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Abstract

Objective. The IL-33/ST2 axis has been extensively investigated in
type 2 eosinophilic inflammation. Here, we aimed to investigate
the role of the IL-33/ST2 axis in neutrophil-dominant allergic
airway inflammation. Methods. House-dust mite (HDM) extract
and lipopolysaccharide (LPS) were administered to establish a
murine model of neutrophil-dominant allergic airway
inflammation. The formation of neutrophilic extracellular traps
(NETs) in the lung tissues was demonstrated by
immunofluorescence imaging. Mature IL-33 in bronchoalveolar
lavage fluid (BALF) was detected by Western blotting. The
neutrophilic chemokine KC produced by bone marrow-derived
macrophages (BMDMs) or primary alveolar epithelial cells was
measured with a commercial ELISA kit. Results. In the present
study, we observed neutrophilic inflammation and tight junction
damage in the lungs of mice sensitised with HDM and LPS.
Furthermore, sensitisation with HDM and LPS resulted in the
formation of NETs, accompanied by increased levels of mature IL-
33 in the BALF. Moreover, LPS damaged the epithelial tight
junction protein occludin directly or indirectly by inducing NET
formation. Surprisingly, IL-33 deficiency augmented neutrophilia
and epithelial barrier injury in the lungs of mice after sensitisation
with HDM and LPS. Similarly, the absence of ST2 exacerbated the
neutrophilic inflammatory response, decreased the expression of
occludin and exacerbated the severity of neutrophil-dominant
allergic airway inflammation in an HDM/LPS-induced mouse
model. Mechanistically, BMDMs and alveolar epithelial cells from
IL-33- or ST2-deficient mice tended to produce higher levels of the
neutrophilic chemokine KC. Conclusions. These results
demonstrated that the IL-33/ST2 axis may play a protective role in
neutrophil-dominant allergic airway inflammation.
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INTRODUCTION

Allergic asthma is a common respiratory disease
characterised by airway inflammation, airway
remodelling and airway hyperresponsiveness. It
has been reported that distinct inflammatory
patterns of eosinophilic, mixed, neutrophilic and
paucigranulocytic cells can be seen in the airways
of asthmatic patients.1 Neutrophilic inflammation
presents in approximately half of the patients
with asthma who are poorly responsive to
corticosteroid therapy and is associated with more
severe asthma.1–3

In response to inflammatory stimuli, neutrophils
undergo specific cell death and form web-like
structures called neutrophilic extracellular traps
(NETs).4 NETs are composed of chromatin
complexes of cell-free DNA and citrullinated
histones decorated with neutrophilic granular
proteins, such as neutrophilic elastase (NE) and
myeloperoxidase (MPO).4 NETs play an important
role in host defence, and these structures are also
associated with tissue damage.5 Several recent
studies have revealed that NETs, which are
associated with disease severity, are increased in a
subset of patients with severe asthma.6,7

The airway epithelium is the first physical
barrier that protects against inhaled allergens and
pathogens. Various environmental factors and
inflammatory cytokines can impair the airway
epithelial barrier.8–10 Meanwhile, increased
damage might allow more allergens, microbes
and pollutants to penetrate the epithelium, which
results in activation of the immune system and
the development and exacerbations of asthma.10

Several recent studies have revealed that the
barrier function of epithelium and tight junction
(TJ) molecule expression are impaired in
asthma.11–13 Subsequently, bulk plasma proteins
leak through the microvascular–epithelial barrier
in asthmatic patients, which is especially
pronounced in patients with severe and
exacerbating asthma.14

Interleukin-33 (IL-33) is a chromatin-associated
nuclear cytokine from the IL-1 family that is
normally released by damaged or necrotic barrier
cells, including endothelial and epithelial cells,
functioning as an alarmin.15,16 It has been
demonstrated that inflammatory proteases from
neutrophils can process full-length IL-33 into
shorter mature forms that are 10- to 30-fold more
potent than the full-length form in activating
target cells.17,18 IL-33 exerts its cytokine effects by

binding to its receptor ST2 (suppression of
tumorigenicity 2), which results in the activation
of intracellular signalling pathways.16 The IL-33/
ST2 axis has been found to play a vital role in
type 2 response. Serum levels of sST2 (soluble ST2,
a decoy receptor for IL-33) are significantly
increased in lung diseases characterised by
neutrophilic inflammation (e.g. chronic
obstructive lung disease and pneumonia)19,20 and
are associated with the severity and exacerbation
of asthma.21,22 However, the role of the IL-33/ST2
axis in neutrophil-dominant allergic airway
inflammation remains unclear. In the present
study, we demonstrated that IL-33/ST2 deficiency
can augment neutrophilic inflammation and
epithelial barrier damage in a murine model of
HDM/LPS-induced neutrophil-dominant allergic
airway inflammation, suggesting that the IL-33/
ST2 axis may have a protective function in a
subset of cases of severe asthma with neutrophilic
airway inflammation.

RESULTS

HDM/LPS induced airway inflammation and
injured the epithelial barrier

The environmental allergen HDM is an important
cause of allergic inflammation in asthma, and LPS
exposure is associated with the severity and
exacerbation of asthma.23,24 Moreover,
coexposure to HDM and LPS has been used to
establish neutrophil-dominated airway
inflammation models that simulate severe
asthma.25,26 Accordingly, we developed a murine
model of neutrophil-dominant allergic airway
inflammation in which mice were sensitised by
coexposure to HDM and LPS for 3 days followed
by the rest for 4 days and then challenged by
HDM alone for 8 days (Figure 1a). As shown in
Figure 1b and c, the levels of total IgE and HDM-
specific IgE in serum were drastically higher in the
severe group (sensitised with HDM and LPS) than
in the common group (sensitised with HDM
alone). Similarly, lung histological analysis showed
increased inflammatory cell infiltration (Figure 1d)
and goblet cell hyperplasia (Figure 1e) in the
lungs of mice treated with HDM/LPS. Meanwhile,
the TJ protein occludin, which contributes to TJ
stabilisation and optimal barrier function,27 was
significantly decreased in the lungs of mice
treated with HDM/LPS (Figure 1f and g). In
addition, the expression of another TJ protein
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family member,28 claudin-3, was upregulated in
the lungs of mice treated with HDM alone but
decreased in mice treated with HDM/LPS
(Figure 1f). However, the expression of claudin-4
in the lung was comparable among the three
groups (Figure 1f). Collectively, these results
indicated that HDM and LPS induced elevated
airway inflammation and damaged lung epithelial
tight junctions in a murine model of neutrophil-
dominant allergic airway inflammation.

HDM and LPS augmented neutrophilic
inflammation and induced NET formation
during the sensitisation phase

To further address the roles of HDM and LPS at
the early stage of allergic airway inflammation

development, mice were sensitised with HDM and
LPS, HDM alone or PBS as a vehicle control for
3 days and sacrificed after 24 h (Figure 2a). After
sensitisation, the number of total inflammatory
cells in the airways of HDM/LPS-treated mice was
significantly increased, primarily attributed to the
recruitment of neutrophils instead of eosinophils
(Figure 2b). In addition to elevated neutrophilic
inflammation, the transcript level of neutrophilic
chemokine KC and the protein level of monocyte
chemokine MCP-1 were increased in the lungs of
HDM/LPS-treated mice (Figure 2c). In addition, the
levels of the proinflammatory cytokines IL-1b,
TNF-a and IL-6 were higher in the lungs of HDM/
LPS-treated mice, although the difference in TNF-a
levels was not statistically significant (Figure 2e).
In contrast, the levels of the eosinophilic

Figure 1. Neutrophilic inflammation and impaired tight junctions in HDM/LPS-induced neutrophil-dominant allergic airway inflammation model.

