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IRAK-M knockout promotes allergic airway inflammation, but 
not airway hyperresponsiveness, in house dust mite-induced 
experimental asthma model
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Background: IL-1 receptor associated-kinase (IRAK)-M, expressed by airway epithelium and 
macrophages, was shown to regulate acute and chronic airway inflammation exhibiting a biphasic response 
in an OVA-based animal model. House dust mite (HDM) is a common real-life aeroallergen highly relevant 
to asthma pathogenesis. The role of IRAK-M in HDM-induced asthma remains unknown. This study was 
aimed to investigate the effect of IRAK-M on allergic airway inflammation induced by HDM using IRAK-M 
knockout (KO) mice and the potential underlying mechanisms. 
Methods: IRAK-M KO and wild-type (WT) mice were sensitized and challenged with HDM. The 
differences in airway inflammation were evaluated 24 hours after the last challenge between the two 
genotypes of mice using a number of cellular and molecular biological techniques. In vitro mechanistic 
investigation was also involved.
Results: Lung expression of IRAK-M was significantly upregulated by HDM in the WT mice. Compared 
with the WT controls, HDM-treated IRAK-M KO mice showed exacerbated infiltration of inflammatory 
cells, particularly Th2 cells, in the airways and mucus overproduction, higher epithelial mediators IL-25, IL-
33 and TSLP and Th2 cytokines in bronchoalveolar lavage (BAL) fluid. Lung IRAK-M KO macrophages 
expressed higher percentage of costimulatory molecules OX40L and CD 80 and exhibited enhanced antigen 
uptake. However, IRAK-M KO didn’t impact the airway hyperreactivity (AHR) indirectly induced by HDM.
Conclusions: The findings indicate that IRAK-M protects allergic airway inflammation, not AHR, 
by modifying activation and antigen uptake of lung macrophages following HDM stimulation. Optimal 
regulation of IRAK-M might indicate an intriguing therapeutic avenue for allergic airway inflammation.
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Introduction

The airway epithelium constitutes the first barrier of 
host cellular defense against inhaled stimuli and regulates 
both innate and adaptive immune responses to inhaled 
aeroallergens (1). Allergic asthma is characterized by airway 
inflammation thought to be driven by an aberrant Th2 
immunity, particularly eosinophils and CD4+ T helper 2 
(Th2) cells (2,3). Much evidence has outlined the key role 
of airway epithelium in determining the development and 
magnitude of type 2 responses during asthmatic process by 
sensing environmental aeroallergens via pattern recognition 
receptors (PRRs), in turn, activating antigen-presentation 
cells (APCs) and other innate immune cells, further 
leading to the release of the proinflammatory mediators, 
such as interleukin-33 (IL-33), IL-25, and thymic stromal 
lymphopoietin (TSLP), in a cell type-specific manner (1). 

Toll-like receptors (TLRs) are a group of family member 
of PRRs belonging to TLR/interleukin (IL)-1 receptor 
superfamily and recognize house dust mite (HDM) (1,4). 
HDM is the most common aeroallergen highly relevant to 
clinical expression of asthma and up to 85% of asthmatic 
individuals allergic to HDM (5). In mice development of 
asthma to HDM-specific responses depends on activation of 
airway epithelial TLR4 (6). Furthermore, Toll-interleukin-1 
receptor (TIR)-8, a negative regulator of TLR4 signaling, 
was demonstrated to promote the development of HDM-
induced innate and adaptive Th2 immunity (7). 

Genome-wide analysis reveals that human chromosome 
12q14.2, containing the locus of IL-1 receptor-associated 
kinase (IRAK-M) gene, was genetically linked to asthma 
or asthma-related traits (8). Interestingly, genetic studies 
performed in childhood- and adult-onset individuals 
demonstrated the opposite effect of IRAK-M single nucleotide 
polymorphisms (SNPs) on asthma susceptibility (9,10). 

