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The absence of IL-9 reduces allergic airway 
inflammation by reducing ILC2, Th2 and mast 
cells in murine model of asthma
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Abstract 

Allergic asthma is an allergic inflammatory disease of the airways, in which numerous cell types and cytokines have 
been shown to contribute to pathogenesis of the disease. Although increased expression of IL-9 has been shown to 
influence the activity of structural as well as eosinophils and mast cells in asthma, the influence of IL-9 on function 
of ILC2 and Th2 cells remains unclear. This study therefore aimed to elucidate the role of IL-9 on ILC2 and Th2 cells 
using a murine model of asthma. A murine model of asthma was established using wild type (WT) and IL-9-deficient 
(Il9−/−) transgenic mice sensitized to house dust mite (HDM). Bronchoalveolar lavage fluid (BALF) and lung tissues 
were collected, and analysed for inflammatory cells (eosinophils, mast cells, Th2 cells and ILC2 cells), histopathological 
changes, and several cytokines. HDM challenge significantly increased accumulation of ILC2 cells, Th2 cells and mast 
cells, as well as goblet cell hyperplasia, and the expression of cytokines IL-4, IL-5 and IL-13, but not IFN-γ, in WT mice 
compared to saline-challenged control group. In contrast, all pathological changes, including infiltration of ILC2 cells, 
Th2 cells and mast cells, were significantly attenuated in HDM-challenged Il9−/− mice. Furthermore, the number of 
 Ki67+ILC2 cells,  Ki67+Th2 cells and  Ki67+mast cells were significantly reduced in the absence of IL-9 signalling. These 
data suggest that IL-9 promotes the proliferation and type 2 cytokine production of type 2 cells in the murine models 
of asthma, and therefore might be a potential therapeutic target for asthma treatment.
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Introduction
Asthma is a common airway inflammatory disease 
involving cells of both the innate and adaptive immune 
systems. Currently, approximately 8% of people in devel-
oped countries have asthma compared with 4.3% of the 
population worldwide, and both numbers are on the rise 
[1]. Various inflammatory cell types, including T cell, 
B cell, ILC2 cell, eosinophil, and mast cell, are involved 
in the complex allergic inflammatory response in the 
airways [2]. In particular, Th2 cells and ILC2 cells are 
thought to play major roles in initiation and mainte-
nance of the allergic inflammation [2]. Production of 
cytokines such as IL-4, IL-5, IL-9, and IL-13 by these cells 
is thought to be involved in the development of asthmatic 
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features, including pulmonary eosinophilia, mucus over-
production, mast cell hyperplasia, and bronchial hyper-
responsiveness. However, the precise roles of the triggers 
and mediators involved in generating these processes 
remain to be clarified.

IL-9, a pleiotropic cytokine, can promote allergic 
inflammation and is associated with various pathophysi-
ological changes observed in the airways of asthmatic 
patients, such as eosinophilic inflammation, mucous 
gland hyperplasia and hypertrophy, and bronchial hyper-
responsiveness [3]. Consistent with elevated expres-
sion of IL-9 in peripheral blood mononuclear cells and 
lung tissues of asthmatic patients [4, 5], over-expression 
of IL-9 results in accumulation of eosinophils, mucus 
overproduction, and mast cell hyperplasia [3, 6, 7]. Fur-
thermore, anti-IL-9 treatment ameliorates airway inflam-
mation in mouse models of asthma employing ovalbumin 
sensitization and challenge [8–11]. Moreover, IL-9 pro-
motes mast cell growth in vitro [12], while neutralization 
of IL-9 markedly diminished mucosal mast cell activation 
and mast cell numbers in the lung in a mouse model of 
asthma [10]. Despite the evidence for the effect of IL-9 on 
mast cells in asthma, whether IL-9 affects the other effec-
tor cells in asthma remains unclear.

