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Abstract (250 words)
Lung fibroblasts play an important role in subepithelial fibrosis, one feature for airway remodeling. IL-1 receptor-associated kinase (IRAK)-M was shown to involve fibrosis formation in airways and lung through regulation of inflammatory responses. IRAK-M is expressed by lung fibroblasts. Whether IRAK-M has direct impact on lung fibroblasts remains unclear. In this investigation, we evaluated in vitro effect of IRAK-M on phenotypes of lung fibroblasts by silencing or overexpressing IRAK-M.

Murine Lung fibroblasts (MLg) were stimulated with house dust mite (HDM), IL-33, and transforming growth factor (TGF) (1. Techniques of small interfering RNA or expression plasmid were employed to silence or overexpress IRAK-M in MLg fibroblast cells. Proliferation, migration, invasiveness, and fibrosis-related events were evaluated. 

Significant upregulation of IRAK-M expression in MLg cells was caused by these stimuli. Silencing IRAK-M significantly increased proliferation, migration, and invasiveness of lung fibroblasts regardless of stimulating conditions. By contrast, IRAK-M overexpression significantly inhibited proliferation and motility of MLg lung fibroblasts. IRAK-M overexpression also significantly decreased the expression of fibronectin, collagen I, and (-SMA in MLg cells. Under stimulation with TGF(1 or IL-33, IRAK-M silencing reduced MMP9 production, while IRAK-M overexpression increased MMP9 production. Modulation of IRAK-M expression affected cytokines production, either decreased or increased expression of TNF( and CXCL10 by the cells regardless of stimulation.   

Our in vitro data reveal that IRAK-M directly impacts on lung fibroblasts through modulation of cellular motility, release of inflammatory and fibrotic cytokines of lung fibroblasts. These might suggest a new target by regulation of IRAK-M in slowing airway remodeling.
Key words: IRAK-M, fibroblast, airway remodeling, fibroblast invasiveness, asthma.

Introduction (584 words)
Airway remodeling (AR) in asthmatic airway wall constitutes epithelial thickness, thickening and fibrosis of the underlying lamina propria, airway smooth muscle cell proliferation, fibroblast activation, and altered extracellular matrix (ECM) composition (1). AR is related to disease severity and irreversible airway obstruction in many asthmatic patients 
 ADDIN EN.CITE 

(2-4)
. Inhaled corticosteroids (ICSs) are the mainstay for asthma treatment, but a proportion of patients are less responsive, even refractory, to a high dose of ICS 
 ADDIN EN.CITE 

(5, 6)
. It is thought that airway structural changes might be due to the dysregulated homeostasis (such as loss of some critical signal molecules, upregulation of expression of asthma susceptible genes, etc.) independent of airway inflammation 
 ADDIN EN.CITE 

(7)
. Currently, no pharmacological agent can blunt or reverse existing structure remodeling of the airway. Thus, searching for novel targeting therapeutics is clinically needed (1). 
Subepithelial fibrosis is a prominent component in airway remodeling, characterized by deposition of extracellular collagen around the airways (8). Lung fibroblasts are mesenchymal cells that play an important role in airway remodeling through several mechanisms 
 ADDIN EN.CITE 

(9-11)
. In response to repeated injuries of airway epithelial cells, lung fibroblasts proliferate, migrate, invade, and excessively secret collagen, leading to an aberrant wound repair process and contributing to airway remodeling. The mechanism underlying the regulation of airway fibroblast biology is less understood in the context of asthmatic inflammation.
Expression of IL-1 receptor-associated kinase (IRAK)-M is an intracellular component of signaling pathways mediated by the toll-like receptors (TLRs), in which activation of TLRs exerts modulatory role in asthmatic pathobiology 
 ADDIN EN.CITE 

(12, 13)
. IRAK-M expression is initially found in macrophages/monocytes to inhibit NF-(B overactivation 
 ADDIN EN.CITE 

(14)
. IRAK-M is also expressed in resident cell types, including airway epithelial and alveolar cells, dendritic cells, and fibroblasts 
 ADDIN EN.CITE 

(15)
. Existing evidence has shown that airway epithelial cells expressing-IRAK-M plays a dual role in regulating asthmatic immune response 
 ADDIN EN.CITE 

(16-19)
. For instance, up-regulation of IRAK-M has been observed in the airway epithelial cells of ovalbumin (OVA)-challenged murine model of asthma and asthmatic patients 
 ADDIN EN.CITE 

(17, 18, 20)
. Furthermore, persistent overexpression of IRAK-M by airway epithelial cells impairs epithelial TLR2 signaling activation in Th2 cytokine IL-13 environment 
 ADDIN EN.CITE 