IRAK-M, expressed by airway epithelium and macrophages, 
negatively regulates TLRs signaling and inhibits downstream 
excessive inflammatory response (9,11,12). However, 
accumulating evidence has shown that IRAK-M plays a 
distinct role, anti-inflammatory or proinflammatory, in 
regulation of inflammatory responses depending on various 
clinical scenarios and the kind of stimuli (13-16). The 
role of IRAK-M in modulating immunologic outcomes 
of asthma is also contextual. For example, IL-13-driven 
IRAK-M expression in airway epithelial cells inhibited 
TLR2 signaling that was associated with exacerbated 
airway inflammation (12,17). By contrast, IRAK-M ablation 
attenuated dendritic cell (DC) activation, type 2 immunity, 

and airway pathology in an IL-33-induced allergic airway 
inflammation (18). We previously reported in asthma mouse 
models that IRAK-M knockout (KO) worsened acute airway 
inflammation to 24-day antigen exposure by enhancing Th2 
and Th17 differentiation, but weakened chronic Th2 airway 
inflammation to 60 days of antigen challenge via maintaining 
DC-mediated Th1 activation (10,19). It should be pointed 
out that we used an ovalbumin (OVA)-based animal model. 
However, there are several differences in phenotypes and 
mechanisms, existing between OVA-based model and models 
adopting a common environmental allergen. In addition, 
it has become evident that at least some of the underlying 
mechanisms that govern OVA-based models of airway 
inflammation differ from those induced by exposure to 
aeroallergens. 

The OVA has relatively weak allergenicity and needs 
aluminum hydroxide as immunological adjuvant to induce 
a Th2 skewing model, thus has limitations in modeling 
allergic asthma (20,21). A purified natural allergen HDM 
has been shown to offer a more relevant murine model of 
human allergic asthma (22). 

In this current study, we adopted IRAK-M knockout 
(KO) mice to investigate the specific contribution of 
IRAK-M in HDM-induced allergic airway inflammation 
and airway hyperreactivity (AHR). We demonstrated a 
beneficial role for IRAK-M in attenuating Th2-dominated 
allergic airway inflammation through modulating 
macrophages overactivation and enhancement of antigen 
uptake by macrophage phagocytosis. 

We present the following article in accordance with the 
ARRIVE Reporting Checklist (available at http://dx.doi.
org/10.21037/jtd-20-2133).

Methods

Mice

I R A K - M  K O  m i c e  ( g i f t e d  b y  D r.  N i k o l a o s  G . 
Frangogiannis, Albert Einstein College of Medicine) and 
WT mice (purchased from Experimental Animal Research 
Center, Beijing, China) on C57BL/6 background were 
maintained in a pathogen-free mouse facility at Peking 
Union Medical College Hospital Animal Care Center. Mice 
were used for experiments at age of 8–10 weeks.

Ethics approval for this study was obtained from the 
ethics committee of Peking Union Medical College 
Hospital for animal experimentation, in compliance with 
national or institutional guidelines for the care and use of 

http://dx.doi.org/10.21037/jtd-20-2133
http://dx.doi.org/10.21037/jtd-20-2133
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animals (XHDW-2015-0047).

Protocol for establishment of allergic asthma mouse model

Protocol for sensitization and challenge was based on the 
previous published method with minor modification (23). 
Briefly, mice were injected intraperitoneally (i.p.) on days 0, 
3, 5 with HDM extract containing 10 µg of Der p1 (Indoor 
Biotechnologies, VA, USA) in 200 µL of sterile saline and 
then challenged intranasally (i.n.) with the same agent on 
days 10, 12 14, 16, and 17. Control mice were received 
phosphate-buffered saline (PBS) during the sensitization 
and challenge phases. Mice were sacrificed 24 hours after 
the last challenge for airway reactivity measurement.

Airway resistance testing

According to previously reported method (24), specific 
airway resistance (sRaw) as an indicator of airway reactivity 
was measured at 24 hours after the last challenge using a 
double-flow plethysmograph (Pulmos-I. II. III, M.I.P.S., 
Osaka, Japan). Airway resistance was measured at 
baseline, followed by increasing concentrations of inhaled 
methacholine (MCh). 

Lung histology and immunohistochemistry

Mice were sacrificed and the left lungs were removed, 
inflated to 25 cmH2O with 10% formalin, fixed overnight, 
then embedded in paraffin, and sectioned at 4µm thickness 
as previously described (19). Lung sections were stained 
with hematoxylin & eosin reagent. The severity of 
peribronchial inflammation was semiquantitatively graded 
in a blind manner according to published method (25).

Sections were stained with Alcian blue/periodic acid 
Schiff (PAS) to identify mucus-containing cells. 

