<0.001. IL‑27, interleukin 27; OVA, ovalbumin; AHR, airway hyperresponsiveness; BALF, bronchoalveolar lavage fluid; i.n, intranasal; R, lung 
resistance; C, lung compliance.
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and 8 µl ddH2O. The following thermocycling conditions were 
used for the qPCR: Initial denaturation at 94˚C for 5 min, 
followed by 40 cycles of 10 sec at 94˚C and 20 sec at 60˚C 

and a final extension of 30 sec at 72˚C. β‑actin was used as 
the reference control gene. The primer sequences used for this 
analysis and the expected size of the PCR products are listed 

Figure 2. Intranasal administration of IL‑27 prevents OVA‑induced airway remodeling in a chronic experimental model of asthma. (A) Protocol of OVA‑induced 
allergic asthma and administration of IL‑27. (B) Representative photomicrographs of H&E‑stained lung sections from each group (x200 magnification). 
Significantly reduced basal membrane thickening and hyperplasia of airway smooth muscle cells (indicated by the arrow) were observed in IL‑27‑treated 
mice compared with OVA‑exposed mice. (C) Representative photomicrographs of PAS‑stained (indicated by the arrow) lung sections from each group (x200 
magnification). Significantly reduced airway mucus production was observed in IL‑27‑treated mice compared with OVA‑exposed mice. (D) Representative 
photomicrographs of Masson's trichrome‑stained sections from each group (x200 magnification). Significantly reduced subepithelial fibrosis (indicated by the 
arrow) was observed in IL‑27‑treated mice compared with OVA‑exposed mice. (E) Representative photomicrographs of α‑SMA‑immunostained sections from 
each group (x400 magnification). Significantly reduced peribronchial α‑SMA‑immunostained area (indicated by the arrow) was observed in IL‑27‑treated 
mice compared with the corresponding area from OVA‑exposed mice. (F) Representative photomicrographs of CD31‑immunostained sections from each 
group (x400 magnification). Significantly reduced peribronchial CD31‑immunostained area (indicated by the arrow) was observed in IL‑27‑treated mice 
compared with the area of OVA‑exposed mice. The data are expressed as the mean ± standard error of the mean of three independent experiments with eight 
animals per group. *P<0.05, **P<0.01 and ***P<0.001. IL‑27, interleukin 27; OVA, ovalbumin; H&E, hematoxylin and eosin; PAS, periodic‑acid Schiff; α‑SMA, 
α‑smooth muscle actin; Pbm, perimeter of basement membrane; Wat, total area of airway wall; Wam, area of smooth muscle; d, day; i.n, intranasal.



INTERNATIONAL JOURNAL OF MOlecular medicine  46:  641-652,  2020 645

in Table I. The relative abundance of the mRNA transcripts 
was calculated using the 2‑∆∆Cq method (37). Each sample was 
tested in triplicate and at least three wells were used for each 
group.

Western blot analysis. Western blot analysis was performed 
as described previously  (38). Briefly, the proteins were 
extracted from mouse lung tissues and loaded on 5% SDS 
polyacrylamide gels. A bicinchoninic acid protein assay kit 
(cat. no. 23225; Pierce; Thermo Fisher Scientific, Inc.) was 
used to determine protein concentration. Following electro-
phoresis, the proteins were transferred to PVDF membranes 
(EMD Millipore). The membranes were blocked in 5% 
(w/v) nonfat dry milk in TBS‑Tween‑20 (0.15%) at 37˚C for 
1 h. Subsequently, membranes were incubated with primary 
antibodies against STAT1 (cat. no. sc‑464), phosphorylated 
(p)‑STAT1 (cat. no.  sc‑8394), STAT3 (cat. no.  sc‑482), 
p‑STAT3 (cat. no. sc‑8059), GATA3 (cat. no. sc‑9009), T‑bet 
(cat. no. sc‑21003) and β‑actin (cat. no. sc‑47778; all from 
Santa Cruz Biotechnology, Inc.) separately. The dilutions of 
the primary antibodies were 1:500 and the incubations were 
performed overnight at 4˚C. Subsequently, the membranes were 
incubated with goat anti‑rabbit immunoglobulin G‑horseradish 
peroxidase secondary antibody (cat. no.  sc‑2004; 1:5,000; 
Santa Cruz Biotechnology, Inc.) at 37˚C for 45 min. β‑actin 
was used as the internal control. The protein bands were 
visualized using an ECL detection reagent kit (GE Healthcare) 
according to the manufacturer's instructions. Densitometry 
was performed using Gel‑Pro analyzer software (version 4.0; 
Media Cybernetics, Inc.).