Shown are representative results from two independent experiments with 3, 4 or 5 mice per group. (a) Schematic diagram of the murine model

protocol. Mice were treated with HDM/LPS, HDM or PBS via oropharyngeal aspiration (OPA) during sensitisation, followed by HDM or PBS

challenge. (b, c) The levels of total IgE (b) and HDM-IgE (c) in the serum were measured by ELISA. (d) Representative images of histological lung

sections stained with haematoxylin and eosin (H&E) to evaluate the infiltration of inflammatory cells. (e) Representative images of histological

lung sections stained with periodic acid–Schiff (PAS) to analyse goblet cell hyperplasia. (f) Tight junction protein (occludin, claudin-3 and claudin-

4) expression was measured by Western blotting, and the repeated results were confirmed by greyscale analysis. (g) Representative images of

immunohistochemical staining for occludin expression in the lung. Original magnification 4009; scale bar, 50 lm. Bar graphs and data are

presented as the mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. ns, not significant.
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chemokine eotaxin (Figure 2c) and the type 2
inflammation-related cytokine IL-13 (Figure 2d)
were not changed. The exacerbated lung
inflammation in HDM/LPS-sensitised mice was
further demonstrated by lung histological analysis
(Figure 2f).

Previous studies have reported that introducing
LPS into the mouse airway could induce NET
formation.26,29 NETs can be identified by

colocalisation of cell-free DNA, citrullinated
histone H3 (cit-Histone3) and myeloperoxidase
(MPO) using immunofluorescence microscopy. As
shown in immunofluorescence images (Figure 2g),
NETs could be observed in the lungs of HDM- and
LPS-treated mice but not PBS- or HDM-treated
mice. Similarly, cit-Histone3 in the BALF of
coexposed mice was significantly elevated
(Figure 2h). Together, these above findings

Figure 2. HDM and LPS potentiated neutrophilic inflammation and NET formation during sensitisation. Shown are representative results from

two independent experiments with 3, 4 or 5 mice per group. (a) Scheme of allergen sensitisation model protocol. The mice were treated with

HDM/LPS, HDM or PBS and were sacrificed at day 3. (b) The numbers of total cells, neutrophils (Neu) and eosinophils (Eos) in bronchoalveolar

lavage fluid (BALF) were determined by flow cytometry. (c) The mRNA level of neutrophilic chemokine (KC) and the protein levels of monocyte

chemokine (MCP-1) and eosinophilic chemokine (eotaxin) in the lung were evaluated by qPCR and ELISA respectively. (d) The level of IL-13 and

(e) the levels of inflammatory cytokines (IL-1b, TNF-a and IL-6) in the lung were evaluated by ELISA. (f) Representative images of histological lung

sections stained with H&E for evaluating infiltration of inflammatory cells; original magnification 4009; scale bar, 50 lm. (g) Neutrophilic

extracellular traps (NETs) in the lung were identified as costained with DAPI (blue), cit-Histone3 (green) and MPO (red) and observed by confocal

microscopy; original magnification 6309; scale bar, 10 lm. (h) Cit-Histone3 was measured by Western blotting and Ponceau S staining as a

loading control to assess the level of NETs in the BALF; N.D, not detected. Bar graphs and data are presented as the mean � SD. **P < 0.01,

***P < 0.001 and ****P < 0.0001. ns, not significant.
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suggested that coexposure to allergens and LPS
during sensitisation resulted in augmented
neutrophilic inflammation and NET formation.

Impaired lung epithelial barrier function
and elevated IL-33 maturation occurred at
the early stage of the neutrophil-dominant
allergic airway disease

Given that epithelial barrier function may be
associated with allergen permeation, which may
subsequently affect the development of asthma,
we next examined whether lung epithelial barrier
function was damaged after sensitisation with the
combination of HDM and LPS. Total protein levels
in the BALF of HDM/LPS-treated mice were
increased (Figure 3a), which reflected elevated
lung epithelial permeability. To study this further,
fluorescein isothiocyanate–dextran 4 (FITC–dextran
4, FD4) was intratracheally instilled into mouse
airways, and an hour later, serum was collected to

determine the leakage of FD4 from airways to
blood vessels. As expected, compared with the
PBS control group, the fluorescence intensity of
FD4 in the serum of the HDM/LPS group was
higher, whereas a statistically significant increase
was not observed in the HDM-alone-treated
group (Figure 3b). In addition, the expression of
occludin was reduced in the lung tissues from
mice sensitised with HDM and LPS, as evidenced
by Western blotting analysis (Figure 3c) and
further demonstrated by immunohistochemistry
(Figure 3d).

Lipopolysaccharide stimulation can trigger lung
epithelial cells to release alarmin IL-33, which
plays an important role in asthma.30 In our study,
however, lung IL-33 levels were comparable
between the HDM/LPS and HDM-alone groups
(Figure 3e). As the cytokine activity of the mature
form of IL-33 was more potent than that of the
full-length form, mature form IL-33 expression in
BALF was detected by Western blotting. As shown

Figure 3. HDM and LPS promoted tight junction injury and IL-33 maturation during allergen sensitisation. Shown are representative results from

two independent experiments with 3 or 5 mice per group. (a) Total protein contents in BALF were determined by the Bradford protein assay. (b)

The fluorescence intensity of fluorescein isothiocyanate–dextran (FD4) in the serum was determined to assess pulmonary epithelial permeability.

(c) The expression of tight junction protein (occludin) was measured by Western blotting. (d) Representative images of immunohistochemical

staining for analysis of occludin expression; original magnification 4009; scale bar, 50 lm. (e) The level of IL-33 (containing both the full-length

form and the mature form) in the lung was detected by ELISA. (f) The level of the mature form of IL-33 in BALF was measured by Western

blotting, and Ponceau S stain was used as a loading control. Bar graphs and data are presented as the mean � SD. *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001. ns, not significant.
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in Figure 3f, combination treatment with HDM
and LPS caused significantly higher levels of the
mature form of IL-33 in BALF than in PBS or HDM
alone. Thus, these findings revealed that
coexposure to allergens and LPS may damage
lung epithelial barrier function and promote IL-33
maturation at the early stage of neutrophil-
dominant allergic airway disease development.

