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Abstract

Objective: To investigate the function of interleukin-33 (IL-33) in the asthmatic airway
remodeling and the relationship between IL-33 and asthma severity. Methods: IL-33 levels,
sputum eosinophils percentage (EOS%), pulmonary function and total immunoglobulin (IgE)
were measured for 45 patients with asthma and 40 non-allergic controls. Asthma severity was
assessed. The expressions of IL-33 and reticular basement membrane (RBM) on bronchial
biopsy specimens from eight asthma patients and eight non-allergic controls were observed
after hematoxylin-eosin staining (HE) and immunohistochemical staining. In vitro experiments,
real-time polymerase chain reactions and western blotting analysis were used to identify the
specific effects of IL-33 administration. Results: Serum IL-33 levels in patients with asthma were
higher than those in non-allergic controls. Moreover, in asthmatic patients, serum IL-33 levels
were negatively correlated to forced expiratory volume in one second (FEV1, % predicted), and
positively correlated to asthma severity. Increased expression of IL-33 and RBM thickening were
observed on bronchial biopsy specimens obtained from patients with asthma. Serum IL-33
levels were positively correlated to basement membrane thickness. The production of
fibronectin1 and type I collagen in human lung fibroblasts (HLF-1) increased at 24 h after IL-33
treatment in vitro. Pre-treatment with anti-ST2 antibody or fluticasone propionate (FP)
suppressed the production of fibronectin1 and types I collagen induced by IL-33. Conclusions:
IL-33 is a marker of asthma severity, and may contribute to airway remodeling in asthma by
acting on human lung fibroblasts.
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Introduction

Asthma is a chronic inflammatory disorder of the airway wall.

Many cells such as eosinophils, mast cells, Th2 cells and

epithelial cells play important roles through the release of

various mediators during an asthma attack. Interleukin-33

(IL-33) was originally identified as a ‘‘nuclear factor from

high endothelial venules (NF-HEV)’’ expressed in endothelial

cell nuclei [1]. Through IL-33 receptor ST2, IL-33 activates

NF-kappaB and MAP kinases, and drives the production of

pro-inflammatory cytokines IL-5 and IL-13 released from

polarized Th2 cells [2]. Lee et al. [3] reported that anti-IL-33

antibody and sST2 suppressed the IL-33-mediated allergic

airway inflammation in a murine asthma model. These

data highlighted that IL-33 played a crucial rule in air-

way inflammation. Airway remodeling is an important

pathological feature of asthma, including subepithelial fibro-

sis, matrix protein deposition, goblet cell hyperplasia, glan-

dular hypertrophy, hypertrophy of smooth muscle cells and

epithelial injury [4–6]. Previous studies have shown that

human lung fibroblast might contribute to reticular basement

membrane (RBM) thickening in asthma. Human lung fibro-

blast plays an important role in the development of RBM

thickening by altering its phenotype from a quiescent cell into

myofibroblast, and myofibroblast can secrete proinflamma-

tory mediators and extracellular matrix proteins, including

collagens I, III, and V, fibronectin, and so on [7–10].

Many studies showed that the IL-33/ST2 pathway

correlated with asthma severity [11,12], but the mechanism

of the association between IL-33 and asthma severity remains

unclear. We hypothesized that IL-33 could induce airway

remodeling by acting on human lung fibroblasts. Firstly, we

investigated the expression of IL-33 in patients with asthma

and the relationship between IL-33 and asthma severity. Then

we measured the mRNA and protein expression of fibronec-

tin1 and type I collagen fromhuman lung fibroblast cell,

normal (HLF-1) in vitro after IL-33 treatment. These findings

suggested that IL-33 might promote airway remodeling in

asthma and was a marker of asthma severity.
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Methods

Subjects

We recruited 45 patients with asthma (asthma group) from the

Outpatient Clinic of Jinan Military General Hospital, as

defined by Global Initiative for Asthma 2006. None of the

patients had used corticosteroids within 4 weeks before entry.