(20)
. Using an IRAK-M knockout (KO) mouse model, we have shown that IRAK-M loss decreases collagen accumulation around the airways through inhibiting type 2 airway inflammation in a chronic OVA exposure manner 
 ADDIN EN.CITE 

(18)
, whereas its absence promotes asthmatic airway inflammation without affecting airway structure in an acute exposure condition 
 ADDIN EN.CITE 

(17)
. Moreover, in the experimental non-infectious injury mouse models, IRAK-M expression promoted lung and renal fibrosis by skewing lung macrophages toward an alternatively activated profibrotic phenotype 
 ADDIN EN.CITE 

(21, 22)
. 
Available data show that IRAK-M imposes effect on the formation of tissue fibrosis performed in the animal models through the mechanisms involving alternative activation of macrophages or T cell abnormal differentiation. Works from Frangogiannis’s lab have shown that higher IRAK-M expression is directly implicated in activating cardiac fibroblasts and promoting myofibroblasts conversion in an experimental animal model of cardiac infarction 
 ADDIN EN.CITE 

(23, 24)
. Although overall effect of IRAK-M favors immunosuppression 
 ADDIN EN.CITE 

(25)
, IRAK-M activation displays beneficial or harmful effect on lung defense or repair function depending on the milieu of disease context (26). 
An abnormal crosstalk between airway epithelia-fibroblasts has shown to be important for asthmatic remodeling process 
 ADDIN EN.CITE 

(27)
. Currently, there are no studies demonstrating whether dysregulation of IRAK-M imposes a direct role in lung fibroblast biology upon stimulations associating with asthmatic inflammation. To address this concept, we used two complementary approaches with silencing or overexpressing IRAK-M in fibroblast cell lines to evaluate the regulatory effects of IRAK-M on the behavior of lung fibroblasts.
Materials and Methods (741 words)
Cells
MLg cells (murine lung fibroblasts, ATCC CCL-206TM) and MRC5 cells (human lung fibroblasts, ATCC CCL-171TM) were purchased from the National Infrastructure of Cell Line Resource (Beijing, China). Cells were maintained in Dulbecco's minimal essential medium (MEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–streptomycin (HyClone). 
The experiments were performed in MLg cells unless otherwise indicated.
Silencing and Overexpression of IRAK-M

IRAK-M silencing was performed by siRNA transfection. Briefly, 2 x 105 of cells were transfected with 100 pmol/L of IRAK-M siRNA or non-targeting negative siRNA as control in 6-well plate. IRAK-M overexpression was performed by transfecting plasmids encoding IRAK-M gene. pcDNA 3.1 (+) transfection was as negative control. The targeting sequences were shown in Supplementary Table 1. Transfections were performed using GP-transfect-Mate according to the manufacturers’ recommendations. 

To evaluate the efficiency of silencing or overexpression of IRAK-M in cell lines, cells with IRAK-M silencing or overexpression were harvested for evaluation for mRNA expression of IRAK-M at 24 hours or for IRAK-M protein at 48 hours after culturing (Supplementary Figure 1).

IRAK-M siRNAs, plasmids, and transfection reagents were purchased from GenePharma (Suzhou, China). 

Quantitative real-time PCR

Total RNA was extracted from cells using Trizol (Invitrogen, USA) as per the manufacturer’s instructions. First strand cDNA was synthesized using the All-In-One RT MasterMix (Abm, Canada). To quantify the expression of mRNA, real-time PCR was performed using EvaGreen quantitative polymerase chain reaction SuperMix (Abm, Canada). The primers were listed in Supplemental Table 2 and data were quantified using the 2-ΔΔCT method.

Cell proliferation assay
Pre-transfected cells were collected with trypsin and seeded in 96-well plate at 3000 cells in 100 (L per well using medium with 10% FBS and incubated for 12-15 hours before treatment with recombinant mouse TGFβ1 (R&D Systems, USA) or IL-33 (R&D Systems, USA) or house dust mite (HDM) (COSMO BIO, Japan) at the indicated concentrations. After further incubation for 48 hours or 72 hours, CCK-8 assay was employed to evaluate cell proliferation using a commercial cell counting kit-8 (Dojindo Laboratories, Japan).