LPS and NETs decreased the epithelial cell
tight junction protein occludin in vitro

Previous data confirmed that lung epithelial
barrier function injury occurred after allergen
sensitisation in the presence of LPS. In vitro, we
stimulated the murine lung epithelial cell line

MLE-12 with LPS to explore whether LPS could
damage lung epithelial tight junctions directly. As
shown in Figure 4a, LPS reduced the expression of
occludin on lung epithelial cells. To further
decipher the molecular mechanisms, we detected
the activation level of NF-jB in MLE-12 cells
following LPS stimulation. We found that NF-jB
was activated in LPS-treated MLE-12 cells within a
short time (Figure 4b). As expected, the
deleterious effects of LPS on MLE-12 cell tight
junctions could be rescued by an inhibitor of NF-
jB (Figure 4c). Similarly, LPS decreased occludin
expression in the human bronchial epithelial cell
line 16HBE by activating NF-jB signalling
(Figure 4d–f). In short, the above results indicated
that LPS exposure directly decreased lung

Figure 4. LPS damaged the tight junctions of lung epithelial cells directly via NF-jB signalling. (a) Occludin expression in MLE-12 cells treated

with different doses of LPS for 24 h was measured by Western blotting (n = 5). (b) MLE-12 cells were treated with LPS (1 lg mL�1) for 15, 30 or

60 min, and the levels of NF-jB and p-NF-jB were analysed by Western blotting (n = 4). (c) MLE-12 cells were pretreated with an inhibitor of

NF-jB (BAY, 10 lM) for 60 min followed by stimulation with LPS (1 lg mL�1) for 24 h, and the expression of occludin was analysed by Western

blotting (n = 6). (d) Occludin expression in 16HBE cells treated with different doses of LPS for 24 h was measured by Western blotting (n = 6).

(e) 16HBE cells were treated with LPS (10 lg mL�1) for 15, 30 or 60 min, and the levels of NF-jB and p-NF-jB were analysed by Western

blotting (n = 4). (f) 16HBE cells were pretreated with an inhibitor of NF-jB (BAY, 10 lM) for 60 min followed by stimulation with LPS

(10 lg mL�1) for 24 h, and the expression of occludin was analysed by Western blotting (n = 5). Bar graphs and data are presented as the

mean � SD. *P < 0.05 and **P < 0.01. ns, not significant.
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epithelial cell tight junction protein occludin via
the NF-jB signalling pathway.

As NETs developed in the mice treated with
HDM and LPS (Figure 2g and h), we then
addressed whether LPS could induce NET
formation and subsequently result in tight
junction disorder. To verify this possibility, mouse
bone marrow neutrophils were stimulated with
LPS in serum-free culture media, and NET
formation was observed by confocal macroscopy.
In line with some previous studies,31 LPS alone
was able to induce NET formation in vitro
(Figure 5a and b). Furthermore, we exposed MLE-
12 cells to NET-rich supernatant for 24 h and
found that occludin expression on epithelial cells
was decreased (Figure 5c). Considering that the
decrease in tight junction proteins may be
attributed to NET-associated proteases, we
evaluated whether inhibitors of neutrophilic
elastase (NE) or MMP-9 could rescue occludin
expression. Of note, the reduction in occludin
expression in MLE-12 cells could be largely
rescued by pretreating NET-rich supernatant with
the inhibitor of NE (sivelestat) but not with the
inhibitor of MMP-9 (MMP-9-IN-1) (Figure 5d and
e). Together, the above results suggested that
NETs could damage the murine lung epithelial cell
tight junction protein occludin in vitro. To further
verify these findings in human lung epithelial
cells, 16HBE, A549 and H1975 cells were treated
with NET-rich media induced from human blood
neutrophils. Unexpectedly, occludin expression
was upregulated in 16HBE cells by NETs
(Figure 5f). In contrast, the effects of NETs on
A549 and H1975 cells were consistent with MLE-12
cells (Figure 5g and h). Likewise, sivelestat and
MMP-9-IN-1 were used to investigate whether the
effect of NETs on 16HBE and A549 cells relied on
elastase or MMP-9. However, neither sivelestat
nor MMP-9-IN-1 restored occludin expression
(Figure 5i–l). Taken together, these findings
indicated that NET formation following LPS
exposure could disrupt tight junction protein
expression in lung epithelial cells.

IL-33 deficiency aggravated airway
neutrophilic inflammation and promoted
lung epithelial barrier injury during
allergen sensitisation

As evidenced by the above findings, the mature
form IL-33 contents in the BALF were significantly
higher after sensitisation with the combination of

allergen HDM and LPS (Figure 3f). To explore the
role of IL-33 in the development of neutrophil-
dominant allergic airway disease, we used HDM
and LPS coexposure models for 3 days by
oropharyngeal aspiration in wild-type (WT) and
IL-33-deficient mice. Unexpectedly, neutrophilic
chemokine KC expression was elevated in the
lungs, especially in the BALF of IL-33-deficient
mice treated with HDM and LPS (Figure 6a).
Accordingly, the numbers of neutrophils in the
BALF of HDM/LPS-coexposed IL-33-deficient mice
were significantly increased (Figure 6b). In
contrast, eosinophilic counts were increased
slightly without statistical significance (Figure 6b).
In addition, lung histological analysis revealed
aggravated pulmonary inflammation in IL-33-
deficient mice compared with their WT
counterparts (Figure 6c).

We next examined whether lung epithelial
barrier function was further deteriorated in IL-33-
deficient mice. IL-33-deficient mice sensitised with
HDM and LPS displayed increased lung epithelial
permeability, as shown by the higher total protein
contents in the BALF (Figure 6d). Similarly, further
reduced expression of occludin was observed in
the lungs of IL-33-deficient mice by
immunohistochemistry analysis (Figure 6e). In
contrast, the expression of MMP-9, known to
damage the airway epithelial barrier, was
elevated in IL-33-deficient treated mice
(Figure 6f). Overall, our findings indicated that IL-
33 deficiency may accentuate pulmonary
inflammation in the development of neutrophil-
dominant allergic airway disease, accompanied by
worse epithelial barrier function.

ST2 deficiency augmented lung neutrophilic
inflammation and tight junction damage in
a murine model of neutrophil-dominant
allergic airway disease

Although IL-33 generally exerts its cytokine
activity by combining with its receptor ST2,
several studies have revealed that the full-length
form of IL-33 located in the nucleus may function
in an ST2-independent manner.32 To further
decipher the role of the IL-33/ST2 axis in
neutrophil-dominant allergic airway disease, we
developed a murine model of neutrophil-
dominant allergic airway inflammation in WT
and ST2-deficient mice. We found that ST2
deficiency increased airway hyperresponsiveness
and total serum IgE in the present neutrophil-
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Figure 5. LPS damaged the tight junctions of lung epithelial cells indirectly by inducing NET formation. (a, b) NETs induced by LPS (1 lg mL�1)

in vitro were detected by immunofluorescence and identified as costained (dotted box) with DAPI (blue), (a) Cit-Histone3 (green) or (b) elastase

(green) and MPO (red) (n = 3); original magnification 6309 (top); scale bar, 10 lm; zoomed in 49 (bottom). (c) Occludin expression in MLE-12

cells cultured with various proportions of NET-rich media was analysed by Western blotting (n = 5). (d, e) Inhibition assays were performed using

the inhibitor of (d) elastase (sivelestat, 500 nM)- or (e) MMP-9 (MMP-9-IN-1, 50 lM)-pretreated NET-rich media, and occludin expression was

determined by Western blotting (n = 4). (f–h) Occludin expression in (f) 16HBE, (g) A549 or (h) H1975 cells cultured with various proportions of