The other group involved 40 non-allergic controls (control

group) with no signs of allergic diseases or any inflammatory

diseases. Because there was no or less sputum, only 23

patients in the asthma group accomplished sputum eosinophil

count tests. Sputum induction was carried out as previously

described [13]. Sputum samples were collected and Wright–

Giemsa staining was performed within two hours. Results

were expressed as the percentage of eosinophils in the total

nucleated cells count (Table 1). Pulmonary function tests

were performed with a spirometer (Jaeger, Bavaria, Germany)

for forced vital capacity (FVC), forced expiratory volume in

one second (FEV1) and FEV1/FVC (Table 1). Asthma

severity was assessed according to Global Initiative for

Asthma 2006. In this study, based on the clinical manifest-

ations and lung function, asthma severity was classified into

mild severity (Intermittent and Mild Persistent), moderate

severity (Moderate Persistent) and severe severity (Severe

Persistent).

Reagents

Recombinant human IL-33 was purchased from PeproTech

EC Ltd. (London, UK). A monoclonal mouse anti-human

ST2/IL-1 R4 neutralizing antibody (IgG1, Clone 97203) was

purchased from R&D Systems, Inc. (Minneapolis, MN).

Fluticasone propionate (FP) was purchased from Melone

Pharmaceutical Co Ltd. (Dalian, China).

Blood samples and human tissue

This study was approved by the ethics committee of Jinan

Military General Hospital, and informed consent was

obtained from all participating subjects. Venous blood

samples were obtained from 45 patients in the asthma group

and 40 individuals in the control group. Venous blood

samples were centrifuged at 4000g at room temperature for

15 min. Then, the separated serum samples were preserved

at –20 �C till measurements. Bronchial mucosal tissues

were obtained from eight patients in the asthma group and

eight subjects in the control group. Biopsy procedure and

processing were carried out as previously described [14].

Several bronchial mucosa biopsy specimens were obtained

using alligator forceps at the opening of the right upper and

middle lobe. Each specimen was fixed in 10% buffered

formalin solution at room temperature and embedded in

paraffin.

Total IgE and IL-33 levels

Total serum immunoglobulin (IgE) and IL-33 levels of the

two groups were measured with Human IL-33 Quantikine

ELISA Kit (R&D Systems, sensitivity:1.65 pg/ml, assay

range: 6.25–400 pg/ml) and N Latex IgE mono (Siemens,

Munich, Germany) according to the manufacturer’s protocol.

Hematoxylin-eosin staining and
immunocytochemistry

Paraffin-embedded specimens were sectioned at 5 -mm thick-

ness with a microtome, and stained with hematoxylin-eosin

(ZSGB-BIO, Beijing, China). Some specimens were stained

immunohistochemically for IL-33. They were incubated

overnight at 4 �C with a polyclonal rabbit anti-human IL-33

antibody (2 mg/ml, MBL, Nagoya, Japan). After being

washed, sections were incubated with a horseradish peroxid-

ase-conjugated secondary antibody (ZSGB-BIO, Beijing,

China) for 60 min at room temperature. The nuclei were

counterstained with hematoxylin. To confirm specificity of

the IL-33 antibody, normal rabbit serum (ZSGB-BIO,

Beijing, China) was used as negative antibody controls.

Cell culture and treatment

HLF-1 (a gift from Qilu Hospital of Shandong University)

was cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Hyclone, Logan, UT) supplemented with 10%

heat-inactivated fetal bovine serum (FBS, Gibco, Grand

Island, NY), 100 U/ml penicillin and 100 mg/ml streptomycin.