Lung histology. The lung tissues (5‑µm thick) were subse-
quently formalin‑fixed and paraffin‑embedded, as described 
previously (39). The lung sections were prepared and stained 
with hematoxylin and eosin (H&E), Masson's trichrome 
and periodic acid‑Schiff (PAS) stain according to a standard 
protocol (39,40). Two pathologists who were blinded to the 

group assignment of mice independently evaluated and scored 
three differently stained tissue sections and the average scores 
were calculated. H&E‑stained lung sections were used mainly 
for the assessment of basal membrane thickening and hyper-
plasia of airway smooth muscle cells. Three bronchioles with 
150‑200 µm inner diameter were selected in each slide. The 
perimeter of basement membrane (Pbm), total area of airway 
wall (Wat) and area of smooth muscle (Wam) were measured 
by morphometric 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 (40). Masson's 
trichrome‑stained sections were used to identify subepithelial 
fibrosis. The epithelial basement membranes with diameters of 
>250 µm were selected and both the collagen fiber area (stained 
in blue) beneath the basement membrane and Pbm were 
measured using Image‑Pro Plus 6.0. The mean score of the 
fibrotic area divided by Pbm was calculated (41). PAS‑stained 
sections were used for evaluating goblet cell hyperplasia. 
The bronchioles with 1.0‑2.5 mm‑long epithelial basement 
membranes were selected, and the area of goblet cells was 
measured as the area of PAS‑positive staining using Image‑Pro 
Plus 6.0. Subsequently, the ratio of the area of PAS‑positive 
staining to Pbm was calculated (42). In addition, myofibroblast 
activation and angiogenesis were assessed by immunohisto-
chemical analysis for α‑smooth muscle actin (α‑SMA) (1:200; 
cat. no.  sc‑15320; Santa Cruz Biotechnology, Inc.) and 
CD31(1:100; cat. no.  sc‑28188; Santa Cruz Biotechnology, 
Inc.). The areas of peribronchial a‑SMA‑positive immunos-
taining and CD31‑positive immunostaining in the sub‑mucosa 
were outlined and determined by Image‑Pro Plus 6.0 and the 
expression levels of these markers were quantified by the area 
of α‑SMA and CD31‑positive staining relative to Pbm (43).

Statistical analysis. The data are expressed as the mean ± SEM. 
Statistical analysis was performed using GraphPad Prism 5 
software (GraphPad Software, Inc.). One‑way ANOVA with 
Bonferroni's multiple comparisons test was used to determine 
statistical significance between experimental groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

Intranasal administration of IL‑27 alleviates allergic airway 
inflammation in an acute experimental model of asthma. 
The total cell number from BALF samples in the PBS group 
was significantly lower compared with the OVA group. 
Moreover, the total cell number in OVA + IL‑27 group signifi-
cantly decreased compared with the OVA group (Fig. 1B). 
Furthermore, the numbers of other inflammatory cells from 
BALF in the OVA+IL‑27 group, such as macrophagocytes, 
lymphocytes, basophils and neutrophils, were also significantly 
reduced compared with the OVA group (Fig. 1B).

Intranasal administration of IL‑27 ameliorates AHR in an 
acute experimental model of asthma. Baseline airway respon-
siveness (at 0 mg/ml methacholine) did not reveal significant 
differences among the three groups (Fig. 1C-a and C‑b). In 
OVA‑challenged mice, airway responsiveness (R) to acetyl-
choline was significantly enhanced compared with that 
PBS‑challenged mice (Fig. 1C‑a). In the OVA + IL‑27 group, 

Table  I. Primer sequences used for reverse transcription‑​
quantitative PCR.