Although IL-9 was originally described as a T cell 
growth factor in  vitro [13], its role on T lymphocyte 
responses presently remains controversial. Treatment 
with an anti-IL-9 antibody markedly reduces the number 
of Th2 cells in a mouse of allergic rhinitis [14], however, 
anti-IL-9 treatment does not affect ovalbumin-induced 
Th2 cytokine production by mice spleen T cells in vitro 
[11]. Thus, it is worthy to investigate the mode of action 
of IL-9 and whether this cytokine acts on ILC2 and Th2 
cells in allergic airway inflammation.

In the present study, we have established a murine 
model of asthma using wild type (WT) and IL-9-deficient 
(Il9−/−) mice and then investigated the distribution of 
mast cells, Th2 cells and ILC2 cells, following sensiti-
zation to and challenge with HDM. Furthermore, the 
potential role of IL-9 in regulation of these effector cells 
and allergic inflammation was also investigated.

Materials and methods
Animals
Female BALB/c mice (8–10  weeks old; Vital River Lab-
oratory, Beijing, China) were kept in a pathogen-free 
environment in the Department of Laboratory Animal 
Sciences, Capital Medical University, Beijing, China. 
Il9−/−mice (BALB/c background) were kindly provided 
by Professor Andrew McKenzie (Medical Research 
Council Laboratory of Molecular Biology, Cambridge, 
UK). All mice were randomly divided into different 
groups (10 mice per group). All animal studies were 

carried out strictly under protocols approved by the 
Institutional Animal Care and Use Committee at Capital 
Medical University, Beijing, China.

Murine models
Murine surrogates of asthma induced by HDM challenge 
were prepared and studied as previously described [15]. 
Briefly, WT and Il9−/− mice were randomly assigned 
to two groups. The mice in the HDM-challenged group 
were first sensitized (day 0) by intraperitoneal injec-
tion of 100  μg HDM (Cosmo Bio Co LTD), emulsified 
in  AL[OH]3/dose. Seven days later, the mice were chal-
lenged daily for five consecutive days with 50 μg of HDM 
in 50 μL saline/dose by intranasal instillation. Mice in the 
saline control challenge group were injected intraperi-
toneally with the same amount of  AL[OH]3 and intra-
nasally with saline at the same time points corresponding 
to those in the HDM challenge group (Fig. 1a). The mice 
were sacrificed 24  h after the final challenge and bron-
choalveolar lavage fluid (BALF) and lung tissues were 
collected from each animal.

Lung function measurement
Twenty-four hours after the last intranasal HDM chal-
lenge, airway responsiveness was assessed on day 12 
using the FlexiVent system (SCIREQ Inc., Montreal, QC, 
Canada) following the manufacturer’s protocol, as previ-
ously described [16, 17]. Briefly, after the anesthetization 
with 80 mg/kg pentobarbital sodium (Sigma-Aldrich, St. 
Louis, MO, USA) by intraperitoneal injection, mice were 
conducted with tracheotomy and endotracheal intuba-
tion, And then airway responsiveness was assessed by 
measuring the changes of lung resistance after sequen-
tially exposed to increasing doses of methacholine (Mch, 
Sigma-Aldrich) in sterile saline (0, 6, 12, 24 and 48 mg/
mL). The values of airways resistance (Rrs) and com-
pliance (Crs) were recorded for analyzing the airways 
hyperresponsiveness (AHR).

Collection of BALF and characterization of cellular infiltrate
BALF was collected from the mice and total cells were 
enumerated as previously described [15]. Cellular smears 
were then prepared and stained with haematoxylin& 
eosin (H&E) for differential cellular counts [16].

Lung histology
Left lung tissue from each animal was fixed in 4% para-
formaldehyde and embedded in paraffin wax prior to 
cutting into Sects.  (5  μm thickness). The sections were 
stained with H&E for scoring of inflammatory cellular 
infiltration under light microscopy by operators ignorant 
of the provenance of the sections, as previously described 
[16, 17]. Briefly, the numbers of peribronchial, infiltrating 
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cells were scored globally visually as 0–5, where 0 = no 
cells; 1 = a few cells; 2 = at least one layer of peribron-
chial cells; 3 = 2–4 layers of peribronchial cells; 4 =  > 4 
layers of peribronchial cells; 5 = abundant proximal and 
distal cellular infiltration. 6–10 airways were counted per 
mouse.