They were then incubated with 5% CO2 at 37 �C. Cells at the

third passage were used for the experiment. Cells were seeded

at 1� 105 cells/well in 6-well culture plates and cultured till

50–60% confluence. The cells were starved in DMEM

containing 5% FBS overnight, and then stimulated with

IL-33 (1 ng/ml, 10 ng/ml or 100 ng/ml) for 24 h. In some

experiments, cells were pretreated for 1 h with a monoclonal

mouse anti-human ST2/IL-1 R4 neutralizing antibody

(10 mg/ml, R&D, Minneapolis, MN) or FP (100 nm, Melone,

China) before stimulation with 100 ng/ml IL-33.

Quantitative real-time PCR

Total RNA was isolated from HLF-1 using the RNAiso

Plus (Takara, Shiga, Japan). cDNA was synthesized using the

PrimeScript� RT reagent Kit (Takara, Shiga, Japan).

Quantification of mRNA levels was performed by real-time

PCR using Roche LightCycler480 and SYBR� Premix Ex

TaqTM II (Takara, Shiga, Japan). Amplification conditions

were 40 cycles of 30 s at 95 �C, 5 s at 95 �C, 20 s at 60 �C.

b-Actin was used as an internal control. Primers were

designed to span an intron and the sequences were as follows

(50 to 30): TGCGTGACATTAAGGAGAAG (b-actin sense),

Table 1. Characteristics of patients.

Asthma group
(n¼ 45)

Control group
(n¼ 40)

Male/Female 24/21 23/17
Age (year) 39.56 ± 5.27 43.55 ± 8.86
Sputum EOS (%) 21(4-50) (n¼ 23) NA
Total IgE (IU/ml) 86.95 (17.8–709)* 31.50 (14–156)
FVC (% predicted) 96.08 ± 18.29 102.37 ± 7.49
FEV1 (% predicted) 64.32 ± 18.33** 86.12 ± 11.47
FEV1/FVC (%) 58.68 ± 17.33** 84.35 ± 12.61

The patients in asthma group were defined by Global Initiative for
Asthma 2006, and allergic diseases or any inflammatory diseases were
excluded in the control group.

*p50.05 versus Controls; **p50.01 versus controls.
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GTCAGGCAGCTCGTAGCTCT (b-actin antisense), GAGC

TATTCCCTGCACCTGATG (fibronectin1 sense), CGTGCA

AGGCAACCACACT (fibronectin1 antisense),

GCCTAGCAACATGCCAATC (types I collagen sense)

GCAAAGTTCCCACCGAGA (types I collagen antisense),

AGGCTTTTCTCTGTTTCCAGTAATCGG (ST2 sense) and

CAGTGACACAGAGGGAGTTCATAAAGTTAGA (ST2

antisense).

Western blot analysis

Cells were rinsed in ice-cold PBS and incubated in RIPA

buffer (Kangchen, Shanghai, China) containing the mini

complete protease inhibitor cocktails (Kangchen, Shanghai,

China) for 15 min on ice. Extracts were clarified at 14 000� g

at 4 �C for 15 min and protein concentration was determined

using the Bradford assay (Solarbio, Beijing, China). Thirty

micrograms of total proteins were resolved on 12% SDS-

PAGE gels (Beyotime, Shanghai, China) and transferred

onto nitrocellulose membranes (Millipore Co., Milford, MA).

The membranes were blocked using 10% skim milk in

PBS. Blots were incubated with a polyclonal rabbit anti-

human fibronectin1 (FN1) antibody (2mg/ml, Proteintech,

Chicago, IL), a polyclonal rabbit anti-human types I collagen

(COL-I) antibody (2 mg/ml, Santa Cruz, CA), a polyclonal

rabbit anti-human b-actin antibody (0.5mg/ml, Bioworld,

Louis Park, MN), or a monoclonal mouse anti-human ST2/

IL-1 R4 neutralizing antibody (1 mg/ml, R&D, Minneapolis,

MN) overnight at 4 �C. Membranes were washed and treated

with an HRP-conjugated polyclonal goat anti-rabbit antibody

(ZSGB-BIO, Beijing, China) or a polyclonal goat anti-mouse

antibody (ZSGB-BIO, Beijing, China) for 1 h at room

temperature. Signal was developed using the ECL Plus kit

(Millipore, Bedford, MA). Densitometric analysis of protein

signal was performed using Quantity One 4.6.2 (BIO-RAD,

Hercules, CA).