		  Product
Gene	 Sequence (5'‑3')	 size (bp)

STAT1 	 F: CACCCTTGCTTACTCTACTGC	 122
	 R: TTGAATGACTAAACGCCTGA	
STAT3 	 F: ACCTCCAGGACGACTTTG	 130
	 R: AGGGCTGTGAGCATCTGT	
GATA3 	 F: CCTTTATTCCTCCGTGTCTGC	 106
	 R: ATCTTTGCGGGATAGTTTAGC	
T‑bet 	 F: TCCCATTCCTGTCCTTCACCG	 142
	 R: ATGCTGCCTTCTGCCTTTCCA	
β‑actin 	 F: CTGTGCCCATCTACGAGGGCTAT	 155
	 R: TTTGATGTCACGCACGATTTCC	

F, forward; R, reverse; STAT, signal transducer and activator of tran-
scription; GATA3, GATA‑binding protein‑3; T‑bet, T‑box transcription 
factor; bp, base pair.
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IL‑27 reversed methacholine‑induced AHR as reflected by 
a significant reduction in airway resistance and a significant 
increase in lung compliance (C) compared with the OVA 
group (Fig. 1C‑b).

Intranasal administration of IL‑27 suppresses production 
of IL‑4, IL‑5, IL‑13 and IL‑17, whereas it induces IFN‑γ 
production in an acute experimental model of asthma. To 
determine whether IL‑27 ameliorates inflammation and 
whether AHR can reflect altered cytokine profiles, the 
concentration levels of the latter markers were examined in 
both BALF and serum samples derived from mice. The OVA 
group exhibited significantly higher levels of Th2 cytokines 
(IL‑4, IL‑5 and IL‑13) and the Th17 cytokine (IL‑17), while 
significantly lower levels of the Th1 cytokine (IFN‑γ) were 
observed compared with in the PBS group (Fig. 3). Compared 
with the OVA group, intranasal administration of IL‑27 led to 
a significant reduction of IL‑4, IL‑5, IL‑13 and IL‑17, and a 
significant induction of IFN‑γ (Fig. 3).

Intranasal administration of IL‑27 prevents OVA‑induced 
airway remodeling in a chronic experimental model of asthma. 
To investigate whether IL‑27 plays a role in the development 
of airway remodeling, airway epithelium, peribronchial 
interstitial tissue, airway smooth muscle cells and bronchial 
vasculature were used to evaluate IL‑27 levels in a chronic 
experimental model of asthma. The representative sections of 
each group were stained with H&E, Masson's trichrome and 
PAS, as well as with antibodies specific for α‑SMA and CD31 
detection (Fig. 2). The OVA + IL‑27 group exhibited signifi-
cantly reduced peribronchial and perivascular inflammatory 
infiltrates, basal membrane thickening (Fig. 2B), mucus secre-
tion (Fig. 2C), collagen deposition (Fig. 2D), number of airway 
smooth muscle cells (Fig. 2E) and vascular size (Fig. 2F) 
compared with the corresponding indices noted in the OVA 
group. Significant differences were noted for Wat/Pbm and 
Wam/Pbm (Fig. 2B), PAS area (Fig. 2C), Masson's trichrome 
(Fig. 2D), α‑SMA (Fig. 2E) and CD31‑positive stained/Pbm 
(Fig. 2F) between PBS and OVA groups and OVA and OVA + 
IL‑27 groups.