Additional sections were stained with periodic acid-
Schiff (PAS) for detection of mucus deposition. PAS 
staining was assessed semi-quantitatively in sections of 
central and peripheral airways as the mean score of typi-
cally 14 central and peripheral airways, where 0 =  ≤ 5% 
goblet cells; 1 = 5–25%; 2 = 25–50%; 3 = 50–75%; 
4 =  ≥ 75%. Further lung sections were stained with 
Congo red stain for detection of eosinophil infiltration 
[16, 17]. Digital photographs of 10 bronchioles per tissue 
section were taken at 40× magnification and Image-Pro 
Plus was used to objectively quantify Congo red stained 
eosinophils, as previously described [16, 17].

Cytokines analysis
Resected right lungs were weighed then homogenised 
in PBS containing 1% Triton X-100 and protease inhibi-
tor cocktail (RocheDiagnostics GmbH, Mannheim, 
Germany). After centrifugation to remove debris, 
the supernatants were collected for measurement 
of cytokines. The concentrations of IL-4, IL-5, IL-6, 
IL-13, IL-17A, IL-25, IL-33, IFN-γ, mast cell protease 1 
(mMCP-1) and thymic stromal lymphopoietin (TSLP) 
were measured using commercial ELISA kits (Invitro-
gen, San Diego, CA). The concentrations of serum total 
IgE antibody was measured by ELISA (Invitrogen). We 
have measured the expression of HDM specific IgE and 
 IgG1 in the sera [16, 17]. Briefly, 96-well microtiter plates 
were coated with 100μL volume of 10 μg/mL of a whole 
protein of HDM overnight. Serum samples were diluted 
1:10 (for IgE) or 1:1000 (for  IgG1), and antibody detected 
using goat anti-mouse IgE (HRP) (1:5000, Invitrogen) or 
goat anti-mouse  IgG1 (HRP) (1:5000, Abcam, Cambridge, 
MA) at 37 °C for 1 h.

Preparation of single‑cell suspensions and flow cytometric 
analysis
To compare cellular profiles after the induction of 
airway inflammation, single-cell suspensions were 
prepared from lungs and BALF cells. Lungs were cut 
into pieces and digested in DPBS medium contain-
ing DNase I (Sigma-Aldrich) (50 U/mL) and colla-
genase VIII (Sigma-Aldrich) (250 U/mL) at 37  °C for 
30  min. Single-cell suspensions were obtained by 
passing the lung tissue digest through a 70-μm cell 
strainer. The cell suspensions were stained for differ-
ent cell types using specific antibodies, prior to assess-
ment by flow cytometry as follows: APC-anti-mouse 

Lineage cocktail (BD pharmingen, San Jose, CA), 
APC-Cy7-anti-mouse CD45 (30-F11, BD pharmin-
gen), BV510-anti-mouse ST2 (U29-93, BD pharmin-
gen), PE-anti-mouse ICOS (7E.17G9, BD pharmingen), 
BV650-anti-mouse CD4 (RM4.5, BD pharmingen), 
BUV395-anti-mouse GATA3 (L50-823, BD pharmin-
gen), BV711-anti-mouse CD117 (2B8, BD pharmin-
gen), Percp-Cy5.5-anti-mouse FcεRIα (MAR-1, 
Biolegend, San Diego, CA), PE-Cy7-anti-mouse Ki67 
(SolA15, eBioscience, Santa Clara, CA). Isotype and 
single-stain controls were included. The samples were 
processed using the LSRFortessa (BD Biosciences, San 
Jose, CA) flow cytometer and evaluated with Flow Jo 
software (version V10, Tree Star, Inc., Ashland OR).