Migration and Invasion and assays

Fibroblast invasion and migration assays were performed as previously described 
 ADDIN EN.CITE 

(28)
. After silencing or overexpressing IRAK-M, cells were treated with indicated inflammatory stimuli or Pan MMP inhibitor (Sigma, USA) for 24 hours. Cells were resuspended with trypsin and 2(104 of cells were seeded onto filer (for migration assay) or Matrigel (for invasive assay) (Corning, USA) of the upper chamber of Transwell (Merck Millipore, UK) with 150 (L of medium containing 2% FBS, while the lower chamber was filled with 600 (L of medium containing 10% FBS (Supplementary Figure 2). Then cells were incubated at 37 ˚C with 5% of CO2 for 20 hours, the filters were fixed in methanol and stained with crystal violet for 20 min. Cells on the top surface were removed gently with a cotton swab. The number of migrating or invading fibroblasts into the lower chamber was counted under 200x magnification on a light microscopy from 5 randomly chosen fields. 
Western blotting

Lung fibroblasts with IRAK-M being silenced or IRAK-M overexpressed were stimulated with IL-33, or HDM, or TGFβ1 at indicated concentrations and time points. Cells were lysed in RIPA solution (Applygen, China) with 1 mM protease inhibitor cocktail (Roche, Switzerland). After denaturing for 10 min at 95 ˚C equal quantitative protein samples were resolved by 10% NuPAGE Bis-Tris gels (Thermo, USA) and then transferred to a nitrocellulose membrane (Merck Millipore, USA). Primary antibodies were used as followed: fibronectin (Abcam, USA), collagen I (Abcam, USA), α-smooth muscle actin (Abcam, USA), GAPDH (Cell Signaling Technology, USA), (-actin (Affinity, China), pSmad3 (Abclonal, China), Smad3 (Abclonal, China). The membranes were probed with anti-rabbit/mouse secondary antibodies (Cell Signaling Technology, USA) as appropriate. 
The bands were then detected using the Odyssey CLx System and analyzed using Image J software (National Institute of Health).

ELISA 

The supernatant from cultured lung fibroblasts was collected and stored at -80 ˚C until used. Measurements of mouse CXCL10, IL-6, and IL-8 (R&D Systems, USA), MMP9 (R&D Systems, USA), MMP2 (Abcam, USA), TNF( and IL-13 (Thermo, USA) were performed using ELISA as per the manufactures’ recommendations. 

Statistical Analyses

Analyses were performed using Graphpad Prism V.9.0.0 (San Diego, California, USA). Data are expressed as means ± SEM. Unpaired two-tailed Student’s t-test was used for comparisons between two groups following one-way ANOVA with Bonferroni correction for multiple comparisons. All data presented were from at least three independent experiments. P<0.05 is considered as a statistical significance.

Results (1517 words)
IRAK-M expression by lung fibroblasts is induced by inflammatory stimuli
We have previously demonstrated significant induction of IRAK-M in the airways at mRNA and protein level in murine models treated by OVA, both acutely and chronically 
 ADDIN EN.CITE 

(17, 18)
. Increased IRAK-M expression was observed in activated fibroblasts in a murine model of cardiac infarction 
 ADDIN EN.CITE 

(23, 24)
. However, the up-regulated IRAK-M expression might be due to either increase number of infiltrated cells expressing the same amount IRAK-M and/or IRAK-M up-regulation in individual cell types at the injured sites. In the present study, we investigated whether IRAK-M expression could be up-regulated in lung fibroblasts challenged by a variety of stimuli associated with asthma pathophysiology, including profibrotic TGF(1 
 ADDIN EN.CITE 

(29)
, an aeroallergen HDM (13), and an airway epithelium-derived cytokine IL-33 
 ADDIN EN.CITE 

(30)
. 
We first checked the effect of profibrotic TGF(1 on mRNA expression of IRAK-M by MLg lung fibroblasts and found significantly increased mRNA expression of IRAK-M at 24 hours after stimulation with TGF(1 (Figure 1). Besides, treatment with 100 (g/mL of HDM caused significantly elevated expression of IRAK-M mRNA by MLg cells (Figure 1). IL-33 also significantly induced IRAK-M expression in MLg fibroblasts (Figure 1).  
IRAK-M mediates the proliferation of lung fibroblasts

In response to stimulation, lung fibroblasts could be induced to proliferate and involve airway remodeling 
 ADDIN EN.CITE 

(9, 31)
. Prior study has shown that fibroblast proliferation from asthmatic airways is elevated by IL-4, IL-13, and dexamethasone (31).
To reflect the direct role of IRAK-M on proliferation of MLg lung fibroblasts, cells were transfected with IRAK-M siRNA or IRAK-M expressing plasmid. After incubation for 48 hours in the absence or presence of TGF(1, the cell proliferation was measured using CCK8 assay. At shown in Figure 2A, under basal condition, cell proliferation was significantly increased by IRAK-M silencing, but significantly decreased by IRAK-M overexpression. With TGF(1 stimulation, cell proliferation was comparable between IRAK-M silencing cells and empty plasmid control cells. However, cell proliferation was significantly inhibited by IRAK-M overexpression compared to negative control under TGF(1 treatment (Figure 2B). These observations were also noted under stimulation by HDM allergen and IL-33 (Figures 2C and 2D). 
These data indicate a direct regulation of IRAK-M for lung fibroblast proliferation at basal and stimulation conditions.