Intranasal administration of IL‑27 in mice activates the 
STAT1 and STAT3 pathways. The involvement of the possible 
signaling pathways that include IL‑27 was assessed. Both 
mRNA and protein levels of STAT1, STAT3, GATA3 and 
T‑bet were detected in lung tissues using RT‑qPCR and 
western blotting analyses. Compared with the OVA group, the 
mRNA expression levels of STAT1 were significantly upregu-
lated in the OVA + IL‑27 group while STAT3 levels exhibited 
no significant changes (Fig. 4A and B). Accordingly, the total 
and phosphorylated levels of STAT1 and STAT3 proteins and 
their ratios demonstrated similar changes (Fig. 5A and B). In 
addition, the mRNA and protein expression levels of GATA3 
were increased in the OVA group compared with the PBS 
group, whereas these were reduced in the OVA+IL‑27 group 
compared with the OVA group (Figs. 4C and 5C). In contrast 
to these findings, compared with the PBS group, the expres-
sion levels of T‑bet mRNA and protein were lower in the OVA 
group and higher in the OVA+IL‑27 group compared with the 
OVA group (Figs. 4D and 5D).

Discussion

In the current study, the data indicated that intranasal admin-
istration of IL‑27 significantly inhibited airway inflammation 
and AHR in the acute mouse models of experimental asthma. 
This finding is consistent with a study reported by Su et al (22) 
highlighting that preventative administration of IL‑27 could 
reduce airway inflammation and improve AHR in asthmatic 
mice. In addition, the present study demonstrated that intra-
nasal administration of IL‑27 attenuated significant airway 
remodeling in chronic mouse models of experimental asthma. 
To the best of our knowledge, this is the only study which 
examined the effects of IL‑27 on airway remodeling using a 
chronic asthma model. The data indicated that phosphoryla-
tion of STAT1 and STAT3 was impaired in the lung tissues of 
asthmatic mice and could be reversed by IL‑27 administration.

As a pleiotropic cytokine, IL‑27 is involved in the regulation 
of immune responses of certain inflammatory cells, such as Th 
cells, dendritic cells and macrophages (44). Therefore, IL‑27 
may be implicated in the pathogenesis of autoimmune and 
inflammatory diseases including asthma (45). Chronic airway 
inflammation is one of the main characteristics of asthma and 
plays a critical role in the pathogenesis of this disorder (46). 
Various types of cells, such as eosinophils, T cells, mast cells 
and neutrophils, are involved in the inflammatory response 
to allergens during asthma progression (20). AHR is one of 
the key features characteristic of asthma and one of the main 
factors responsible for the pathogenesis of this disease (47). 
AHR is characterized by increased airway resistance and 
decreased airway compliance (48). The results of the present 
study highlighted that intranasal administration of IL‑27 
could reduce inflammatory cell numbers in BALF samples 
and reverse methacholine‑induced AHR. This indicated that 
IL‑27 could effectively attenuate airway inflammation and 
AHR in experimental asthma. Furthermore, the serum and 
BALF concentration levels of the Th1 cytokines (IFN‑γ) 
increased, whereas levels of Th2 cytokines (IL‑4, IL‑5, and 
IL‑13) decreased in the OVA+IL‑27 group compared with the 
OVA group, which suggested that enhanced production of Th2 
cytokines and/or decreased production of Th1 cytokines may 
contribute to the effects of IL‑27 on allergic asthma in this 
experimental model. These findings concur with a previous 
study, which demonstrated that preventative administration 
of IL‑27 diminished BALF concentration levels of Th2 cyto-
kines, such as IL‑5 and IL‑13 (22). IL‑27 activates naive CD4+ 