Masson trichrome staining was used to assess subepithelial 
fibrosis using an Image-Pro Plus analysis system (Media 
Cybernetics, Silver Spring, MD, USA) (25). Briefly, 5 digital 
photographs were taken at 200×magnification and the area 
of collagen deposition (AC) and the perimeter of basement 
membrane of bronchioles (Pbm) were measured. Results 
were expressed as the area of AC per the perimeter of 
basement membrane of bronchioles (WAc/Pbm µm2/µm). 
At least 5 bronchioles were randomly counted from each 
sample.

Immunohistochemistry (IHC) was used to detect 
protein expression of IRAK-M and α-smooth muscle 

actin (α-SMA). Briefly, sections were incubated in sodium 
citrate buffer for 15 minutes at 80 ℃ for antigen retrieval, 
and then rinsed in 1.5% H2O2 in methanol for 30 minutes 
to block endogenous peroxidase activity. After rinsing, 
sections were incubated with 5% rabbit serum for 30 min 
to block non-specific binding, and then incubated with 
primary antibodies overnight. After washing, sections were 
incubated with HRP conjugated secondary antibodies for 
1 h, developed with diaminobenzidine tetrahydrochloride 
(Dako, Hamburg, Germany). The primary antibodies used 
were goat anti-mouse IRAK-M (Abcam, Cambridge, UK) 
and goat anti mouse α-SMA (Abcam, Cambridge, UK).

Bronchoalveolar lavage (BAL) fluid collection and analysis

Mice were euthanized 24 hours after the last challenge. 
BAL was performed following the established method 
of the lab (19). The lungs were injected 3 times with  
0.7 mL ice-cold PBS (pH 7.4) and the fluid was recovered 
gently. The BAL fluid was spun at 1,500×g for 5 min 
at 4 ℃, supernatant was collected and stored at −70 ℃ 
until analyzed. Cell pellets were resuspended in 100 µL 
of PBS. Total inflammatory cells were numbered on a 
hemocytometer in the presence of 0.4% trypan blue (Sigma, 
MO). The determination of leukocyte differentials, B cells 
(CD3−B220+), CD4+T cells (CD3+CD4+B220−), and Th2 
cells (CD3+CD4+ST2+) was subjected to FACS according 
to our previously published methods (10,19).

ELISA analysis of cytokines in BAL fluid

The levels of cytokines in BAL fluid were analyzed using 
commercially available specific OptEIA sandwich ELISA 
kits (eBioscience) as per manufacture’s recommendations 

Serum concentrations of immunoglobulins (Igs) by ELISA 

Blood for measurement of serum Igs was collected 24 hours 
after the last challenge. Serum total IgE was measured 
using an ELISA kit (Abcam, Cambridge, UK) following 
the instructions of the manufacturer. An indirect ELISA 
method was used to assess the HDM-specific IgE and IgG1 
levels in serum, OD values were read at 450 nm (26). 

Flow cytometry analysis

Recovered cells were resuspended in 100 µL of PBS. 
Gating for macrophages was set on the cells expressing 
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both CD11c and Siglec-F. For detection of surface 
expression of costimulatory molecules on macrophages, 
cells were stained with fluorochrome (FITC, PE, PerCP-
Cyanine5.5, APC)-conjugated Abs (anti-mouse CD3, 
CD4, CD8, F4/80, CD11b, CD11c, CD40, CD80, CD83, 
CD86, OX40L) for 30 to 45 minutes at room temperature 
according to previously described method (19). After wash 
by PBS containing 0.1% sodium azide, cells were subjected 
on FACSCalibur (BD Biosciences). All fluorochrome-
conjugated Abs were purchased from eBioscience, BD 
Biosciences, or Biolegend. The control Abs were applied to 
the isotype samples.

Extraction of RNA and Semiquantitative real-time PCR 
(qRT-PCR)

Total RNA was extracted from lung tissues using 
TRIzol reagent according to manufacturer’s protocol. 
Rever se  t r an sc r ibed  in to  complementa ry  DNA 
(cDNA) using a commercial kit (TaKaRa). qRT-PCR 
was performed on the ABI 7500 Fast real time PCR 
System (Applied Biosystems) using SYBR Premix Ex 
Taq (TaKaRa). The relative gene expression levels were 
evaluated by the ratio to GAPDH mRNA. The specific 
primer pairs were follows: IRAK-M: forward 5'-GA
AACATCTGTGGTACATGCCAGAA-3' ;  reverse 
5'-ACTTTGCAGCCCGTTAGAACCTC-3'; GAPDH: 
forward 5'-TTGTCTCCTGCGACTTCAACA-3', reverse 
5'-TGGTCCAGGGTTTCTTACTCC-3'.