Statistical analysis
Data were expressed as the mean ± SEM and the 
unpaired t-test was used to analyse the significance 
of any differences between the groups. All statistical 
analyses were performed using Graph Pad Prism soft-
ware and a value of P < 0.05 was considered to be sta-
tistically significant.

Results
IL‑9 deficiency attenuated HDM‑induced airway 
hypersponsiveness
WT and Il9−/− mice were intranasally challenged with 
HDM or saline control as described in the Methods 
(Fig.  1a). Consistent with our previous report [15], 
HDM challenge induced a significant elevation of air-
ways resistance (Rrs), and a markedly reduce of the 
compliance (Crs) values compared with saline chal-
lenge in WT mice. However, the phenomena were 
significantly reversed in Il9−/− mice compared to WT 
mice following HDM challenge (Fig.  1b). And there 
was no significant difference between HDM-chal-
lenged Il9−/− mice and saline-challenged Il9−/− mice 
in terms of Rrs and Crs (Fig. 1b).

IL‑9 deficiency attenuated HDM‑induced inflammatory 
cellular infiltration of the lung parenchyma tissues 
and airways
Intranasal challenge with HDM resulted in marked infil-
tration of inflammatory cells into the airway lumen and 
peribronchial and perivascular regions of the lung tis-
sues, compared with saline control (Fig.  2a, b). Most of 
the cells infiltrating the lumen were eosinophils, neutro-
phils and lymphocytes with eosinophils predominating 
(Fig. 2b). Although HDM challenge also induced inflam-
matory cellular infiltration into the lungs in the Il9−/− 
mice, the numbers of infiltrating inflammatory cells were 



Page 4 of 12Li et al. BMC Pulmonary Medicine          (2022) 22:180 

significantly lower in the Il9−/− mice compared with that 
in the WT mice (Fig. 2b).

IL‑9 deficiency decreased HDM‑induced eosinophil 
infiltration into the airways
Congo red staining confirmed the presence of abundant 
eosinophils in the airway peribronchial and perivascular 
regions of the WT mice challenged with HDM compared 

with control mice challenged with saline (Fig.  3a), and 
that eosinophilic infiltration in the HDM-challenged 
Il9−/− mice was significantly attenuated compared with 
HDM-challenged WT mice (Fig. 3a).

IL‑9 deficiency decreased HDM‑induced airway goblet cell 
hyperplasia
PAS staining demonstrated that HDM inhalation chal-
lenge also significantly increased mucous hyperplasia in 

Fig. 2 IL-9 deficiency decreased HDM-induced inflammatory cellular infiltration. a Left: representative photomicrographs of haematoxylin and 
eosin-stained lung sections from WT and Il9−/−mice challenged with HDM and saline (magnification ×10). Right: semi-quantitative scoring of the 
severity of inflammatory infiltrates in the airways. b Numbers of total cells, eosinophils, neutrophils and lymphocytes in bronchoalveolar lavage fluid 
(BALF) of WT and Il9−/−mice challenged with HDM and NS. Bars show the mean ± SEM (n = 4–6 in each group). *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 1 IL-9 deficiency decreased HDM-induced airways resistance. a Schedule of allergen challenge in mice. b Airways resistance (Rrs) and 
compliance (Crs) of wild type (WT) and IL-9 deficient (Il9−/−) mice challenged with HDM or saline (NS) control. *p < 0.05, ***p < 0.001 versus NS 
challenged wild type mice, #p < 0.05, ##p < 0.01 versus Il9−/− mice challenged with HDM. Data are presented as the mean ± SEM (n = 5 in each group)
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the bronchial epithelium of WT mice compared to con-
trol saline challenge, and that IL-9 deficiency attenuated 
the HDM-induced goblet cell hyperplasia, as indicated 
by significantly lower mean PAS score in the Il9−/− mice 
compared to WT animals (Fig. 3b).