NET-rich media was analysed by Western blotting (n = 6). (i, j) 16HBE cells were stimulated with inhibitor of (i) elastase (sivelestat, 500 nM)- or

(j) MMP-9 (MMP-9-IN-1, 50 lM)-pretreated NET-rich media, and occludin expression in cells was determined by Western blotting (n = 3). (k, l)

A549 cells were stimulated with the inhibitor of (k) elastase (sivelestat, 500 nM)- or (l) MMP-9 (MMP-9-IN-1, 50 lM)-pretreated NET-rich media,

and occludin expression in cells was determined by Western blotting (n = 3). Bar graphs and data are presented as the mean � SD. *P < 0.05,

**P < 0.01 and ***P < 0.001. ns, not significant.
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dominant allergic airway inflammation (Figure 7a
and b). Furthermore, the production of the
chemokine KC was elevated in both the BALF
and the lungs of ST2-deficient mice (Figure 7c).
In addition, ST2 deficiency aggravated the
inflammatory response in the lungs, as shown by
histological analysis, consistent with the impact
of IL-33 deficiency during sensitisation, whereas
goblet cell hyperplasia and mucus secretion were
comparable between HDM/LPS-treated WT and
ST2-deficient mice (Figure 7d). Moreover,
occludin expression was reduced, accompanied by
increased MMP-9 expression in the lungs of ST2-
deficient mice (Figure 7e). In summary, these
results implied that IL-33/ST2 axis deficiency had
a harmful impact on lung inflammation and the
epithelial barrier.

IL-33/ST2 axis deficiency promoted
neutrophilic infiltration via upregulated
KC and CXCR2

Herein, we demonstrated that the absence of IL-
33 or ST2 augmented neutrophilic inflammation
accompanied by the elevation of chemokine KC
expression in the BALF and lungs of mice treated
with HDM and LPS. KC is reportedly expressed by
macrophages and epithelial cells.33 Therefore, we
explored whether the expression of KC in bone
marrow-derived macrophages (BMDMs) from WT
and IL-33- or ST2-deficient mice was different.
Interestingly, BMDMs from IL-33- or ST2-deficient
mice displayed higher levels of KC mRNA and
protein expression (Figure 8a). Primary alveolar
epithelial cells isolated from the lungs were

Figure 6. IL-33 deficiency aggravated airway neutrophilic inflammation and promoted lung epithelial barrier injury during allergen sensitisation.

Wild-type (WT) mice were treated with HDM/LPS, HDM or PBS, and IL-33-deficient (IL-33�/�) mice were sensitised with HDM/LPS. Mice were

sacrificed at day 3. Shown are representative results from 2 independent experiments with 3, 4 or 5 mice per group. (a) KC contents in the BALF

and lung were determined by ELISA. (b) Numbers of neutrophils (Neu) and eosinophils (Eos) in the BALF were measured by flow cytometry. (c)

Representative images of histological lung sections stained with H&E for evaluating infiltration of inflammatory cells. (d) Total protein contents in

BALF were determined by the Bradford protein assay for analysis of lung epithelial barrier injury. (e) Representative images of

immunohistochemical staining for occludin expression in the lung. (f) The expression of MMP-9 in the lung was determined by Western blotting.

Original magnification 4009; scale bar, 50 lm. Bar graphs and data are presented as the the mean � SD. *P < 0.05, **P < 0.01 and

****P < 0.0001. ns, not significant.
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proven to be of high purity (Figure 8b). Similarly,
the protein level of KC in the supernatant of
cultured IL-33- or ST2-deficient alveolar epithelial
cells and the mRNA level in cells were higher than
those of their WT counterparts (Figure 8c). To
further validate the findings, IL-33 expression in
16HBE cells was silenced with a CRISPR/Cas9/
sgRNA complex plasmid. Accompanied by IL-33
reduction (Figure 8d), the mRNA level of
neutrophilic chemokine CXCL1 (also known as KC
in mice) was upregulated (Figure 8e). It has been
reported that CXCL1 can be regulated by NF-jB.34

To elucidate the molecular mechanism of KC
upregulation in IL-33/ST2 axis-deficient cells, the
activation level of NF-jB was analysed. However,
there were no differences in the level of p-NF-jB
in BMDMs (Figure 8f) or the nuclear translocation
of NF-jB in primary alveolar epithelial cells
(Figure 8g) between the WT and IL-33/ST2 axis-
deficient groups. Since the IL-33/ST2 axis may
regulate neutrophilic chemotaxis by regulating C-
X-C chemokine receptor type 2 (CXCR2) on the

surface of neutrophils,35 we next analysed CXCR2
expression on both peripheral blood and BALF
neutrophils of mice that were exposed to LPS for
24 h. The frequencies of CXCR2 expression on
blood neutrophils and the mean fluorescence
intensity (MFI) of CXCR2 on BALF neutrophils
were upregulated in IL-33-deficient mice
(Supplementary figure 1, Figure 8h and i).
Additionally, CXCR2 expression on ST2-deficient
neutrophils tended to rise, although the
difference was not statistically significant
(Figure 8h and i). These findings suggested that
IL-33/ST2 axis deficiency might augment
neutrophilia in vivo by upregulating KC secretion
from macrophages and epithelial cells and CXCR2
expression on neutrophils.

DISCUSSION

Allergic asthma is a chronic respiratory disease
with marked airway inflammation heterogeneity,
and neutrophilic airway inflammation presents in

Figure 7. ST2 deficiency augmented lung neutrophilic inflammation and tight junction damage in a murine model of neutrophil-dominant

allergic airway disease. WT and ST2-deficient (ST2�/�) mice were sensitised with HDM/LPS and challenged with HDM, and WT mice were treated

with PBS during both sensitisation and challenge as a control group. Shown are representative results from 2 independent experiments with 3, 4,

5, 7 or 10 mice per group. (a) Resistance of the respiratory system (Rrs) was measured in the presence of ascending doses of inhaled

acetylcholine. (b) The level of total IgE in the serum was measured by ELISA. (c) KC contents in the BALF and lung were determined by ELISA.

(d) Representative images of histological lung sections stained with H&E for evaluating infiltration of inflammatory cells and with PAS to analyse

goblet cell hyperplasia; original magnification 4009; scale bar, 50 lm. (e) The expression levels of occludin and MMP-9 were determined by

Western blotting. Bar graphs and data are presented as the mean � SD. *P < 0.05, **P < 0.01 and ****P < 0.0001 vs WT/control; #P < 0.05,
##P < 0.01 vs WT/HDM+LPS.

2021 | Vol. 10 | e1300

Page 10

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

IL-33/ST2 suppress neutrophil-dominant allergic airway inflammation Q Ma et al.



Figure 8. IL-33- or ST2-deficient BMDMs and lung epithelial cells were more proinflammatory. Shown are representative results from two

independent experiments with 3 or 7 mice per group. (a) BMDMs were cultured from WT and IL-33-deficient (IL-33�/�) or ST2-deficient (ST2�/�)
mice. KC mRNA levels in cells and protein levels in their culture supernatant were measured by qPCR and ELISA respectively. (b) Expression of

pro-SPC on isolated primary alveolar epithelial cells was determined by immunofluorescence to assess the purity of the cells; original

magnification 4009 (top); scale bar, 50 lm. (c) Primary alveolar epithelial cells were isolated and cultured from WT and IL-33�/� or ST2�/� mice.