IRAK-M regulates migration and invasion of lung fibroblasts mediated by MMPs involvement
In response to the injury, fibroblasts migrate to the sites of injury to facilitate normal repair, (32). In the pathophysiological process, fibrotic fibroblasts acquire the migrating or invasive phenotypes, contributing to an abnormal fibrogenesis (33). Previous studies have demonstrated an invasive phenotype in asthmatic airway fibroblasts and lung fibroblasts from IPF patients, contributing to fibrosis formation in the airway walls and lung interstitial space 
 ADDIN EN.CITE 

(10, 34)
. 
Because IRAK-M is expressed at baseline and highly induced by lung fibroblasts upon inflammatory stimulation, we investigated the direct impact of IRAK-M on fibroblast motility using Transwell assay with or without Matrigel coated on the upper chamber. Our in vitro studies showed a significant increase in mean number of MLg lung fibroblasts transfected with IRAK-M siRNA migrating to the lower chamber or invading Matrigel, as compared with the cells transfected with the non-targeting negative siRNA (Figures 3A). By contrast, there was a significant decrease in migration or invasiveness of cells expressing IRAK-M (Figure 3B). These data might indicate a direct role of IRAK-M in migration and invasiveness of lung fibroblast at baseline state. 

We next analyzed the effect of IRAK-M on MLg lung fibroblast mobility under various stimuli relevant to asthma risk factors. We examined the effect of IRAK-M on migratory and invasive capabilities in the presence of pro-invasive TGF(1 
 ADDIN EN.CITE 

(29)
. MLg cells transfected with IRAK-M siRNA or IRAK-M expressing plasmids were treated with various stimuli. Results showed that TGF(1 stimulation significantly increased the numbers of migrating and invasive cells. This increase was significantly enhanced by IRAK-M knockdown but inhibited by IRAK-M overexpression (Figures 3A and 3B).  
We observed the consistent results in IRAK-M silenced and IRAK-M overexpressing cells when they were treated with HDM and IL-33 (Figures 4 A-D).
Previous studies have reported that metalloproteinases (MMPs) promote invasiveness of lung fibroblasts during asthmatic process 
 ADDIN EN.CITE 

(10, 35)
, we assessed the changes in migrating and invasive capacities of lung fibroblasts by a pan MMP inhibitor that was found to attenuate cell migrating abilities at the baseline level through downregulation of MMP1 or MMP9 
 ADDIN EN.CITE 

(36-38)
. As shown in Figure 5, there was no significant difference in the mean number of migrating and invading cells with being IRAK-M silenced or overexpressed in the presence of pan MMP inhibitor. Of note, the increase in both migrating and invading cells was significantly inhibited by MMPi. 
Taken together, the data might suggest that IRAK-M plays a role in regulating migration and invasion of lung fibroblasts possibly through MMPs involvement under basal condition or inflammatory stimulation.

IRAK-M regulates MMP9 secretion by lung fibroblasts

To link IRAK-M in lung fibroblasts to MMPs production, we used ELISA to evaluate the role of IRAK-M in modulation of MMP2 and MMP9 expression. MLg lung fibroblasts transfected with IRAK-M siRNA or IRAK-M expressing plasmids were stimulated with 5 ng/mL of TGFβ1 for 48 hours. Then, supernatant was collected. As shown in Figure 6, MMP9 expression in supernatant was induced by TGFβ1, which was inhibited by IRAK-M silencing but enhanced by IRAK-M overexpression (Figure 6A). However, IL-33 stimulation didn't show the difference in MP9 secretion by lung fibroblasts with either IRAK-M silenced or IRAK-M overexpressed (Figure 6B). Modulation of IRAK-M expression didn’t affect the MMP9 secretion by fibroblasts under HDM stimulation (data not shown). We didn’t observe the effect on MMP2 secretion by MLg cells under basal condition (Figure 6C). Even cells were stimulated with TGF(1, or HDM, or IL-33, IRAK-M silencing or overexpression didn’t influence MMP2 secretion by lung fibroblasts (data not shown). 

We also observed that mRNA expression of TIMP1 was regulated by IRAK-M, in which its expression was upregulated by IRAK-M silencing and downregulated by IRAK-M overexpression (Figure 6D). We only found that IRAK-M overexpression caused significantly elevated mRNA expression of TIMP stimulated by TGF(1 compared to empty plasmid control.  