IL‑9 deficiency attenuated HDM‑induced production 
of cytokines in lung homogenates
ELISA analysis of lung homogenates revealed that HDM 
challenge regimens caused significantly elevated expres-
sion of the Th2 cytokines IL-4, IL-5 and IL-13, but not the 
Th1 cytokine IFN-γ, in WT and Il9−/− mice compared 
with saline-challenge (Fig.  4). Intranasal challenge with 
HDM also induced a marked increase in the concentra-
tion of the inflammatory mediators IL-6, mMCP-1 and 
IL-17A in both WT and Il9−/−mice compared with the 
relevant saline challenge (Fig. 4). Notably, the concentra-
tions of all of these cytokines were significantly decreased 
in the Il9−/− mice compared with the WT mice following 
HDM challenge (Fig. 4), suggesting that IL-9 deficiency in 
Il9−/−mice is likely to result in the attenuation of HDM-
induced expression of Th2 cytokines. Interestingly, HDM 
challenge also markedly and significantly elevated the 
expression of IL-25, IL-33 and TSLP (three cytokines also 
thought to a play pivotal role in the initiation of asthma) 
in the lung tissue of both WT and Il9−/−mice compared 
with saline challenge. However, the expression of these 
cytokines was not significantly different in the HDM-
challenged Il9−/− mice and WT mice, indicating that 
IL-9 deficiency is unlikely to influence the expression of 
these cytokines (Fig. 4). Albeit, HDM challenge induced 
a marked increase in the concentrations of total serum 

IgE in WT mice, it cannot alter the concentration of total 
serum IgE in the Il9−/−mice. Although HDM exposure 
in both Il9−/− mice and WT mice can induce an elevated 
concentration of HDM-specific IgE and  IgG1 in the sera, 
the concentrations of HDM-specific IgE and  IgG1 of 
serum significantly decreased in the Il9−/− mice in com-
parison to the WT mice with HDM challenge. (Fig. 4).

IL‑9 deficiency reduced ILC2 cell, Th2 cell, and mast cell 
accumulation in the lung tissue of HDM‑challenged mice
Flow cytometry showed that HDM challenge induced a 
dramatic increase in the percentages and absolute num-
bers of ILC2 cells (Fig. 5), Th2 cells (Fig. 6) and mast cells 
(Fig.  7) in the lung tissues and BALF of both WT and 
Il9−/−mice compared to the control saline challenge; and 
the HDM-induced increases in these infiltrating cells 
were significantly attenuated in the HDM-challenged 
Il9−/− mice compared with the HDM challenged WT 
animals (Figs.  5b, 6b, 7b). The significantly elevated 
numbers of mast cells in the Il9−/−mice challenged with 
HDM compared with saline control is consistent with the 
change in the expression of mMCP-1 (Fig. 4).

IL‑9 deficiency inhibited the proliferation of ILC2, Th2 
and mast cells
We assessed expression of Ki67 in ILC2, Th2 and mast 
cells in the lung tissues. As expected, the percentages 
and mean number of  Ki67+ILC2 cells (Fig. 5c),  Ki67+Th2 
cells (Fig.  6c), and  Ki67+mast cells (Fig.  7c) were sig-
nificantly increased in the lung tissues of the WT mice 
with HDM challenge in comparison to the saline con-
trol challenge. In contrast, depletion of the IL-9 gene 

Fig. 3 IL-9 deficiency decreased HDM-induced eosinophil infiltration and goblet cell hyperplasia. a Left: representative photomicrographs of Congo 
red-stained sections of lung tissues from WT and Il9−/−mice challenged with HDM and NS (magnification ×10 and × 40). Right: numbers of Congo 
 red+ cells per unit area  (mm2). b Left: representative photomicrographs of PAS-stained sections of lung tissue from WT and Il9−/− mice challenged 
with HDM and NS (original magnification ×10). Right: mucus score based on PAS staining (see “Materials and methods”). Bars show the mean ± SEM 
(n = 3–5 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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significantly attenuated the percentages and total number 
of  Ki67+ILC2 cells (Fig. 5c),  Ki67+Th2 cells (Fig. 6c), and 
 Ki67+ mast cells (Fig. 7c) in the lung tissues of the HDM-
challenged Il9−/−mice compared with HDM-challenged 
WT mice.