T cells and natural killer (NK) cells to stimulate production 
of IFN‑γ  (49). Moreover, it can upregulate the expression 
levels of IL‑12Rb2 and T‑bet to promote Th1‑effector func-
tion (49). Both IFN‑γ and T‑bet play a role in the suppression 
of AHR and eosinophil lung infiltration, indicating that IL‑27 
may have regulatory effects on asthmatic immune responses 
and promote the development of Th1 (50). In addition, IL‑27 
can directly suppress Th2 cell differentiation and conversely 
induce these cells to develop into Th1 cells that produce 
IFN‑γ (17). Under Th2 polarization conditions, naive IL‑27 
receptor WSX‑1‑/‑ CD4 T cells increased production of Th2 
cytokines (14). Previous studies showed that certain cytokines, 
such as IL‑4, IL‑5 and IL‑13, play important roles in the initia-
tion of airway inflammation, AHR and in variable airflow 
obstruction  (15,51). Administration of IL‑27 attenuated 
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Figure 3. Intranasal administration of IL‑27 reduces Th2 and Th17 cytokine levels and enhances the production of IFN‑γ. The concentration levels of Th1, 
Th2 and Th17 cytokines in serum and BALF samples were measured by ELISA. The levels of (A) IL‑4, (B) IL‑5, (C) IL‑13 and (D) IL‑17 were lower, whereas 
those of (E) IFN‑γ were higher in the OVA+IL‑27 group compared with the OVA group. The data are expressed as the mean ± standard error of the mean of 
three independent experiments, with eight animals per group. *P<0.05, **P<0.01 and ***P<0.001. IL, interleukin; Th, T‑helper; BALF, bronchoalveolar lavage 
fluid; OVA, ovalbumin; IFN, interferon.
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allergen‑induced AHR and airway inflammation, which are 
hallmarks of allergic asthma (17,22,23). These studies are in 
concordance with the present work and demonstrated that 
IL‑27 significantly suppresses Th2 cytokine production.

IL‑17 is secreted by multiple cell types, such as Th17, NK 
cells, mast cells, neutrophils and γδ T cells (52). IL‑17 cyto-
kines are also key players in several immune responses (52). 
Serum and BALF IL‑17 levels were significantly downregu-
lated in the OVA+IL‑27 group compared with those noted in 
the OVA group. These findings suggested that IL‑17 plays 
a role in allergic asthma and that IL‑27 acts in a manner 
antagonistic to IL‑17, which is in accordance with previously 
reported data (21,53). Moreover, a previous study revealed 
that high levels of IL‑17 were found in induced sputum and 
bronchial biopsies obtained from severe asthmatics and were 
associated with poor patient response to steroids (54). IL‑27 
inhibited the differentiation of Th17 cells by suppressing the 
expression of retinoic acid‑related orphan receptor (ROR)γ and 
RORα (55). In addition, IL‑27 has a direct effect on effector 
T cells and inhibited the development of IL‑17‑producing 
Th cells (56). Furthermore, IL‑27 inhibited the expression of 
granulocyte‑macrophage colony‑stimulating factor, which is a 
regulator of Th17 cells (57).

Airway remodeling is a central feature of asthma (42). 
This condition includes epithelial changes, thickening of 
basement membrane, hypertrophy and hyperplasia of airway 
smooth muscle, angiogenesis, increased deposition of collagen 
proteins and subepithelial fibrosis (58). Airway remodeling 
is the main etiological factor of airflow limitation, bronchial 
hyperreactivity and mucus production (51). In the present study, 
it was initially shown that IL‑27 could reduce the number of 

mucus‑containing airway goblet cells (PAS‑positive), the thick-
ening of the basal membrane and the hyperplasia of airway 
smooth muscle cells. Previous studies have shown that in 
airway epithelial cells, both goblet cell hyperplasia and mucus 
overproduction can be induced by IL‑13 (59,60). In addition, 
certain Th2 cytokines exhibit a negative effect on epithelial 
hypertrophy in a murine model of asthma (41,61). Therefore, 
IL‑27 may modulate goblet cell proliferation, mucus produc-
tion, and thickening of airway wall via a pathway including 
IL‑13 and other cytokines.

Subsequently, subepithelial fibrosis was examined, which 
is an important feature of airway remodeling in asthma (62). 
The data indicated that OVA induced the activation of myofi-
broblasts (those expressing α‑SMA) in the experimental model 
of chronic asthma, whereas IL‑27 inhibited this process. 
Furthermore, IL‑27 decreased the area of Masson's‑stained 
sections, which reflected reduced deposition of collagen, 
which is an ingredient of the extracellular matrix (ECM) (62). 
It was reported that higher numbers of fibroblasts are associ-
ated with severe asthma. The accumulation of peribronchial 
myofibroblasts was detected in a mouse model of chronic 
asthma (63,64). Myofibroblasts and fibroblasts are the major 
sources of ECM proteins and deposition of the ECM, along 
with other components, such as fibronectin and glycoproteins, 
contributed to subepithelial fibrosis (62). IL‑27 was found to 
suppress differentiation of myofibroblasts and fibroblasts and 
thereby alleviated the process of pulmonary fibrosis  (65). 
Therefore, IL‑27 may play a pivotal role in subepithelial 
fibrosis in the experimental model of chronic asthma.