Phagocytosis assay

Airway macrophages were isolated from BAL fluid as 
previously described (10,19). Lung macrophages were 
isolated from lung tissue digested with collagenase type 1A 
and type IV bovine pancreatic DNase by centrifugation 
with Ficoll solution.

The FITC-dextran uptake assay was set up by incubating 
macrophages from the naïve mice of both genotypes with 
FITC-dextran at 4 ℃ for 30 min according to the published 
method (27). FACS analysis was performed. Median 
fluorescence intensity (MFI) was calculated.

Statistical analyses

Data are expressed as mean ± SEM. Comparisons between 
multiple groups were done with analysis of variance 
(ANOVA), while comparisons between two groups were 

performed by Student’s t-test (GraphPad Prism version 5.0, 
GraphPad, San Diego, CA). P value <0.05 was considered 
significant.

Results

HDM challenge induced lung IRAK-M expression in the 
mouse model

We previously showed that increased lung expression of 
IRAK-M in both acute and chronic mouse models induced 
by OVA (10,19). It was tempting to examine whether lung 
IRAK-M expression was regulated by HDM in an allergic 
mouse model (Figure 1A). Consistently, significantly 
elevated expression of IRAK-M mRNA in the lungs was 
seen in HDM-treated mice compared to PBS-treated 
mice (Figure 1B, P<0.01). IHC staining showed that lung 
epithelial IRAK-M was notably increased in HDM group 
compared with that in PBS control (Figure 1C). 

IRAK-M ablation worsened lung histopathology, not AHR, 
after HDM induction

Given the inconsistency in the effect of IRAK-M on OVA-
induced airway inflammation between acute and chronic 
models, we investigated whether IRAK-M deficiency had an 
impact on allergic airway inflammation induced by HDM in 
less than 3 weeks of exposure in a mouse model (28). 

PBS treatment induced little airway inflammation in 
both IRAK-M KO and WT mice (Figure 2A, left panel). 
Compared with similarly-treated WT mice, HDM-
sensitized and challenged IRAK-M KO mice showed 
more severe allergic airway inflammation evidenced by 
thickened airway epithelium and more infiltration of 
inflammatory cells in the peribronchus and around vessels 
(Figure 2A, right panel). We semi-quantitatively scored the 
histopathological findings and found a significant increase 
in inflammation scores in IRAK-M KO mice compared 
with WT mice (Figure 2B, P<0.05). 

Consistent with worsened allergic inflammation in the 
airways, HDM-treated IRAK-M KO mice showed obvious 
mucus hypersecretion by goblet cells in the larger airways 
compared with their WT counterpart (Figure 2C,D).

AHR is one of key characteristics of asthma. We have 
previously shown the dual regulation of IRAK-M on airway 
reactivity in OVA-induced experimental asthma models (10,19). 
We tested whether IRAK-M had an impact on AHR induced 
by HDM. HDM treatment increased the airway resistance in 
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both WT and IRAK-M KO mice after the increasing doses 
of inhaled Mch, however, no significant difference was seen 
between the two groups of mice (P>0.05 for all time points, 
Figure 2E).

IRAK-M KO exacerbated HDM-induced Th2 immune 
response in the airways

To determine whether IRAK-M depletion affected the 
HDM-induced infiltration of inflammatory cells into the 
airways, we estimated the cell subpopulations in BAL fluids 
following allergen sensitization and challenge. Following 
HDM challenge, the number of total inflammatory 
cells, macrophages, and neutrophils in BAL fluids was 
similarly increased between the both genotypes of mice, 
but there was significantly higher number of eosinophils 
and lymphocytes in the airways in HDM-sensitized and 
-challenged IRAK-M KO than in similarly treated-WT 
mice (Figure 3A).

Using flow cytometry analysis of different cell groups in 
BAL fluid, we found that percentages of Th2 cells, B cells, 
not CD4+T cells, were significantly higher in IRAK-M KO 

mice than those in WT mice (Figure 3B).

Effect of IRAK-M deficiency on cytokines production in 
response to HDM

Upon aeroallergen challenge, activated airway epithelial 
cells release alarming mediators such as IL-25, IL-
33, and TSLP which control downstream Th2 cell-
mediated immunity (1). We observed significantly elevated 
concentrations of IL-25, IL-33, and TSLP in BAL fluids 
from HDM-treated IRAK-M KO mice compared to those 
from similarly-treated WT mice (Figure 4A).