These results suggest that IRAK-M plays a regulatory role in the production of TGF(1-induced fibrosis-related proteins, particularly MMP9, by lung fibroblasts.

IRAK-M regulates secretion of fibrosis-related mediators by lung fibroblasts
A prior study has reported a functional role of IRAK-M on fibroblast transition into myofibroblast in a cardiac infarction animal model 
 ADDIN EN.CITE 

(24)
. We performed in vitro experiments to test whether IRAK-M directly impact the myofibroblast conversion using lung fibroblasts, which were IRAK-M silenced or knocked in. We observed (-SMA expression, a marker of fibroblasts activation, was significantly inhibited in IRAK-M overexpressing fibroblasts, but not in IRAK-M silencing cells, when stimulated by TGF(1 (Figure 7). 

Fibroblasts are known to be important in maintaining tissue homeostasis during repair process by producing ECM components. Fibroblasts in asthmatic airways are activated and secrete large amounts of ECM, including structure protein collagen I and adhesion protein fibronectin 
 ADDIN EN.CITE 

(11)
. As shown in Figure 7A, expression of collagen I and fibronectin didn’t differ between transfected cells and negative control cells at baseline state. When cells transfected with IRAK-M expressing plasmids were stimulated with TGF(1, their expression levels showed significantly lower than those in control cells shown by Western blotting, but there was a similar expression of these markers between cells transfected with or without IRAK-M siRNA in both untreated and TGF(1 stimulation. 
We also observed that an alarming cytokine IL-33 significantly increased fibronectin expression alone when IRAK-M was silenced (Figure 7B). 

IRAK-M didn’t impact the expression of Smad 2 and 3 proteins (total and phosphorylated) by lung fibroblasts (Figure 7A). Additionally, no effect of IRAK-M on the expression of Smad 2 and 3 proteins was observed in MRC5 cells (Supplementary Figure 3). 

IRAK-M impacts cytokines secretion by lung fibroblasts

In some inflammatory diseases, fibroblasts can function as inflammatory cells themselves, and enable inflammation unresolving by attracting leukocytes into inflammatory tissues b through releasing inflammatory cytokines and chemokines to attract leukocytes (32). IRAK-M has been shown to act as a molecular switch from inflammation to fibrosis 
 ADDIN EN.CITE 

(24)
. We next investigated whether IRAK-M involved in regulating the production of cytokines and chemokines by lung fibroblasts. MLg cells transfected with IRAK-M siRNA and IRAK-M expressing plasmids were simulated with or without the indicated stimuli. After culturing supernatant was harvested. Under unstimulating condition, silencing IRAK-M significantly inhibited TNF( expression at mRNA and protein levels, whereas IRAK-M overexpression significantly enhanced the production of TNF( by MLg lung fibroblasts (Figure 8A-B). In the presence of IL-33, TNF( production was further induced, which was blocked by IRAK-M silencing. However, there was no difference in TNF( concentration of supernatant between cells transfected with IRAK-M siRNA or negative controls cells under IL-33 stimulation (Figure 8B). IRAK-M manipulation didn’t affect the levels of IL-13, IL-6, and IL-8 in supernatant of cultured fibroblasts constitutively and upon stimulation (data not shown).   
Using the similar experimental design, at mRNA and protein levels, CXCL10 expression by MLg lung fibroblasts was upregulated by IRAK-M overexpression but inhibited by IRAK-M silencing at untreated state (Figure 8C). However, the effect of IRAK-M on CXCL10 secretion, induction or inhibition, was not influenced by TGF(1 or IL-33 treatment (Figures 8D-E).
Discussion (1580 words)
Asthma can affect individuals at any age 
 ADDIN EN.CITE 

(39)
. Although, airway remodeling is usually thought to be associated with chronic asthma, surprisingly, several typical features of structure remodeling were revealed in airway biopsy specimens from wheezing preschool children (40). Lung fibroblasts are a major effector cell in driving tissue remodeling and fibrosis in asthma 
 ADDIN EN.CITE 

(10, 11)
. One of the key pathological points of airway remodeling is thickening of the laminar reticularis caused by excessive ECM deposition by fibroblasts recruited to the subepithelial region of the airways (41).