Data analyses

All data are expressed as mean ± SE. Differences

between groups were tested by the ANOVA and an unpaired

two-tailed Student’s t-test (SPSS 17.0, SPSS Inc., Chicago,

IL). Differences resulting in p values of less than 0.05 were

considered statistically significant.

Results

Expression of serum IL-33 in asthma patients and its
correlation with FEV1% and asthma severity

To evaluate serum levels of IL-33 in asthma patients, we

performed ELISA using sera of 45 patients in the asthma

group and 40 patients in the control group. The mean serum

IL-33 level of patients with asthma and controls was

903.62 ± 523.78 pg/ml and 158.1 ± 81.74 pg/ml, respectively.

Patients with asthma had significantly higher levels of serum

IL-33 than those of controls (Figure 1A, p50.01). Total IgE

was higher in the asthma group than in the control group

(Table 1, p50.05), and FEV1 (% predicted) was significantly

lower in the asthma group than in the control group (Table 1,

p50.01). Serum levels of IL-33 was significantly correlated

with FEV1 (% predicted) (Figure 1B, rs¼ –0.571, p50.01).

Furthermore, a significant correlation was found between

Figure 1. Expression of serum IL-33 in
asthma patients and its correlation with
FEV1% and asthma severity. (A) Serum IL-
33 level was significantly increased in
patients with bronchial asthma compared to
those in the controls (p50.01). (B) The
correlation between serum level of IL-33 and
FEV1 (% predicted) (rs¼ –0.571,
p50.01). � The correlation between serum
level of IL-33 and asthma severity
(rs¼ 0.691, p50.01). *p50.05 versus
Controls; **p50.01 versus controls.

DOI: 10.3109/02770903.2014.921196 IL-33 is a marker of bronchial asthma severity 865

J 
A

st
hm

a 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
11

/0
1/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



serum level of IL-33 and asthma severity in the asthma group

(Figure 1C, rs¼ 0.691, p50.01). However, the correlation

between serum level of IL-33 and total IgE was not

significant (rs¼ 0.177, p¼ 0.455). Serum level of IL-33

failed to correlate with sputum eosinophils percentage

(EOS%) (rs¼ 0.217, p¼ 0.576).

The high expression of IL-33 in asthma patients

HE staining demonstrated that there were subepithelial

fibrosis, collagen deposition and RBM thickening in patients

with asthma (Figure 2A). IL-33 positive cells were quantified

by densitometry using the Image-Pro Plus6.0 (Media

Cybernetics, Bethesda, MD). The nuclei and (or) the

cytoplasm of epithelia stained in brown indicated IL-33-

positive cells and all measurements were performed by a

pathologist in a blinded manner. The expression of IL-33 was

higher significantly in the epithelium of asthmatic patients

compared with controls (Figure 2B and C, p50.01).

Increased IL-33 expression in asthma patients was
positively correlated with the thickness of RBM

To investigate the relationship between IL-33 and the

thickness of basement membrane, we measured the thickness

of RBM from biopsy specimens stained with HE in the

asthma group (n¼ 8) and the control group (n¼ 8). The

thickness of RBM was assessed as following: RBM thickness

was calculated as area/length of RBM. The area of RBM

(from the base of the bronchial epithelium to the outer limit of

the reticular lamina) and the length of RBM were measured

by a computerized image. The mean values of 3–5 measure-

ments in two stained sections per subject were used for

analysis. All measurements were performed by a pathologist

in a blinded manner. The thickness of RBM was higher in the

asthma group than in the control group (Figure 3A, p50.05).

Furthermore, a correlation was found between the serum level

of IL-33 and the thickness of RBM in the asthma group

(Figure 3B, rs¼ 0.831, p50.05).