We next examined the effect of IRAK-M KO on 
cytokine production in the airways. After HDM challenge, 
the levels of Th2 cytokines such as IL-4, IL-5, and IL-13 in 
BAL fluids were significantly higher in IRAK-M KO mice 
than those in WT mice. There were markedly increased 
concentrations of Th1 cytokine IFNγ and Th17 cytokine 
IL17A in BAL fluid from IRAK-M KO mice than those 
from WT mice. There were similar concentrations of Treg-
associated cytokines IL-10 and TGF-β between WT and 
IRAK-M KO mice (Figure 4B). 

A B

C
WT-PBS WT-HDM

Figure 1 HDM induced lung expression of IRAK-M in mice. (A) Schematic representation of the protocol for establishment of 
allergic asthma mouse model driven by HDM. (B) mRNA expression of IRAK-M in the lung of WT mice following PBS or HDM 
treatment. IRAK-M gene expression was normalized to GAPDH expression, n=6 mice in each group. *, P<0.05. (C) Representative 
immunohistochemical images of distribution of IRAK-M positive cells in the entire airways of mice treated with PBS (left panel) or HDM 
(right panel). HDM, house dust mite; IRAK-M, IL-1 receptor associated-kinase-M; WT, wild-type. 
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IRAK-M loss increased serum Ig levels

Allergen-specific IgE is a key player in the pathophysiology 
of allergic asthma (29). We measured the levels of total 
IgE, HDM-specific IgE, and HDM-specific IgG1 in serum 
and found significantly increased serum levels of total 
IgE, HDM-specific IgE and IgG1 in IRAK-M KO mice 
compared with the WT mice (Figure 5).

IRAK-M deficiency influenced expression of costimulatory 
molecules on macrophage after HDM induction

Naïve T cells differentiation is tightly controlled by APCs, 
mainly including DCs and macrophages, via expressing 
costimulatory molecules (1). We first checked the expression 
of costimulatory molecules by DCs isolated from BAL 

fluids. However, there were no differences in expression of 
costimulatory molecules by DCs between IRAK-M KO and 
WT mice after HDM challenge (data not shown).

Macrophages, highly expressing IRAK-M, also affect 
differentiation of T cells by providing costimulatory 
molecules in an OVA-induced asthma model (19). In 
accordance with this notion, we observed that HDM 
treatment significantly increased expression of OX40L 
and CD80 by BAL macrophages from IRAK-M KO mice 
compared to those for WT mice (Figure 6). 

Effect of IRAK-M loss on antigen uptake by macrophage 

Macrophage phagocytosis, an important event in keeping 
local airway mucosal immune homeostasis, represents 

Figure 2 IRAK-M KO worsened airway inflammation, not AHR, in mice after HDM induction. (A) Representative photomicrographs of 
HE-stained lung tissues in mice exposed to PBS or HDM. (B) Semiquantitative scorings of airway inflammation for PBS- or HDM-treated 
WT and IRAK-M KO mice. n=6 mice in each group; *P<0.05. (C) Representative photomicrographs of periodic acid-Schiff-stained lung 
tissues from mice exposed to PBS or HDM. (D) Histopathological evaluation of mucus-staining goblet cells, n=6 animals per group, *, 
P<0.05. (E) HDM-sensitized and challenged IRAK-M KO mice showed comparable AHR reflected by sRaw values in response to increasing 
doses of inhaled Mch compared to similarly treated-WT mice, n=6 animals in each group. n.s., not significant; HDM, house dust mite; 
IRAK-M, IL-1 receptor associated-kinase-M; WT, wild-type; KO, knockout.

A C

B D E
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an important process involved in antigen uptake (27). 
Dysfunction of this process may be contributing to 
maladaptive immunity (30,31). Particles phagocytosis by 
airway macrophages was shown to be enhanced in mild 
asthma patients (32). Consistently, we found that IRAK-M 
KO macrophages isolated from BAL fluids and lungs 
demonstrated significantly enhanced capacity of antigen 
uptake by macrophage phagocytosis compared to WT 
macrophages (Figure 7).