KC mRNA levels in cells and protein levels in their culture supernatant were measured by qPCR and ELISA respectively. (d, e) 16HBE cells were

transfected with human IL-33 sgRNA CRISPR/Cas9 All-in-One Lentivector or blank vector plasmids for 72 h. (d) The protein level of IL-33 in

transfected 16HBE cells was analysed by Western blotting, (e) and the mRNA level of CXCL1, known as KC in mice, was detected by qPCR

(n = 3/group). (f) Expression of p-NF-jB and NF-jB was determined by Western blotting in untreated BMDMs from WT, IL-33�/� and ST2�/�

mice. (g) The expression and location of NF-jB were analysed by immunofluorescence in untreated WT, IL-33�/� and ST2�/� primary alveolar

epithelial cells. (h, i) Blood and BALF cells were collected after the mice were intratracheally treated with 10 lg LPS for 24 h. (h) Frequencies of

CXCR2 expression in circulating neutrophils (i) and mean fluorescence intensity (MFI) of CXCR2 expression in BALF neutrophils were analysed by

flow cytometry. Bar graphs and data are presented as the mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. ns, not

significant.
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approximately 50% of patients with severe
asthma.1,2 Recently, evidence emerged indicating
that the IL-33/ST2 axis, which has largely been
studied in the setting of eosinophilic and type 2
asthma, may inhibit neutrophilic inflammation in
some contexts.36,37 However, the role of the IL-33/
ST2 axis in neutrophil-dominant allergic airway
inflammation remains elusive. Here, we showed
that airway exposure to HDM and LPS promoted
the pulmonary neutrophilic inflammatory
response and damaged epithelial barrier function.
Moreover, these alterations occurred as early as
the sensitisation period alongside increased NET
formation and IL-33 maturation. Of importance,
IL-33/ST2 deficiency amplified neutrophilic
inflammation and epithelial barrier injury and
further augmented the severity of neutrophil-
dominant allergic airway inflammation
characterised by elevated airway
hyperresponsiveness and higher total IgE levels.

Once the integrity of barrier function is
damaged, more inhaled allergens or other
environmental pollutants may be allowed to
penetrate the epithelium. Several documents have
revealed tight junction disorders in asthmatic
airways.9,10,12,13 Accordingly, we observed the
presence of epithelial barrier injury characterised
by decreased occludin expression in the HDM/LPS-
induced allergic airway disease model, along with
dramatically increased total IgE associated with
the severity of allergic airway inflammation.
Similarly, occludin expression was further
decreased in HDM/LPS-treated ST2-deficient mice,
accompanied by increased airway
hyperresponsiveness and even higher total IgE
levels. Therefore, the epithelial barrier injury
present in asthmatic airways may be associated
with the severity of asthma.

Neutrophilic extracellular traps have recently
been associated with severe asthma, as reported
that NET components could be detected in a
subset of severe asthma cases and are related to
the severity of disease.7,38 Given that neutrophilic
proteases (such as neutrophilic elastase and MMP-
9) decorated on NETs can degrade tight junction
proteins,39 NETs may be implicated in severe
asthma pathogenesis by disrupting lung epithelial
tight junctions. Accordingly, we observed that
NETs were increased in the lungs of mice
sensitised with HDM and LPS in the present study.
Moreover, occludin expression on lung epithelial
cells was decreased by NETs in vitro and restored
by inhibiting the activity of elastase instead of

MMP-9. However, MMP-9 was reported to
modulate tight junction integrity in human airway
epithelial cells.39 Additionally, our in vivo
experiments showed that MMP-9 expression was
significantly upregulated in the HDM/LPS-treated
groups. One plausible explanation is that NETs
induced in vitro by LPS alone might not contain
much MMP-9, and increased MMP-9 expression
in vivo is mainly related to enhanced neutrophilic
inflammation.

IL-33 has been reported to function as a
pleiotropic cytokine involved in immune
regulation, host defence, tissue repair and
metabolic homeostasis.40 IL-33/ST2 signalling plays
a vital role in asthma, especially in the setting of a
type 2 inflammatory response.41 Briefly, IL-33
stimulates type 2 innate lymphoid cells (ILC2s) or
Th2 cells to produce type 2 cytokines, leading to
lung eosinophilic inflammation. Recently, an
increasing number of studies have suggested that
the IL-33/ST2 axis regulates the pulmonary
neutrophilic inflammatory response. For instance,
ST2-deficient mice displayed enhanced
inflammatory cell recruitment, primarily by
neutrophils, 24 h after bleomycin treatment.
Similarly, the absence of IL-33/ST2 signalling
augmented neutrophilic inflammation and lung
barrier injury in an ozone-exposed lung injury
model.36 Furthermore, a prospective observational
study revealed that serum sST2 (a decoy receptor
for IL-33 that inhibits IL-33/ST2 signalling) levels
were positively correlated with asthma severity
and could predict severe asthma exacerbation.22 In
line with these findings, we observed enhanced
pulmonary neutrophilia and epithelial injury in IL-
33- or ST2-deficient mice after HDM and LPS
exposure. In addition, our study showed that the
absence of ST2 elevated serum IgE levels and
airway hyperresponsiveness in an HDM/LPS-
induced neutrophil-dominant allergic airway
disease model. Notably, mucus secretion was
comparable between HDM/LPS-exposed WT and
ST2-deficient mice. This may be explained by the
fact that downregulation of IL-13 (a mucus
secretion mediator42) by ST2 deficiency may offset
the effect of more severe disease. Therefore, the
IL-33/ST2 axis may play a protective role in
neutrophil-dominant allergic airway inflammation.
IL-33 is currently being investigated as a potential
therapeutic target in a phase 2 clinical trial
(ClinicalTrials.gov Identifier: NCT03112577). On the
one hand, our data indicated that treatments
targeting IL-33 may not lead to better clinical
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outcomes in regard to treating neutrophilic
asthma. On the other hand, treatments that target
airway neutrophilia may be of no help to treat
neutrophilic asthma. Neutrophilic depletion
reportedly augmented type 2 allergic airway
inflammation in an HDM-induced murine model of
allergic airway disease.43 Consistently, treatment
with a selective CXCR2 antagonist did not reduce
the occurrence of severe exacerbations in severe
asthmatic patients.44

The mechanisms by which the IL-33/ST2 axis
participates in regulating neutrophilic
inflammation are largely unresolved. One
possibility is that IL-33/ST2 axis may influence
neutrophilic chemotaxis by regulating chemokine
receptor CXCR2 expression on the surface of
neutrophils.35 ST2 negatively regulates IL-1 receptor
(IL-1RI) and Toll-like receptor (TLR) signalling,45 and
CXCR2 can be downregulated by TLR
engagement.46 Furthermore, IL-33/ST2 axis may
perform protective functions in neutrophilia by
modulating macrophages. As previously described,
BMDMs from IL-33-deficient mice are more
proinflammatory after stimulation with LPS/IFN-c,
which induces type 1 macrophage skewing.47 In the
present study, we found that neutrophilic
chemokine KC expression was higher in BMDMs and
alveolar epithelial cells in the absence of IL-33 or
ST2. Collectively, although the exact mechanisms by
which the IL-33/ST2 axis regulates the neutrophilic
inflammatory response are still unclear, they may
partially be explained by the fact that IL-33/ST2
deficiency leads to a proinflammatory status in
macrophages and epithelial cells.