IL-33 can stimulate the induction of ST2 in human
lung fibroblast

To detective ST2 expression in HLF-1, we observed the

expression of ST2 by western blot analysis (Figure 4A).

To confirm the expression of ST2 in HLF-1, human

bronchial epithelial cell (BEAS-2B, a gift from Qilu

Hospital of Shandong University) was used as positive

control (Figure 4A) [15]. The presence of ST2 in HLF-1 was

Figure 2. Hematoxylin-eosin and immunohistochemical staining of bronchial mucosal tissues. (A) The thickness of RBM was increased in patients
with asthma. (B) Immunoreactivity for IL-33 was observed not only in the nuclei but also in the cytoplasm of epithelia from patients with asthma

866 Z. Guo et al. J Asthma, 2014; 51(8): 863–869
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further confirmed by qRT-PCR. As shown in Figure 4(B),

the relative mRNA expression of ST2 was increased in

dose–response after IL-33 treatment (Figure 4B). The

findings indicated that IL-33 could stimulate the induction

of ST2 in HLF-1.

IL-33 can promote airway remodeling via ST2 in HLF-1
in vitro

To investigate the functional relationship between IL-33 and

airway remodeling, we assessed the response of HLF-1 to

IL-33 in vitro. When cultured HLF-1 were treated with

1–100 ng/ml IL-33 for 24 h, we found the production of

fibronectin1 and types I collagen were increased (Figures 5

and 6). Firstly, we demonstrated that the mRNA of

fibronectin1 and types I collagen were increased 24 h after

treatment with 10 or 100 ng/ml IL-33 by qRT-PCR

(Figure 5A). Pre-treatment with 10 mg/ml anti-ST2 Ab or

100 nm FP can suppress the mRNA expression of fibronectin1

and types I collagen induced by 100 ng/ml IL-33 (Figure 5B).

Furthermore, as shown in Figure 6, the fibronectin1 and types

I collagen proteins were increased 24 h after 10 or 100 ng/ml

IL-33 treatment (Figure 6A and B). Pre-treatment with

10 mg/ml anti-ST2 Ab or 100 nm FP suppressed the IL-33-

Figure 3. (A) The thickness of RBM ranged
from 2.5 to 10.25 mm (median: 7.17mm) in
the asthma group and 1.21 to 6.15 mm
(median: 3.29 mm) in the control group. Bold
lines represent median. (B) The correlation
between serum level of IL-33 and the thick-
ness of RBM of eight patients in the asthma
group (rs¼ 0.831, p50.05). *p50.05 versus
controls.

Figure 4. Expression of ST2 in HLF-1
in vitro. (A) The constitutive expression of
ST2 in HLF-1 (human bronchial epithelial
cell as a positive control). (B) The relative
mRNA expression of ST2 by HLF-1 exposed
to IL-33 in dose response. Error bars repre-
sent mean ± SE; n¼ 3 of different experi-
ments. **p50.01 versus controls.

Figure 5. The relative mRNA expression of FN1 and COL-I in cultured HLF-1 in vitro. (A) The relative mRNA of FN1 and COL-I were increased 24 h
after treatment with 10 or 100 ng/mL IL-33. (B) Pre-treatment with 10mg/ml anti-ST2 Ab or 100 nm FP inhibited the IL-33-mediated mRNA
expression of FN1 and COL-I. Error bars represent mean ± SE; n¼ 3 of different experiments. **p50.01 versus Controls; *p50.05 versus controls.

DOI: 10.3109/02770903.2014.921196 IL-33 is a marker of bronchial asthma severity 867
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mediated protein expressions of fibronectin1 and types I

collagen (Figure 6C).

