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Abstract

Background—Airway epithelial cells (AEC) are increasingly recognized as a major signaling 

center in the pathogenesis of allergic asthma. A previous study demonstrated that epithelial growth 

factor receptor (EGFR) signaling in AEC regulated key features of allergic airway disease. 

However, it is unclear what mediators are regulated by EGFR signaling in AEC, although the 

production of the pro-inflammatory cytokine granulocyte-macrophage colony-stimulating factor 

(GM-CSF) is EGFR-dependent in keratinocytes.

Objectives—To determine if EGFR signaling regulates GM-CSF production by human AEC 

downstream of the clinically relevant mediators house dust mite (HDM) and interleukin (IL)-17A 

and in a mouse model of established allergic asthma.

Methods—EGFR inhibitors were used to determine whether EGFR signaling regulates GM-CSF 

production by cultured human AEC in response to HDM and IL-17A. The roles of EGFR ligands, 

p38 mitogen activated protein kinase (MAPK), and tumor necrosis factor alpha (TNFα) 

converting enzyme (TACE) were also assessed. To determine if EGFR regulates GM-CSF as well 

as key asthma characteristics in vivo, mice were chronically exposed to HDM to establish allergic 

airway disease and then treated with the EGFR inhibitor Erlotinib.

Results—EGFR inhibition reduced HDM and IL-17A induced GM-CSF production in a dose-

dependent manner in cultured human AEC. GM-CSF production also required amphiregulin, p38 
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MAPK signaling, and protease/TACE activity. In mice with established allergic airway disease, 

EGFR inhibition reduced levels of GM-CSF and TNFα, as well as airway hyperreactivity, cellular 

inflammation, smooth muscle thickening, and goblet cell metaplasia without changes in IgE and 

Th1, Th2, and Th17 cytokines.

Conclusions and Clinical Relevance—Results link HDM, IL-17A, amphiregulin, EGFR 

and GM-CSF in a mechanistic pathway in AEC, and demonstrate that EGFR regulates GM-CSF 

production and the severity of established disease in a clinically relevant asthma model. These 

results identify the EGFR→GM-CSF axis as a target for therapeutic development.

Keywords

EGFR; IL-17A; house dust mite; chronic asthma

Introduction

Allergic asthma is a complex, immune-driven chronic lung disease characterized by airflow 

limitation from bronchospasm due to increased airway hyperreactivity (AHR), bronchial 

wall thickening due to chronic inflammation, airway smooth muscle (ASM) thickening, and 

goblet cell metaplasia and mucus hypersecretion (1). While current therapies are effective in 

mild to moderate asthma, symptom control remains challenging and is a major cause of 

morbidity and mortality in severe refractory asthma (2). Airway epithelial cells (AEC) 

represent potential therapeutic targets as they are the site of initial contact with 

environmental stimuli such as allergens and are thought to play an important role in asthma 

pathogenesis through initiation and/or chronic maintenance of disease (3-5). However, 

despite their pathogenic importance, signaling mechanisms governing AEC responses to 

external stimuli that drive the critical clinical features of asthma are poorly understood.

Epidermal growth factor (EGF) receptor (EGFR) was initially identified as a potential 

contributor to asthma pathogenesis by genome wide association studies and polymorphism 

linkage analysis that associated EGFR with AHR in asthma patients (6, 7). EGFR signaling 

is activated by a variety of factors known to initiate or exacerbate asthma symptoms 

including allergens, viruses, and pollutants suggesting its potential importance as a common 

pathway mechanistically linking phenotypically distinct asthma populations (8-11). 

Increased EGFR expression was detected in the airway epithelium, submucosal glands, and 

ASM of asthma patients and correlated with disease severity (12-15). EGFR is similarly 

expressed in mice, and active (phosphorylated) EGFR expression is increased in the airway 

epithelium with chronic exposure to the clinically-relevant allergen house dust mite (HDM) 

(16). EGFR expression also correlates with goblet cell metaplasia (17, 18), and drives many 

of characteristic features of allergic asthma in animal models (19-21). Our previous study 

determined that EGFR signaling in AEC regulated characteristics of allergic asthma in a 

HDM-induced model (16). However, the molecular mediators and cytokines induced by 

HDM and regulated by EGFR signaling in AEC are unclear.

A complex array of mediators derived from multiple cell types contributes to asthma 

pathogenesis, however, it is not clear how they are linked and regulated. For example, 

expression of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin 
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(IL)-17A are increased and correlate to disease severity in asthma patients (22, 23). GM-

CSF also contributes to disease in experimental asthma models by promoting allergic 

responses via the priming and activating of macrophages and dendritic cells (24-26). EGFR 

signaling mediates GM-CSF expression and secretion by keratinocytes (27), but if and how 

this may occur in AEC is unknown. IL-17A and HDM induce GM-CSF production in 

human bronchial epithelial cells (28, 29), but whether this is EGFR dependent is unclear. 

IL-17A and HDM also activate p38 mitogen-activated protein kinase (MAPK) (30, 31), 

which can directly activate the tumor necrosis factor alpha (TNFα) converting enzyme 

(TACE) to cleave and release EGFR ligands (32, 33). To date, published reports have not 

linked these important asthma mediators into a specific allergen-stimulated pathway.