Discussion
IL-9, a pleiotropic cytokine, has been implicated in the 
pathogenesis of many atopic diseases; including allergic 
rhinitis, asthma, atopic dermatitis, contact dermatitis, 
and food allergy; through a variety of activities on mast 
cells, epithelial cells and smooth muscle cells [18–20]. 

Previous studies have addressed the role of IL-9 in induc-
ing changes associated with human asthma by inves-
tigating the airways of animals by blockade or genetic 
knock-down of IL-9 designed to induce allergic inflam-
mation or over expression of IL-9 [6, 9, 21]. The present 
study further explored the role of IL-9 by comparing the 
differences in airway inflammation and percentages and 
numbers of target cells (ILC2 cells, Th2 cells and mast 
cells) in murine asthma models of WT and Il9−/−mice 
challenged with HDM. It has been well documented that 
type 2 cytokines IL-5 and IL-13 are implicated in the 
pathogenesis of the eosinophil-rich airway inflammation, 

Fig. 4 Concentrations of cytokines in lung homogenates as well as serum IgE and  IgG1 of WT and Il9−/−mice challenged with HDM and NS. Bars 
show the mean ± SEM (n = 8 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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which typically characterizes asthma [22, 23]. In the pre-
sent study we demonstrated that IL-9 deficiency clearly 
attenuated the production of type 2 cytokines. This find-
ing is in accordance with a previous study, which showed 
that IL-9 blockade reduced the concentrations of these 
mediators in the BALF of OVA-sensitized and chal-
lenged mice [8]. Using HDM-challenged murine models 
of asthma, our data further indicated that IL-9 deficiency 
reduced proliferation of target cells (ILC2 cells, Th2 cells 
and mast cells) and infiltration of eosinophils. Further-
more, IL-9 deficiency may also partly account for reduced 
goblet cell hyperplasis and hypertrophy observed in the 

present study, particularly as type 2 cytokines and eosin-
ophils have been implicated as contributory factors to 
these phenomena [24–26].

The epithelium-derived cytokines IL-33, TSLP, and 
IL-25 have been implicated in pathogenesis of asthma 
because they promote type 2 cytokine synthesis [27, 28]. 
Correspondingly, our data showed that the expression 
of these cytokines increased in the HDM-sensitized and 
challenged mice. Interestingly, IL-9 deficiency did not 
further reduce the expression of IL-33, IL-25 and TSLP, 
although the airway infiltration of inflammatory cells, 
goblet cell hyperplasia, and type 2 cytokines production 

Fig. 5 Flow cytometric analysis of ILC2 cells in lung and BALF. a The protocol for gating ILC2 cells  (Lin−CD45+ST2+ICOS+). b Flow cytometric 
identification of ILC2 cells in single-cell suspensions of the BAL fluid (BALF) and lung parenchyma (Lung) of WT and Il9−/−mice challenged with 
HDM and NS. Left: representative plots of  ST2+ICOS+ ILC2 cells of indicated mice. Right: the percentages of ILC2 cells in lineage-negative cells from 
BALF and lung. And total number of ILC2 cells in BALF and lung. c Flow cytometric analysis of ILC2 cells expressing Ki67 in lung parenchyma. Left: 
representative plots of  Ki67+ILC2 cells of indicated mice. Right: the percentages and absolute number of  Ki67+ILC2 cells in lung parenchyma. Bars 
show the mean ± SEM (n = 3 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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were attenuated. Moreover, as shown in our related pre-
vious study, per-nasal delivery of IL-33 alone to the air-
way of wild-type mice was apparently sufficient to induce 
all of the pathophysiological processes in the airways 
associated with asthma, including AHR, predominantly 
eosinophilic, goblet cell hyperplasia. All of these changes 
were however attenuated in the IL-33-challenged Il9−/− 
mice [17]. In addition, overexpression of TSLP in the 
lung stimulated IL-9 production in  vivo, and anti-IL-9 
treatment attenuated TSLP-induced airway inflammation 

[29]. These observations firmly support the hypoth-
esis that IL-9 may be a critical downstream component 
of IL-33, IL-25 and TSLP signaling pathways in asthma 
pathogenesis.