Discussion

IL-33 is produced early during the allergic inflammatory

process and induces Th2 activation through type 2 innate

lymphoid cells, which express IL-13 and IL-4 and promote

type-2 immune activity [2]. Serum IL-33 level has previously

been demonstrated to be elevated in asthmatic patients

[12,16]. Moreover, as reported in other organs, bronchial

epithelium is an important IL-33 reservoir in the lung [16].

Such results are in accordance with our findings of increased

IL-33 levels in asthmatic patients and increased IL-33-

immunoreactivity in the epithelium. However, unlike previous

results [17], we showed that IL-33-immunoreactivity was

present not only in the nuclei but also in the cytoplasm of

epithelium from patients with asthma.

A positive correlation was observed between serum level

of IL-33 and asthma severity. This finding is supported by

recent reports of the association between IL-33 level in

airway smooth muscle cells or induced sputum and disease

severity [12,18]. Pulmonary function is one of the most

objective factors in the criteria of asthma severity in Global

Initiative for Asthma 2006. Our data indicated that the

positive correlation between IL-33 and asthma severity was

depended on the negative correlation between IL-33 and

pulmonary function. There has been evidence from experi-

mental models that IL-33 stimulates differentiation of

eosinophils [19–21], function of mast cells [22], expansion

of IL-13-producing type 2 innate lymphoid cells [23], airway

hyper-responsiveness and bronchoconstriction. However, con-

sistent with another previous study [24], we failed to observe

any correlation among sputum EOS%, total IgE and serum

level of IL-33. These findings indicated that IL-33 promoted

decreased pulmonary function by other pathways.

Airway remodeling is an important feature of asthma. The

thickened bronchial epithelial basement membrane is a

histopathologic characteristic of asthma. Our histological

findings in this study were in agreement with the results in

asthmatic patients in terms of degree of sub-epithelial

fibrosis, collagen deposition and RBM thickness [7,25].

The thickness of RBM is resulted from the increased

deposition of types I, III, and V collagens and fibronectin

[7,26,27], and correlated with FEV1 and disease severity [28–

31]. In addition, Saglani et al. [32] found that IL-33 promoted

RBM thickening in children with severe therapy-resistant

asthma. Therefore, we further hypothesized that IL-33 might

promote RBM thickening and airway remodeling in asthma.

To confirm the correlation between IL-33 and RBM

thickness, we assessed the response of HLF-1 to IL-33

in vitro. Unlike the results obtained in adults [32], we found

that IL-33 induced the production of fibronectin1 and types I

collagen from HLF-1 in vitro. Moreover, our data also showed

that ST2 was constitutively stimulated by IL-33 in a dose-

dependent manner in HLF-1. In addition, the production of

fibronectin1 and types I collagen were markedly blocked by

anti-ST2 Ab. These findings suggested that IL-33 acted its

function on airway remodeling via ST2 in HLF-1.

Interestingly, pre-treatment with FP similarly suppressed

the production of fibronectin1 and types I collagen induced

by IL-33 treatment. The absence of a-smooth muscle actin

release and myofibroblast phenotype after IL-33 stimulation

[32] likely explained that the effect of IL-33 in remodeling

is reversible. Therefore, early intervention is critical to

asthma control.

In summary, we showed that IL-33 was a marker of asthma

severity. IL-33 may promote airway remodeling in asthma by

Figure 6. The relative protein expression of FN1 and COL-I in cultured HLF-1 in vitro. (A) Western blot analyses for FN1 and COL-I in cultured HLF-
1 in vitro. (B) The relative proteins of FN1 and COL-I were significantly increased 24 h after IL-33 treatment. (C) Pre-treatment with 10mg/ml anti-ST2
Ab or 100 nm FP significantly inhibited the IL-33-mediated expression of FN1 and COL-I proteins. Error bars represent mean ± SE; n¼ 3 of different
experiments. **p50.01 versus Controls; *p50.05 versus controls.
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acting on human lung fibroblasts. The IL-33/ST2 signaling

pathway might be a therapeutic target that specifically

attenuates airway remodeling in asthma.
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