Finally, the level of angiogenesis was assessed, and the 
vascular surface area was quantified by immunohistochemical 

Figure 4. RT‑qPCR analysis of intranasal administration of IL‑27 in the acute model of asthma. The expression of (A) STAT1, (B) STAT3, (C) GATA3 and 
(D) T‑bet mRNA in mouse lung tissues were evaluated by RT‑qPCR. The graphs display a summary of two to three independent experiments. Data are 
expressed as the mean ± standard error of the mean. *P<0.05 and ***P<0.001. IL‑27, interleukin 27; OVA, ovalbumin; STAT, signal transducer and activator of 
transcription; GATA3, GATA binding protein‑3; T‑bet, T‑box transcription factor; RT‑qPCR, reverse transcription‑quantitative PCR.
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staining of CD31. Therefore, the extent of airway vascularity 
was increased in OVA‑induced asthmatic mice compared with 
PBS‑induced subjects. These data are consistent with previous 
reports  (66,67). Notably, the degree of angiogenesis was 
reduced in the OVA+IL‑27 group. Lung inflammation may 
contribute to neovascularization and inflammation stimulated 
by effector cells, such as eosinophils, mast cells and macro-
phages, which are the major sources of various angiogenic and 
lymphangiogenic factors (66). Vascular endothelial growth 
factor (VEGF) may be an important player in the develop-
ment of angiogenesis in asthma, whereas IL‑27 can suppress 

both VEGFA mRNA expression and protein secretion (68). 
This suggested that IL‑27 may control vascular remodeling. 
It was shown that IL‑27 can inhibit angiogenesis in the tumor 
microenvironment in various malignancies such as prostate 
and lung cancer, which is a known anti‑tumor mechanism (69). 
Taken together, the findings suggested that IL‑27 can attenuate 
airway remodeling in a chronic mouse model of asthma.

It was that IL‑27 can activate multiple signaling 
cascades, including Janus kinase (JAK) 1, JAK2 and tyrosine 
kinase‑2 (70). STAT enzymes are the downstream proteins of 
JAKs (70). A previous in vitro study revealed that the effects of 

Figure 5. Western blot analysis of intranasal administration of IL‑27 in the acute model of asthma. The protein expression levels of (A) p‑STAT1 and STAT1 
and (B) p‑STAT3 and STAT3 and their ratios in mouse lung tissues were determined by western blot analysis. The protein expression levels of (C) GATA3 
and (D) T‑bet in mouse lung tissues were determined by western blot analysis. The graphs display a summary of two to three independent experiments. Data 
are expressed as the mean ± standard error of the mean. *P<0.05, **P<0.01 and ***P<0.001. IL‑27, interleukin 27; OVA, ovalbumin; STAT, signal transducer and 
activator of transcription; GATA3, GATA binding protein‑3; T‑bet, T‑box transcription factor; p, phosphorylated.