It has been reported that ILC2 cells are able to pro-
duce IL-9, which is crucial for survival of the ILC2 
cells [30]. Whilst the numbers of ILC2s in helminth-
induced lung inflammation have been shown to be 
reduced in IL-9 receptor deficient mice [30], neutrali-
zation of IL-9 has not been found to affect the ILC2 

Fig. 6 Flow cytometric analysis of Th2 cells in lung and BALF. a The protocol for gating Th2 cells  (CD4+GATA3+). b Flow cytometric identification 
of Th2 cells in single-cell suspensions of the BAL fluid (BALF) and lung parenchyma (Lung) of WT and Il9−/−mice challenged with HDM and NS. 
Left: representative plots of  CD4+GATA3+ Th2 cells of indicated mice. Right: the percentages of Th2 cells in lymphocytes from BALF and lung. And 
total number of Th2 cells in BALF and lung. c Flow cytometric analysis of Th2 cells expressing Ki67 in lung parenchyma. Left: representative plots of 
 Ki67+Th2 cells of indicated mice. Right: the percentages and absolute number of  Ki67+Th2 cells in lung parenchyma. Bars show the mean ± SEM 
(n = 3 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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numbers in lung tissues in a papain-induced murine 
model of lung inflammation [21]. However, our data 
have shown that IL-9 deficiency markedly attenu-
ated ILC2 cell accumulation and production of IL-5 
and IL-13, which are consistent with the findings from 
other studies. For example, IL-9 deficiency in ILC2 cells 
led to a decrease in IL-5 and IL-13 production in cells 
cultured in the presence of TSLP and IL-33, despite 
the number of ILC2 cells not being affected [21, 31, 
32]. Taken together, IL-9 can promote the proliferation 
and survival of ILC2 cells, as well as production of IL-5 
and IL-13, suggesting that IL-9 may promote allergic 
inflammation through amplifying the function of ILC2.

With reference to the different Th subsets, it has been 
shown that IL-9 acts as a growth factor for especially Th2 
and Th17 cells [13, 20]. Previous studies have shown that 
anti-IL-9 antibody treatment was able to inhibit airway 
inflammation by reducing the number of Th17 cells and 
IL-17 levels [9]. Additionally, it has been also shown that 
IL-9 mediates Th17 differentiation in vitro [33, 34]. Fur-
thermore, pulmonary overexpression of IL-9 appears to 
induce Th2 differentiation leading to pathologic changes 
in the lungs [35]. Our findings for Th2 cells are also in 
accordance with these studies, and have further demon-
strated that IL-9 deficiency significantly decreased Th2 
cells infiltration and production of IL-4, IL-5, IL-13 and 

Fig. 7 Flow cytometric analysis of mast cells in lung and BALF. a The protocol for gating mast cells  (CD117+ FcεRIα+). b Flow cytometric 
identification of mast cells in single-cell suspensions of the BAL fluid (BALF) and lung parenchyma (Lung) of WT and Il9−/−mice challenged with 
HDM and NS. Left: representative plots of  CD117+ FcεRIα+ mast cells of indicated mice after gating out dead cells. Right: the percentages of 
mast cells in BALF and lung. And total number of mast cells in BALF and lung. c Flow cytometric analysis of mast cells expressing Ki67 in lung 
parenchyma. Left: representative plots of  Ki67+mast cells of indicated mice. Right: the percentages and absolute number of  Ki67+mast cells in lung 
parenchyma. Bars show the mean ± SEM (n = 3 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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IL-17A; suggest that IL-9 can act on Th2 cells and Th17 
cells, which are major contributors to allergic inflamma-
tion, either directly or indirectly.