Effect of IRAK-M loss on airway subepithelial structure

Increased collagen deposition and smooth muscle cells are 
the typical features of asthma pathology (33). We found that 
HDM treatment significantly increased collagen deposition 
around the airways in both WT and IRAK-M KO mice, 
but no significant difference was observed between the two 
groups of mice (Figure 8A). Of note, IHC staining showed 
that α-SMA positive area per the perimeter of basement 
membrane of bronchioles was significantly increased in 
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Figure 3 Assessment of infiltration of inflammatory cells in the airways. (A) Total inflammatory cells and differential subpopulations in BAL 
fluid. *, P<0.05. (B) Summary plots of flow cytometry analysis for percentage of B, CD4+T, and Th2 cells in BAL fluids of WT or IRAK-M 
KO mice following HDM stimulation. *, P<0.05. HDM, house dust mite; IRAK-M, IL-1 receptor associated-kinase-M; WT, wild-type; 
KO, knockout; BAL, bronchoalveolar lavage.
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IRAK-M KO mice than that in WT mice after HDM 
treatment (Figure 8B).

Discussion

The airway epithelial cells express a full complement of 
TLRs that recognize the environmental allergens such as 
HDM and regulate allergic airway inflammation (34), thus 
asthma is thought to be an airway epithelium disorder. We 
previously demonstrated a distinct effect of airway epithelial 
IRAK-M, a negative regulator of TLRs, on OVA-induced 
airway inflammation in animal model depending on the 
duration of challenge and disease stage (10,19). 

The OVA model uses aluminum hydroxide as an adjuvant 
for Th2-skewing immunity, thus it has drawbacks in studying 
innate immunity driving allergic airway inflammation. HDM 
contains immunogenic properties and is widely used to 

replicate allergic asthma mouse model (20). Using an HDM-
sensitized and -challenged protocol, IRAK-M KO mice 
showed: (I) a significant increase in the severity of allergic 
airway inflammation as evidenced by more inflammatory 
cells (particularly eosinophils and Th2 cells) in the airways, 
worsened airway pathology, and mucus overproduction; (II) 
more secretion of proinflammatory cytokines (including 
epithelial-release proinflammatory mediators and Th2 
cytokines); (III) higher levels of serum IgE, HDM-specific 
IgE and IgG1; (IV) overactivation of macrophages exampled 
by higher expression of costimulatory molecules and in 
vitro enhanced antigen uptake shown by macrophage 
phagocytosis. Consistent with our previous observations in 
acute asthma model induced by OVA, IRAK-M may have 
an inhibitory role in infiltration of inflammatory cells into 
the airways, particularly Th2 cells, associated with allergic 
immune response to HDM in an experimental asthmatic 
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Figure 4 IRAK-M deficiency increased cytokine production in the airways after HDM treatment. (A) ELISA analysis for levels of airway 
epithelial cytokines IL-33, IL-25, and TSLP in BAL fluids, n=5–10 animals in each group, *, P<0.05. (B) ELISA analysis for levels of various 
proinflammatory cytokines in BAL fluids from WT or IRAK-M KO mice following HDM stimulation, n=5–10 animals in each group, *, 
P<0.05. TSLP, thymic stromal lymphopoietin; HDM, house dust mite; IRAK-M, IL-1 receptor associated-kinase-M; WT, wild-type; KO, 
knockout; BAL, bronchoalveolar lavage.
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animal model. 
Intracellular IRAK-M negatively regulates the TLR/

NF-κB signaling pathway to block inflammatory cascade 
and stabilize the airway mucosal immune system (11). 
For instance, IRAK-M KO increased infiltration of 
inflammatory cells and elevated expression of cytokines 
in an experimental mouse model of acute myocardial 
infarction (35). IRAK-M KO mice had a substantial increase 

in mortality after pulmonary influenza infection (36). 
IRAK-M deficiency promoted the development of early-
onset diabetes in mice (14). 