LU et al:  THE EFFECTS OF IL-27 ON ASTHMA650

IL‑27 on epithelial cells are dependent on STAT1 and STAT3 
signaling pathways (71). IL‑27 can exert its effects on T cells 
by inducing the phosphorylation of STAT1/STAT3/STAT5. 
In the current study, it was shown that both the STAT1 and 
STAT3 pathways were suppressed in the OVA group, whereas 
the opposite effects were noted in the OVA+IL‑27 group, which 
indicated that the STAT1 and STAT3 pathways were impaired 
in the OVA‑induced mice model of asthma. This impairment 
was reversed following IL‑27 treatment. The STAT1 pathway 
is critically important for IL‑27 signaling, which results in the 
induction of Th1 differentiation and the inhibition of Th2 differ-
entiation (44). Following IL‑27‑stimulated activation of STAT1 
signaling, the expression of T‑bet was induced. T‑bet serves as 
the main regulator of Th1 differentiation and of the expression 
of intercellular adhesion molecule 1 (ICAM‑1)/lymphocyte 
function‑associated antigen 1 (LFA‑1) (12). The latter molecules 
interact and induce extracellular signal‑regulated kinase activa-
tion (ERK) (67). ERK is located downstream of ICAM‑1/LFA‑1 
and plays an important role in modulating the polarizing of 
naive T‑helper cells toward Th1 subsets  (12). Accordingly, 
IL‑27 promotes early Th1 commitment by enhanced expres-
sion of IL‑12Rβ2 and production of IFN‑γ (12,72). Formation 
of the IL‑12 receptor complex with IL‑12 Rβ1 and IL‑12 Rβ2 
leads to the cells response to IL‑12, which is indispensable for 
Th1 initiation (72). In addition, IL‑27 was reported to activate 
T‑bet and lead to IFN‑γ secretion via the p38/mitogen‑activated 
protein kinase signaling pathway, which is independent of 
JAK/STAT (11). Moreover, STAT1 is required for the suppres-
sion of the Th2‑specific transcription factor, GATA‑3 (73). In 
the presence of IL‑2 and IL‑4, naïve Th cells express GATA‑3 
at a high level and develop into Th2 cells (16). By suppressing 
GATA‑3, IL‑27 represses Th2 lineage commitment, which is 
dependent on STAT1 (73). Moreover, T‑bet can directly interact 
with GATA‑3, which interferes with the binding of GATA‑3 to 
its target DNA, and causes inhibition of Th2 differentiation (74). 
In the present study, IL‑27 upregulated T‑bet expression and 
downregulated GATA‑3 expression. These findings are in 
concordance with previous reports (12,23).

In addition to STAT1 activation, IL‑27 can increase STAT3 
activation in naive CD4+T cells. Augmented activation of 
STAT3 is found to serve as a counterbalance to activation of 
STAT1 (18). The activation of STAT3 and STAT1 are recip-
rocally regulated and their balance in phosphorylation levels 
is key to maintaining appropriate immune responses  (75). 
IL‑27‑induced activation of the STAT3 signaling pathway 
is important for proliferation and differentiation of 
T‑cells (45,70). The expression levels of T‑bet and GATA‑3 can 
be modulated by STAT3 along with STAT1, leading to the posi-
tive or negative regulation of Th1 and Th2 differentiation (73). 
By activation of the STAT1 and STAT3 pathways, IL‑27 also 
inhibited γδ T cells from producing Th2‑related cytokines, 
such as IL‑5 and IL‑13 (76) in the immune response against 
tumors. STAT3 activation further plays an important role in 
Th17 cell differentiation (77). Activated STAT3 directly binds 
to IL‑17A and IL‑17F promoters and increased IL‑17 gene 
transcription (77). In addition to the activation of STAT3, the 
induction of RORγt, a master regulator of Th17 cell differen-
tiation, is required for the expression of genes encoding IL‑17 
in naïve CD4+ Th cells (78). IL‑27 can modulate the activity 
of RORγt and plays an important role in the development of 

Th17 cell differentiation (78). These findings are in alignment 
with the evidence of the present study, which indicated that 
the STAT1 and STAT3 pathways were suppressed in the OVA 
group and activated in the OVA+IL‑27 group. This evidence 
demonstrated that IL‑27 upregulated the phosphorylation 
of STAT1 and STAT3 proteins and restored the STAT1 and 
STAT3 signaling pathways in the asthma mouse model used.

In summary, the present study demonstrated that intranasal 
administration of IL‑27 could alleviate airway inflammation 
and AHR by restored both the STAT1 and STAT3 pathways 
in an experimental mouse model. The present study provided 
additional evidence that IL‑27 could ameliorate airway 
remodeling in mice with chronic allergen exposure in vivo. 
These findings will add insight into the multifaceted role of 
IL‑27 in asthma. Additional studies are required to ensure 
the potential therapeutic applications of IL‑27 in asthma. 
The exact mechanism of IL‑27 in therapeutic action requires 
further investigation.
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