Mast cells are a main target of IL-9, which serves as 
a growth factor for these cells and also influences their 
function [36, 37]. The present study demonstrated that 
mast cell accumulation in the lung tissue of HDM-chal-
lenged mice was clearly attenuated by IL-9 deficiency, 
and this was supported by the reduction of mMCP-1 in 
the lung tissue homogenate of the experimental animals. 
These findings are in accordance with previous stud-
ies, which indicated that accumulation of mast cells in a 
model of acute allergic inflammation was dependent on 
IL-9, because neutralizing IL-9 dramatically reduced the 
number of mast cells infiltrating the lungs [10, 38]. These 
data suggest that IL-9 inhibition might be required to 
diminish pulmonary mast cell numbers, possibly provid-
ing some beneficial effects in asthmatics.

Despite of the induction of mucus and Th2 cytokines in 
OVA-induced acute allergic asthma model, IL-9 slightly 
affects the cellular changes in asthma [10]. To understand 
the role of IL-9 in the inflammation process of asthma, 
the mice in the present study were sensitized by intra-
peritoneal injection of HDM in aluminum salts to initiate 
sever lung inflammation with obvious cellular changes. 
According to previously studies [15, 39], aluminum salts 
was used as an adjuvant to provide HDM protein antigen 
sustained release and non-specific immune stimulation. 
In this point of view, the experimental model in the pre-
sent study can possibly help us to clearly clarify the role 
of IL-9 in airway inflammation than that of naturally aer-
osol inhalation of allergens [40, 41].

Asthma has a higher incidence in females, and female 
asthmatic patients seem to experience severer asthma 
symptoms than those of males, resulting in a reduced 
quality of life [42]. In addition, female mice easily suf-
fer from OVA-induced type 2 dominated asthma-like 
changes than those of male mice [43]. Furthermore, con-
sidering a protective role of IL-9 receptor specific single 
nucleotide polymorphisms against wheezing in males, 
we established a murine asthmatic model in female mice 
[44], without interference the behaviours of male mices 
y[45]. Still, we can not exclude that the results observed 
in this study are also applicable to males. More studies 
are certainly required to figure out this question.

Our studies have shown that IL-9 deficiency markedly 
reduced the numbers of ILC2 cells, Th2 cells and mast 
cells, in BALF and the lung tissues of HDM-challenged 
mice. Thus, it is reasonable to speculate that IL-9 defi-
ciency might inhibit ILC2 cells, Th2 cells and mast cells 
accumulation in the lung by leading to decreased prolif-
eration of these cells. Indeed, assessment of the expres-
sion of Ki67 in these cells, as a marker for cells that 

were in active phases of the cell cycle, demonstrated 
that the number of  Ki67+ILC2 cells,  Ki67+Th2 cells and 
 Ki67+mast cells in the Il9−/−mice was clearly reduced 
compared to that in WT mice following HDM challenge, 
thus supporting the hypothesis that IL-9 deficiency may 
partly affect proliferation of ILC2, Th2 and mast cells.

Conclusion
In summary, our study has demonstrated a critical role 
for IL-9 in regulating numbers of ILC2 cells, Th2 cells, 
mast cells and expression of cytokines produced by these 
cells in the airways of HDM sensitized mice, following 
allergen challenge. Furthermore, IL-9 deficiency results 
in a profound decrease in inflammatory cellular infiltra-
tion and goblet cell hyperplasia. It is possible that IL-9 
might promote proliferation of ILC2 cells, Th2 cells and 
mast cells. These findings should improve the under-
standing of the pathogenesis of asthma and facilitate 
the development of novel therapies for treatment of this 
disease.
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