Allergic asthma is often considered to be a disease 
driven by Th2-type responses to inhaled antigens (2). 
IRAK-M has been shown to play an important role in Th2 
cell-mediated immunity and IL-33-induced allergic airway 
inflammation (18). The production of Th2 cytokines is 
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regulated by upstream alarming molecules such as IL-
25, IL-33, and TSLP, which are released from airway 
epithelium upon activation of TLRs by inhaled allergens (1). 
We observed an increased IRAK-M immunoreactivity in 
airway epithelial cells after HDM challenge, and IRAK-M 
ablation led to significant elevation of BAL IL-25, IL-
33, and TSLP. Furthermore, BAL Th2 cytokines such as 
IL-4, IL-5, and IL-13 were higher in IRAK-M KO mice 
treated with HDM. These data suggest that IRAK-M 
might modulate expression of abnormal Th2 response in 
allergic airways via epithelium-derived mediators. We also 
demonstrated that HDM significantly increased serum 
levels of total IgE, HDM-specific IgE and IgG1 in IRAK-M 
KO mice. These might be due to higher expression of IL-4 
in the airways because IL-4 can promote IgE synthesis 
through induction of Th2 cell polarization (37). In this 
study using HDM-treated mouse model, IRAK-M KO mice 
not only demonstrated the significantly higher levels of 
BAL IL-4 (Figure 5B), but also significant elevation of IL-4 
mRNA in the lungs (data not shown). Collectively, these 
data indicate the importance of IL-4 in IgE production. 

The data presented in HDM-induced model showing 
higher concentrations of BAL Th1 cytokine IFNγ and 

Th17 cytokine IL17A in IRAK-M KO mice were consistent 
with our observations in acute and chronic asthma models 
induced by OVA, indicating the regulatory role of IRAK-M 
in T cells differentiation into Th1 or Th17 (38). 

Airway epithelial innate molecules are instructive to 
APCs in the induction of Th2 cell differentiation through 
the differential expression of costimulatory molecules 
such as CD80, OX40L. Contrary to our findings in the 
OVA-induced acute asthma model (19), IRAK-M didn’t 
influence expression of costimulatory molecules by airway 
DCs, the potent APCs, after HDM challenge. IRAK-M is 
predominantly expressed in macrophages and an inhibitor 
of macrophage function (11). In this present study, IRAK-M 
KO macrophages from the airways and lungs showed 
higher expression of costimulatory molecules OX40L 
and CD80 after HDM treatment. Furthermore, lung 
macrophages have demonstrated to be proinflammatory in 
mediating asthmatic airway inflammation (39). IRAK-M 
KO macrophages had higher levels of proinflammatory 
cytokines and greater costimulatory molecule expression in 
a septic mouse model (13). We and others have demonstrated 
that macrophages have the capability to regulate the 
pulmonary response to inhaled allergen including higher 
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expression of costimulatory molecules and production of 
cytokines during asthmatic process (19,39-42). 

Because of abundant phagocytes, airway macrophages are 
the first immune cell to encounter inhaled allergens which 
are critical for maintaining airway mucosal hemostasis. On 
the other hand, macrophage phagocytosis has been shown 
to be dysfunctional and proinflammatory in asthma (39). 
In this study, we showed that HDM-treated IRAK-M KO 

mice had an enhanced antigen uptake shown by macrophage 
phagocytosis, leading to greater expression of costimulatory 
molecules OX40L and CD 80 by pulmonary macrophages, 
further promoting T cells skewing to Th2 type. Indeed, a 
previous study has shown that activation of lung macrophages 
drives Th2 immune response and also elaborates IL-17 
release in an OVA-induced experimental animal model (38).

AHR is one of the primary features of allergic airway 
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diseases. Contrary to the OVA-induced asthma model, 
IRAK-M didn’t show the effect on airway reactivity in 
this HDM-induced model of allergic asthma. Previous 
studies showed that TGF-β1 regulated AHR in an OVA-
based model (43-45), not necessarily for the development 
of airway reactivity in HDM-induced animal model (46). 
AHR has been reported to be dissociated from airway 
inflammation in patients with chronic asthma (47). The 
lack of effect might reflect that AHR in asthma results from 
multiple mechanisms and is not closely related to airway 
inflammation (47,48).

Conclusions

We show here that allergen-induced airway inflammation is 
dependent on IRAK-M signaling, and this is consistent with the 
previous reports by us and others showing the role of IRAK-M 
in modulating allergic airway inflammation in experimental 
animal models exhibiting a biphasic effect (10,18,19). Our 
observations also indicate the differences in molecular 
mechanisms for modulating the pathogenesis of OVA- and 
HDM-induced airway inflammation. However, our mouse 
studies did not show the effect of IRAK-M on the regulation 
of airway reactivity and airway remodeling under HDM 
challenge, highlighting the complexity of IRAK-M in mediating 
pulmonary immune response to various stimuli in allergic 
immune response. Modulation of innate immune molecule 
expressed by airway epithelium in an appropriate manner might 
offer a novel target for allergic airway inflammation. 
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