We have previously reported attenuated fibrosis around the airways accompanying with less chronic airway inflammation in IRAK-M KO mice, however, we have been unable to present the molecular mechanism that may directly modulate fibrosis formation around the airways 
 ADDIN EN.CITE 

(18)
. The diverse roles of IRAK-M have been mainly studied in macrophages and other immune cells in mucosal immunity upon infectious and non-infectious challenges 
 ADDIN EN.CITE 

(21, 42, 43)
. 
IRAK-M is expressed by resident structural cells, including airway epithelial cells and fibroblasts 
 ADDIN EN.CITE 

(15, 16)
. Evidence has shown the pleiotropic effect of IRAK-M in regulation of immune response. For instance, induction of IRAK-M expression inhibited excessive production of cytokines and innate immunity overactivation in immune cells 
 ADDIN EN.CITE 

(14)
. On the other hand, overexpression of IRAK-M positively induced NF-(B activation in epithelial cells 
 ADDIN EN.CITE 

(44)
. Whether an aberrant expression of IRAK-M would exert a direct role in airway fibroblasts’ behavior upon stimulation is less understood. The present study, to the best of our knowledge, is the first to address the direct effect of IRAK-M on modulating fibrotic response in lung fibroblasts by showing that IRAK-M had impacts on the lung fibroblast phenotypes in vitro.
We have previously demonstrated a significant induction of airway epithelial IRAK-M by OVA in vivo in an experimental animal model of asthma 
 ADDIN EN.CITE 

(17, 18)
. In the present report, we showed that IRAK-M is inducible in MLg lung fibroblasts and MRC5 cells, evidenced by elevation of IRAK-M expression by pro-fibrotic TGF(1 stimulation 
 ADDIN EN.CITE 

(10, 45)
, or HDM, or epithelium-derived IL-33. IRAK-M expression is dependent on the activation of TGF(1 pathway 
 ADDIN EN.CITE 

(46)
. Consistent with this notion, our result showed that IRAK-M expression was induced by exogeneous TGF(1. Our data also showed that TGF(1 facilitated IRAK-M to regulate cell proliferation. Moreover, under TGF(1 stimulation, a significant inhibition of fibronectin and collagen I expression was seen in IRAK-M expressing cells, not in IRAK-M silencing cells. These observations may indicate IRAK-M regulates the proliferation of lung fibroblasts involving TGF(1.
In addition to the positive stimulatory effect of TGF(1 in IRAK-M silencing fibroblasts, we also found that IRAK-M didn’t impact the expression of Smad 2 and 3 proteins (total and phosphorated), downstream factors of TGF(1 pathway in fibroblasts, indicating that the IRAK-M pathway parallels to or only partially crosstalk with TGF(1 pathway in a Smad-independent manner (45). Intriguingly, a recent study indicated that TGF-β1/SMOC2/AKT (or ERK) axis regulates proliferation, migration, and fibroblast to myofibroblast transformation in lung fibroblast 
 ADDIN EN.CITE 

(47)
. Therefore, TGF-β1 might regulate the biological function of lung fibroblasts independent of IRAK-M pathway. 
HDM, an environmental aeroallergen, is a major risk factor for asthma onset. HDM allergen Der p2 contains structural homology with the lipopolysaccharide (LPS)-binding domain of the Toll-like receptor (TLR) 4 and directly interacts with TLR complex to facilitate TLR4 signaling in airway structural cells 
 ADDIN EN.CITE 

(13, 48)
. IRAK-M is an intracellular component of TLRs pathway (26). We observed that HDM can up-regulate IRAK-M expression in an animal model 
 ADDIN EN.CITE 

(19)
. 
One of the main results showed that IRAK-M exerted effects on migrating and invasive capabilities of MLg lung fibroblasts. One of important features of fibrotic phenotype is that fibroblasts acquire the ability to migrate or invade extracellular matrix into submucosal region of the airways. These capacities have been observed in lung fibroblasts isolated from the airway of asthma patients and lung samples of IPF patients 
 ADDIN EN.CITE 

(10, 34)
. The molecular basis for fibroblast migration and invasion has been  reported to be mediated by a Th2 cytokine IL-13 in asthma, and cellular matrix receptor CD44 in idiopathic lung fibrosis (49).

IL-33 is an epithelial cytokine involving tissue remodeling and fibrosis 
 ADDIN EN.CITE 

(50)
. We found that IL-33 administration did induce IRAK-M expression in this study. However, in the present study we didn’t observe IRAK-M’s impacts on murine lung fibroblast biology under IL-33 stimulation. This could be due to that IL-33 acts as an early alarming signal in mediating the early inflammatory phase, rather than the later remodeling stage, in an experimental IRAK-M KO mouse model 
 ADDIN EN.CITE 

(17, 18)
. Besides, it has been shown that IL-33 activates lung fibroblasts through its receptor ST2, whose expression is low at steady state 
 ADDIN EN.CITE 

(50)
. Whether IRAK-M has a direct impact on ST2 expression requires further investigation. 
Fibrosis formation is dynamic process that is tightly regulated by MMPs and TGF(1 
 ADDIN EN.CITE 