In summary, we demonstrated that the IL-33/ST2
axis may play a protective function in the context
of neutrophil-dominant allergic airway
inflammation. LPS exposure during allergen
sensitisation caused pulmonary neutrophilic
inflammation and epithelial barrier injury directly
or via the induction of NETs (Supplementary
figure 2). The role of the IL-33/ST2 axis in asthma
and other allergic airway inflammation disorders
warrants further research.

METHODS

Mice and ethics statement

Wild-type female C57BL/6J mice aged 6–8 weeks were
purchased from the Laboratory Animal Center, Nanjing
Medical University (Nanjing, China) and Charles River
Laboratories. IL-33-deficient and ST2-deficient mice with a

C57BL/6J background were obtained as a gift from Dr Hong
Zhou’s Laboratory (Department of Immunology, Nanjing
Medical University). Mice used for all experiments were
bred under specific pathogen-free conditions at Nanjing
Medical University. All animal protocols were reviewed and
approved by the Animal Care and Use Committee of
Nanjing Medical University (1709011).

Animal models

All reagents were administered via oropharyngeal aspiration
(OPA) while mice were under isoflurane anaesthesia. For the
house dust mite (HDM) and lipopolysaccharide (LPS)-induced
neutrophil-dominant allergic airway disease model, 25 lg of
HDM (Greer Laboratories, Lenoir, NC, USA) with 10 lg of LPS
(L4391, Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis, MO,
USA) dissolved in 35 lL of sterile phosphate-buffered saline
(PBS) was introduced into airways once daily for 3 days (days
0–2) during allergen sensitisation, and 25 lg of HDM alone in
a volume of 35 µL was given to common asthma model mice.
Four days later, the mice were challenged with 25 µg of HDM
alone in 35 µL of sterile PBS once daily for 8 days (days 7–14).
For the vehicle control group, the mice were treated with PBS
throughout the process. Twenty-four hours after the last
challenge (day 15), the mice were euthanised, serum and
bronchoalveolar lavage fluid (BALF) was collected, and lung
tissue was harvested for analysis. The protocol was deduced
from existing HDM/LPS-induced allergic airway disease
model.26 In some experiments, themice were sacrificed on day
3 to investigate pulmonary inflammation and epithelial
barrier function during allergen sensitisation.

Airway responsiveness analysis

Mice were anaesthetised by intraperitoneal injection of
sodium pentobarbital 24 h after the final challenge, and
airway responsiveness was measured using a FlexiVent
Pulmonary System (SCIREQ, Montreal, QC, Canada). Briefly,
anaesthetised mice were mechanically ventilated and then
challenged with incremental doses of aerosolised
acetylcholine (0, 3.125, 6.25, 12.5, 25, 50 and 100 mg mL�1,
Sigma). Lung resistance was recorded for 2 min after each
challenge.

Bronchoalveolar lavage fluid and serum
collection

The mice were sacrificed by intraperitoneal injection of
sodium pentobarbital. Subsequently, whole blood was
collected, and serum was obtained by centrifuging blood
(1200 g, 10 min) after clotting. BALF was obtained by an
intratracheal injection of 0.5 9 3 mL of PBS containing
1 mM EDTA followed by gentle aspiration. BALF was
centrifuged (500 g, 5 min). Cell-free supernatants were
collected to determine the total protein concentrations and
to perform cytokine analysis. Cell pellets were resuspended
for cell counts by flow cytometry. Briefly, neutrophils
(CD45+ Ly6G+ F4/80�) and eosinophils (CD45+ SiglecF+ F4/
80�) were counted by counting beads (01-1234-42,
eBioscience, San Diego, CA, USA) after staining with Fixable
Viability Dye eFluorTM 506 (65-0866-14, eBioscience) and
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blocking Fc receptor (FcR) with CD16/CD32 antibody (14-
0161-85, eBioscience).

Bronchoalveolar epithelial permeability
measurements

An increase in protein concentration in the BALF can reflect an
increase in capillary leakage. Cell-free supernatants of BALFs
were collected to measure lung epithelial barrier injury by
detecting the total protein concentrations using the Bradford
Protein Assay Kit (P0006, Beyotime, Shanghai, China).

In some experiments, bronchoalveolar epithelial
permeability was determined by measuring the leakage of
fluorescein isothiocyanate–dextran 4000 (FD4) from the
airways into the blood. In short, 24 h after the last exposure,
20 lL of FD4 (25 mg mL�1; 60842-46-8, Sigma-Aldrich) solution
was instilled intratracheally into the airways of mice. Then,
blood was collected 1 h after injection, and the fluorescence
intensity of FD4 in the serum was measured using a
fluorescence plate reader (BioTek Synergy, Winooski, VT, USA)
at an excitation wavelength of 485 nm and an emission
wavelength of 525 nm.

Lung histological analysis

After bronchoalveolar lavage was performed, PBS was
pumped into the right ventricle to clear the blood in the
pulmonary vasculature. Then, the left lung lobes were fixed
in 4% paraformaldehyde (G1101, Servicebio, Wuhan, China)
before dehydration and paraffin embedding. Subsequently,
lung tissues were cut into 5-lm-thick sections and stained
with haematoxylin and eosin (H&E) or periodic acid–Schiff
(PAS) to estimate the extent of inflammation or mucus
production. Sections were captured at a magnification of
4009 with a microscope (model BX-53, Olympus Optical,
Tokyo, Japan) by an investigator blinded to the groups.

Immunohistochemistry

Pulmonary sections (5 lm) were cut from paraffin-
embedded lung tissue, followed by deparaffinisation and
antigen retrieval. Next, 3% H2O2 solution was used to
inhibit endogenous peroxidase activity, and 10% goat
serum was applied to block nonspecific binding. Tissue
sections were then incubated with anti-occludin antibody
(1:200; ab216327, Abcam, Cambridge, UK) overnight at
4 °C, followed by incubation with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (1:1000; EarthOx,
Millbrae, CA, USA) for 1 h at room temperature. Finally,
colour development was immediately performed using 3,3-
diaminobenzidine (DAB), followed by haematoxylin
counterstaining.