(10)
. Significance of MMP-9 and TGF(1 in asthmatic airway remodeling has been discussed elsewhere 
 ADDIN EN.CITE 

(29, 51)
. However, the endogenous mechanisms that regulate accumulation of fibroblasts in the airway remain poorly understood. Here we were able to demonstrate that manipulation of IRAK-M by silencing or expressing approaches regulated expression of fibrosis-related proteins by murine lung fibroblasts. Particularly, MMP9 protein was significantly increased after TGF(1 stimulation. However, this increase was inhibited by IRAK-M silencing, but further induced by IRAK-M overexpression. It has been shown that TGF(1 not only acts as a central regulator of tissue fibrosis, but also regulates the MMP/TIMP balance (52). Our data might reflect the indirect role of IRAK-M in regulation of MMP9 production driven by TGF(1.      

Lung fibroblasts are an active regulator in maintaining inflammatory response during asthmatic process through production of cytokines and chemokines (53). Airway fibroblast is a key cell type linking inflammation and structural airway changes. Another finding of this investigation suggested that IRAK-M modulation in vitro had effects on cytokine/chemokine output, and gene expression profile of lung fibroblasts. IRAK-M negatively regulates TLR/IL-1 pathway, as evident by higher production of cytokines, including TNF(, in IRAK-M KO macrophages upon TLR stimulation 
 ADDIN EN.CITE 

(14)
. In contrast, overexpression of IRAK-M was shown to induce NF-(B activation and restore IL-1-induced TNF( expression in HEK293 cells 
 ADDIN EN.CITE 

(44, 54)
. Consistent with these observations in epithelial cells, our data showed IRAK-M induction of proinflammatory cytokine TNF( secretion in MLg lung fibroblasts upon stimulation. Therefore, the effect of IRAK-M in regulation of immune reaction depends on the different scenarios, such as cell type, temporal-specific manner, particular stimulus. Importantly, we were able to show the regulation of IRAK-M on fibroblast production of CXCL10, an antifibrotic chemokine important for pulmonary fibrosis 
 ADDIN EN.CITE 

(55, 56)
. Our data partly supported the previous finding showing that epithelial CXCL-10 expression stimulated by rhinovirus is primarily dependent on TLR2/IL-1R 
 ADDIN EN.CITE 

(57)
. This clearly could have an impact on the progression and perpetuation of asthmatic inflammatory response because fibroblast-released mediators may act in an autocrine fashion on invasiveness and fibrotic phenotypes of activated lung fibroblasts.
There are several major limitations of this study that should be pointed out. First, our observations were based on fibroblast cell lines, which may behave differently from airway fibroblasts in the milieu of the asthmatic airway inflammation. In vitro experiments using cell lines may not precisely represent the in vivo conditions. Airway remodeling can present at early stage of the disease (40). Given this fact, bronchial samples are unlikely to be obtained early before disease diagnosis. Thus, cell-based experiment might be an alternative. Moreover, in vivo fibroblasts from asthma patients expressed higher levels of inflammatory cytokine under persistent inflammatory response in spite ICS treatment. Therefore, there were different fibroblast phenotypes between asthmatics and normal controls. Clearly, further studies are needed to extend IRAK-M’s effect on fibroblast cell lines to the functional importance of IRAK-M in regulation of airway fibroblasts exposed to persistent inflammation.  Second, as shown in Figure 2, the increased percentage in cell proliferation was slight, although significant, at about 20%-40%. Consistently, a previous study showed approximately 15%-30% of increase in lung MLg cells that was associated with the chronic smoking-induced airway remodeling 
 ADDIN EN.CITE 

(50)
. Another study provided evidence showing a slight increase in MLg cells (25%-45%) was related to the IL-33-induced airway fibrotic change in a mouse model of asthma 
 ADDIN EN.CITE 

(30)
. Taken together, it is biologically possible that a small increment in fibroblast proliferation might be contributing to formation of subepithelial fibrosis. Third, although the direct effects of IRAK-M on phenotypes of lung fibroblasts were demonstrated in this study, we were unable to explore the mechanism regulating these processes. IRAK-M expression was reported to implicate in myofibroblast activation by inhibiting expression of a repressor of (-SMA transcription, YB-1 
 ADDIN EN.CITE 

(24)
. PIN1 was shown to important for IRAK-M in mediating IL-33-induced airway inflammation 
 ADDIN EN.CITE 