Immunofluorescence staining

For NET staining in vivo experiments, lung tissue sections
were prepared as described above. After deparaffination
and antigen retrieval, sections were blocked with 10% goat
serum for 30 min at 37 °C and incubated with the following
primary antibodies overnight at 4 °C: anti-citrullinated

histone 3 (1:200; ab5103, Abcam) and anti-myeloperoxidase
(1:50; ab90810, Abcam). After three washes, the sections
were stained with Alexa Fluor 555 goat anti-rabbit IgG
(H + L) (1:500; A21428, Invitrogen, Waltham, Massachusetts,
USA) and Alexa Fluor 647 goat anti-mouse IgG (H + L)
(1:1000; A21235, Invitrogen) secondary antibodies for 1 h at
37 °C in the dark. Finally, 40,6-diamidino-2-phenylindole
(DAPI; 36308ES20, Yeasen, Shanghai, China) was applied to
stain the DNA. To identify NETs induced in vitro, NETs were
stained consistent with in vivo experiments, and anti-
citrullinated histone 3 was replaced by anti-elastase (1:100;
ab21595, Abcam) in some experiments. To verify the purity
of isolated alveolar epithelial cells, anti-pro-SPC (1:250;
ab170699, Abcam) primary antibody accompanied by Alexa
Fluor 555 goat anti-rabbit IgG (H + L) (1:500; A21428,
Invitrogen) secondary antibody was used to mark type 2
alveolar epithelial cells. The primary antibody anti-NF-jB
(1:400; 8242S, Cell Signaling Technology, Danvers, MA, USA)
was used to analyse the expression and location of NF-jB in
primary alveolar epithelial cells. Slides were visualised with a
ZEISS LSM710 confocal fluorescence microscope or an
Olympus IX73 fluorescence microscope.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was performed
according to the manufacturer’s instructions provided by
commercially available ELISA kits. Levels of total
immunoglobulin E (IgE) in the serum were determined by
an ELISA kit (432404, BioLegend, San Diego, CA, USA), and
cytokine concentrations in the supernatants of lung
homogenates, BALF or cell culture supernatants were
measured with appropriate ELISA kits as follows: KC
(DY453-05, R&D, Minneapolis, MN, USA), MCP-1 (887324,
BioLegend; DY453-05, R&D), eotaxin (DY420-05, R&D), IL-1b
(88-7013-88, Invitrogen), TNF-a (88-7324-88, Invitrogen), IL-6
(88-7064-88, Invitrogen), IL-13 (900-K207, PeproTech, Rocky
Hill, CT, USA) and IL-33 (88-7333-88, Invitrogen; DY3626,
R&D).

The level of HDM-specific IgE (HDM-IgE) was measured
by sandwich ELISA. Briefly, 96-well ELISA plates were coated
with rabbit anti-Dust Mite Der P1 monoclonal antibody
(CABT-L017, Creative Diagnostics, New York, USA) in 100 µL
PBS (1:500) and incubated overnight at 4 °C. Plates were
incubated with 2 µg HDM in 100 µL PBS for 2 h at room
temperature. Plates were blocked with 200 µL per well of
assay diluent. A 100 µL aliquot of diluent (1:10) serum
samples was added to each well and incubated for 2 h.
HRP-goat anti-mouse IgE secondary antibody (PA1-84764,
Invitrogen) in 100 µL assay diluent (1:500) was added and
incubated for 30 min. TMB substrate solution was added
and incubated in the dark for 25 min, and the reaction was
stopped with ELISA Stopping Solution (C1058, Solarbio,
Beijing, China). Optical densities (ODs) were read at 450 nm
with reference at 570 nm.

Isolation of neutrophils

Mouse neutrophils were isolated from bone marrow by
density gradient centrifugation as previously described.48

The mice were euthanised and immersed in 75% ethanol
for 10 min. Tibias and femurs were separated from both
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legs by blunt dissection and then rinsed three times with
sterile PBS. Bone marrow cells were flushed with PBS and
filtered through a 70-lm filter. The collected cell suspension
was centrifuged (500 g, 5 min, 4 °C) and resuspended in
1 mL cold sterile PBS. Then, separation media and
suspension were gently added into a 15-mL conical tube in
accordance with the following order: 3 mL of Histopaque
1119 (density 1.119 g mL�1; 11191, Sigma-Aldrich), 3 mL of
Histopaque 1077 (density 1.077 g mL�1; 10771, Sigma-
Aldrich) and 1 mL of bone marrow cell suspension. Finally,
neutrophils at the interface of the Histopaque 1119 and
Histopaque 1077 layers were obtained after centrifugation
(800 g, 30 min, 25 °C) without braking. The purity and
viability of isolated neutrophils were verified by Wright–
Giemsa staining and trypan blue assay respectively.

Human neutrophils were isolated from fresh human
whole blood by a human peripheral blood neutrophil
separation solution kit (P9040, Solarbio) according to the
manufacturer’s instructions. Human whole blood was
collected from healthy donors under approval by the ethics
committee of the First Affiliated Hospital of Nanjing
Medical University (2017-SR-087).

NET generation and collection

After isolation, neutrophils (1 9 106 mL�1) were seeded and
allowed to adhere to culture plates in serum-free RPMI
1640 culture media for 1 h. Then, the cells were incubated
with either LPS (1 lg mL�1, Sigma-Aldrich) or phorbol 12-
myristate 13-acetate (PMA, 500 nM; Sigma-Aldrich) for 4 h
to induce NET formation. For NET collection, the culture
media were gently discarded, and the plates were washed
three times with PBS. Subsequently, 10 mL of DMEM/F12
supplemented with 10% foetal bovine serum (FBS; Lonsera,
Shanghai, China) and 100 IU mL�1 penicillin/streptomycin
(HyClone, Marlborough, USA) were added to the plate and
then collected in a 15-mL conical tube after vigorous
agitation. NET-rich media were obtained by centrifugation
(500 g, 5 min, 4 °C) to remove neutrophils and cellular
debris.

Cell stimulation and inhibitor assays

Mouse lung epithelial cells (MLE-12), human lung cancer
cells (A549), human lung adenocarcinoma cells (H1975) and
human bronchial epithelial cells (16HBE) were purchased
from ATCC (Manassas, VA, USA). All these cells were
cultured in DMEM/F12 media supplemented with 10% FBS
and 100 IU mL�1 penicillin/streptomycin in 5% CO2 at 37 °C.
To study the direct effect of LPS on the lung epithelial
barrier, MLE-12 and 16HBE cells were treated with various
concentrations of LPS (0, 0.1, 1, or 10 lg mL�1) for 24 h. For
inhibition assays, MLE-12 and 16HBE cells were pretreated
with an inhibitor of NF-jB (BAY 11-7082, 10 lM; S2913,
Selleckchem, Shanghai, China) 1 h before LPS stimulation.
When investigating the impact of NETs on epithelial tight
junctions, MLE-12 cells and 16HBE, A549 and H1975 cells
were stimulated with different proportions of mouse NET-
rich or human NET-rich media (0%, 25%, 50% and 100%)
for 24 h. For inhibition assays, NET-rich media were
pretreated with either a selective inhibitor of neutrophilic

elastase (sivelestat, 500 nM; 324759, Millipore, Burlington,
MA, USA) or a specific MMP-9 inhibitor (MMP-9-IN-1, 50 lM;
HY-135232, MCE, Shanghai, China) for 1 h at 37 °C before
stimulating MLE-12 cells.

Bone marrow-derived macrophage culture

Bone marrow cells obtained as above were seeded in 24-
well cell culture plates (1 9 106 cells per well) with 0.5 mL
of complete DMEM containing 20 ng mL�1 GM-CSF
(576306, BioLegend), 10% FBS and 100 IU mL�1 penicillin/
streptomycin for 3 days. Subsequently, another 0.5 mL of
fresh complete DMEM was added to each well and cultured
for 3 days. The culture supernatants of BMDMs were
replaced with 1 mL of fresh DMEM at day 6. Finally, cells
and supernatants were collected after 24 h for cytokine
analysis.

Primary alveolar epithelial cell isolation and
culture

Primary alveolar epithelial cell isolation was performed as
previously described.49 The lungs of anaesthetised mice
were inflated with 1 mL of digestion buffer (0.1%
collagenase and 0.25% trypsin) after lung vasculature
perfusion. Then, the lung lobes were digested for 45 min at
room temperature, followed by digestion with
supplementary DNase (5 mg mL�1; DN25–1G, Sigma-Aldrich)
for another 10 min. After filtration through a 40-lm filter,
alveolar epithelial cells in suspension were purified by
adherence to IgG-coated plates. The isolated alveolar
epithelial cells were cultured on 24-well plates (1 9 106 cells
per well) in DMEM/F12 media supplemented with 10% FBS
and 100 IU mL�1 penicillin/streptomycin for 24 h to adhere.
Subsequently, the culture media were refreshed, and the
cells were cultured for another 24 h. Finally, alveolar
epithelial cells and their culture supernatants were
harvested for cytokine analysis.

Western blotting

Lung tissues were homogenised, and cells were dissociated
with RIPA buffer (89901, Thermo Fisher, Waltham, MA,
USA) containing phenylmethylsulphonyl fluoride (PMSF;
ST506, Beyotime). The cell-free supernatants of lung
homogenates, cell lysates and BALF were solubilised in
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) protein loading buffer and boiled at 100 °C for
10 min. Equal amounts of proteins were separated on a 10–
15% SDS-PAGE gel and transferred onto polyvinylidene
fluoride (PVDF) membranes. Membranes were blocked with
5% skim milk (w/v) for 1 h at room temperature and
subsequently incubated overnight at 4 °C with the
following primary antibody in the universal antibody
diluent (WB500D; NCM Biotech, Suzhou, China): anti-b-actin
(1:1000; 4970L, Cell Signaling Technology), anti-occludin
(1:1000; ab216327, Abcam), anti-claudin-3 (1:500; ab15102,
Abcam), anti-claudin-4 (1:500; ab15104, Abcam), anti-IL-33
(1:1000; ab187060, Abcam), anti-human IL-33 (1:1000;
ab207737, Abcam), anti-citrullinated histone 3 (1:1000;
ab5103, Abcam), anti-MMP-9 (1:1000; ab76003, Abcam),
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anti-p-NF-jB (1:1000; 3033S, Cell Signaling Technology) and
anti-NF-jB (1:1000; 8242S, Cell Signaling Technology).
Membranes were washed with Tris-buffered saline/Tween-
20 (TBST) three times and then incubated with HRP-
conjugated goat anti-rabbit IgG (EarthOx) for 1 h at room
temperature. After washing three more times with TBST,
the antibody–antigen complexes were detected with
Immobilon Western Chemiluminescent HRP Substrate
(36208ES76, Yeasen) and visualised using a G:Box gel doc
system (Tanon 5200, Shanghai, China). The images were
analysed using the ImageJ software. For proteins in lung
tissues and cells, b-actin was used as the internal control.
For proteins in BALF, Ponceau S was used as the loading
control.

RNA isolation and quantitative real-time
PCR

Total RNA was isolated from lung tissues and cells using a
TRIzol reagent kit (15596018, Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s instructions.
Then, mRNAs were reverse-transcribed into cDNA with a 5X
All-In-One RT MasterMix Kit (G490, Abm, Zhenjiang, China).
cDNAs were amplified using EvaGreen PCR Master Mix
Applied Biosystems (MasterMix-S, Abm) and a StepOnePlus
Real-Time PCR System (Applied Biosystems, Waltham, MA,
USA). KC/CXCL1 and b-actin mRNA expressions were
detected. The primer sequences for those genes were
designed by referring to PrimerBank (https://pga.mgh.harva
rd.edu/primerbank). The primer sequences used were as
follows:

Mouse b-actin forward, GAGAAGCTGTGCTATGTTGCT

Mouse b-actin reverse, CTCCAGGGAGGAAGAGGATG

Human b-actin forward, CATGTACGTTGCTATCCAGGC

Human b-actin reverse, CTCCTTAATGTCACGCACGAT

Mouse KC forward, ACTGCACCCAAACCGAAGTC

Mouse KC reverse, TGGGGACACCTTTTAGCATCTT

Human CXCL1 forward, AGCTTGCCTCAATCCTGCATCC

Human CXCL1 reverse, TCCTTCAGGAACAGCCACCAGT

Relative levels were determined using the comparative
threshold cycle (DDCT) method by normalising to b-actin.

Transfection

To silence IL-33 expression, 16HBE cells were transfected
with human IL-33 sgRNA CRISPR/Cas9 All-in-One LentiVector
(sgRNA-1 targeting sequences: GGAGCTTCATAAAGTACATG;
sgRNA-2 targeting sequences: TACTTTATGAAGCTCCGCTC)
and blank Control Lentiviral Vector plasmids (CS33781,
Abm) using Liposomal Transfection Reagent (40802ES03,
Yeasen) according to the manufacturer’s instructions.
Briefly, 16HBE cells were seeded and incubated overnight.
The plasmids were mixed with Liposomal Transfection
Reagent in DMEM/F12 for 20 min and were then
transfected into 16HBE cells at 80% density in DMEM/F12
for 6 h. Then, the culture media were replaced with fresh
completed DMEM/F12. Seventy-two hours later, cells were
split for either analysing CXCL1 expression by qPCR or

measuring the efficiency of targeting IL-33 by Western
blotting.

CXCR2 expression analysis

For CXCR2 expression on the surface of neutrophilic
analysis, 10 lg LPS was intratracheally induced into the
airways of WT, IL-33�/� and ST2�/� mice. Twenty-four hours
later, approximately 300 lL whole blood of LPS-treated
mice was collected into sterile tubes containing 100 lL
EDTA (15 g L�1) and then incubated with 3 mL RBC lysis
buffer (00-4333, Invitrogen) at 4 °C for 5 min. Subsequently,
BALF was harvested as previously described. Both blood
cells and BALF cells were washed with sterile PBS twice for
flow cytometry analysis. Cells were stained with the fixable
viability dye Zombie NIR (423105, BioLegend) for 15 min.
Subsequently, cells were labelled with CD45-PE/Cy7 (103114,
BioLegend), Ly6G-APC (108412, BioLegend), CD11b-BV510
(101263, BioLegend) and CXCR2-FITC (149310, BioLegend)
after blocking the Fc receptor (FcR) with CD16/CD32
antibody (14-0161-85, eBioscience). CD45+ Ly6G+ CD11b+

cells were identified as neutrophils.

Statistics

All statistics were calculated using the GraphPad Prism 7
(San Diego, CA, USA). The results are expressed as the
mean � SD. Statistical differences were calculated by the
two-tailed unpaired Student’s t-test between two groups
and by parametric one-way analysis of variance (ANOVA)
with Tukey’s adjustment between multiple groups.
Statistical significance was defined as follows: *P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001. ns, not
significant.
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