(30)
. Therefore, the molecular mechanism that IRAK-M regulates lung fibroblast biology needs further investigation. Last, IRAK-M showed heterogeneous in regulation of lung fibroblasts biology, particularly, under stimulating conditions. Because IRAK-M expression is normally low in unmanipulated state, it is possible that the cellular response to IRAK-M modulation would be expected to be variable under different exposure to exogeneous immune challenges.
Conclusion

In summary, our data reveal a previously unrecognized role of an intracellular IRAK-M that has a direct impact on lung fibroblasts biology with a particular impact on migration and invasiveness. Given the importance of IRAK-M in modulating T cells differentiation during airway inflammatory responses, our present results added evidence showing that IRAK-M involves fibrogenesis via regulation of cellular motility, inflammatory and fibrotic events of lung fibroblasts. These effects could possibly be relevant to airway remodeling in the context of asthma. Defining the molecular pathway that modulate fibroblast behavior in the disease-specific conditions is an important step toward novel therapeutical development.
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Figure Legends

Figure 1. IRAK-M expression is inducible in lung fibroblasts upon stimulations in vitro.
Expression of IRAK-M mRNA level was checked by qRT-PCR. IRAK-M gene expression is normalized to housekeeping gene GAPDH, n=3 independent experiments. *, p<0.05. MLg lung fibroblasts were stimulated for 24 hours at the indicated concentrations with 5 ng/mL of TGF-β1, or 100 (g/mL of HDM, or 100 ng/mL of IL-33. 

Figure 2. Influences of IRAK-M on the proliferation of lung fibroblasts.
MLg lung fibroblasts were transfected with IRAK-M siRNA or overexpressing plasmids, CCK8 measurement was performed in transfected cells at baseline (A), or incubated for 48 hours with 5 ng/mL of TGF(1 (B), or with 100 (g/mL of HDM (C), or with 100 ng/mL of IL-33 (D). *, p<0.05.

Figure 3. IRAK-M regulation of migration and invasion of lung fibroblasts by TGF(1.
The direct impact of IRAK-M on fibroblast motility was estimated using Transwell assay with or without Matrigel coated on the upper chamber. Migrating and invasive capacities were measured in IRAK-M silenced- or IRAK-M overexpressed- MLg lung fibroblasts with stimulation with 5 ng/mL of TGF(1 (A and B). *, p<0.05. Original magnification ( 200.
Figure 4. IRAK-M regulation of migration and invasion of lung fibroblasts by inflammatory stimuli.

Transwell assay was used to reflect the effect of IRAK-M on migrating and invasive capacities of MLg cells under the condition of inflammatory stimulation. IRAK-M silenced- or IRAK-M overexpressed-MLg lung fibroblasts were treated with 100 (g/mL of HDM (A and B), or with 100 ng/mL of IL-33 (C and D). *, p<0.05. Original magnification ( 200.

Figure 5. Pan-MMPi inhibition of lung fibroblasts motility mediated by IRAK-M.
MLg lung fibroblasts migration (A) and invasiveness (B) were assayed in presence of 10 (mol/L of a pan MMPi. *, p<0.05. Original magnification ( 200.

Figure 6. IRAK-M modulation of MMP9 secretion by lung fibroblasts.

MLg lung fibroblasts were transfected with IRAK-M siRNA or overexpression plasmids. The level of MMP9 was measured by ELISA in supernatants collected from the transfected cells under 48 hours of treatment with 5 ng/mL of TGF(1 (A), 100 ng/mL of IL-33 (B). ELISA measurement of MMP2 in in supernatants collected from the transfected cells at baseline state (C). mRNA expression of TIMP1 was checked by qRT-PCR in IRAK-M knockdown cells stimulated with 5 ng/mL of TGF(1 (D). *, p<0.05.

Figure 7. Effect of IRAK-M on secretion of fibrosis-related mediators by lung fibroblasts.
MLg cells were transfected with IRAK-M siRNA or overexpressing plasmids. After 24 hours of transfection, Western blot was used to explore the expression of fibronectin, collagen I, and (-SMA in cells incubated with 5 ng/ml of TGF(1 (A), or 100 ng/ml of IL-33 (B), or 100 (g/mL of HDM (C). 

Figure 8. Effect of IRAK-M on cytokines production by lung fibroblasts. 

MLg lung fibroblasts were transfected with IRAK-M siRNA or overexpressing plasmids. After 24 hours of transfection, qRT-PCR was used to check mRNA expression of TNF( (A) and CXCL10 (B). ELISA was performed to assay the level of TNF( in supernatant collected from transfected cells stimulated by 100 ng/mL of IL-33 (C). CXCL10 concentration was measured by ELISA in supernatants from transfected cells stimulated with 5 ng/ml of TGF(1 (D) or 100 ng/mL of IL-33 (E). *, p<0.05. 
2