The present study focused on AEC, since data from asthma patients showed that GMCSF 

and EGFR were increased in AEC and IL-17A was increased in inflammatory cells in close 

proximity to AEC (13, 22, 23). In vitro studies using human AEC, including primary 

cultures, were used to test the hypothesis that EGFR signaling regulates GM-CSF 

production downstream of important asthma mediators. An in vivo model of established 

allergic disease was also used to examine this question in vivo, since clinical findings 

demonstrated increased GM-CSF, EGFR, and IL-17A levels in bronchial biopsies of 

patients with established disease. Results identified a pathway linking HDM, IL-17A, p38, 

TACE, and EGFR to allergen-induced GM-CSF production in AEC. Additionally, inhibition 

of EGFR reduced GM-CSF levels as well as key features of asthma. Collectively, these data 

identify the EGFR→GM-CSF axis in AEC as a potential target for asthma therapy.

Methods and Materials

Cell Culture

Human bronchial epithelial cells (HBEC; HBEC3-KT CRL-4051, ATCC) were cultured as 
a monolayer in keratinocyte serum free media (KSFM; 17005-042, Life Technologies). 

HBEC were passaged onto 12-well plates with 100,000 cells per well, then allowed to 

recover for 24 hours to reach approximately 80% confluency, and then media was 

switched to supplement free media for 18 hours as the cell were approximately 99% 
confluent prior to stimulation with transforming growth factor alpha (TGFα; 72 nM, 

100-16A, Peprotech), epidermal growth factor (EGF; 72 nM, AF-100-15, Peprotech), 

heparin-binding EGF-like growth factor (HB-EGF; 72 nM, 100-47, Peprotech), 

amphiregulin (AREG; 72 nM, 100-55B, Peprotech), HDM (10, 25, 100 μg dry weight, D. 

pteronyssinus XPB82D3A25, Greer Laboratories), IL-13 (100 ng, 130-093-953, Miltenyi 

Biotec), and IL-17A (1-100 ng, 130-093-959, Miltenyi Biotec) with or without the EGFR 

inhibitors Erlotinib (0.1-0.5 μM, OSI Pharmaceuticals) or AG1478 (0.1-0.5 μm, 658548, 

EMD Millipore), Actinomycin D (1 μg/mL, A9415, Sigma), the protease inhibitor GM6001 

(20 μM, 364206, EMD Millipore), TACE inhibitor TAPI-1 (20 μM, 579053, EMD 

Millipore), the p38 inhibitor SB202190 (2-5 μM, S7067, Sigma), the MEK1/2 inhibitor 

ARRY142886 (1 μM, 1183194, Otava), or a neutralizing antibody to amphiregulin (0.3-1 

μg/mL, AF262, R&D Systems). To determine any effects of the inhibitors on cell viability 

HBEC were exposed to the highest dose of each inhibitor for 24 hours in supplement free 

media. Representative pictures were taken to determine any changes in morphology, and 
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then cells were collected and counted to determine any effects on cell number; data is 

presented in supplemental material (S Fig. 1).

Primary HBEC were provided via a collaboration with Dr. Scott Randell obtained from 

donor lungs and cryopreserved as previously described (34). Primary cells were thawed and 

cultured as a monolayer in bronchial epithelial growth media (BEGM; CC-3170, Lonza) on 

Purecol (5005-B, Advanced Biomatrix) coated tissue-culture dishes. Primary cells were 

passaged to P2 on 12-well plates with 100,000 cells per well, then allowed to recover for 48 

hours to reach approximately 80% confluency, and then media was switched to 

supplement free media for 18 hours as the cell were approximately 99% confluent prior to 

stimulation with HDM (100 μg) and IL-17A (25 ng) with or without the EGFR inhibitor 

Erlotinib (0.1-0.5 μM). Media was removed and stored at −80°C for measurement of GM-

CSF by ELISA (432001, Biolegend) following manufacturer's instructions.

Animals, Allergen Exposure, and Erlotinib Treatment

The Institutional Animal Care and Use Committee (IACUC) at Cincinnati Children's 

Hospital Medical Center approved all protocols used for the animals in this study. For the 

chronic exposure protocol, adult (6-8wk) FVB/N female mice were treated with house dust 

mite (HDM; 50 μg protein, D. pteronyssinus XPB82D3A25, Greer Laboratories) or 0.9% 

saline intranasally (i.n.) three times a week for six weeks. A group of mice were given 

intraperitoneal (i.p.) injections of Erlotinib (100 mg/kg, OSI Pharmaceuticals), an EGFR 

inhibitor, the day of and day after HDM exposure beginning the fourth week of HDM 

exposure and continued until the end of the study. 24 hours after the last HDM exposure, 

lung mechanics were assessed and tissues were harvested for analysis.

Lung Mechanics, Histology, Immunostaining, and Airway Smooth Muscle Analysis

Mice were connected to a flexiVent system (FX1 Model, Scireq), and mechanical 

ventilation was initiated at 150 breaths/minute with a tidal volume of 10 mL/kg and a 

positive end-expiratory pressure of 3 cm H2O. Repeated measurements of Snapshot 150 and 

Quickprime 3 were taken after two deep inflation maneuvers followed by nebulization for 

10 seconds of 1X PBS (baseline) and then increasing doses of methacholine (acetyl-b-

methylcholine chloride A2251, Sigma) at 12.5, 25 and 50 mg/mL.

The left lung was inflation-fixed at 25cm pressure with 4% paraformaldehyde (PFA), 

processed and embedded in paraffin, and then 6μm sections were cut and collected onto 

poly-L-Lysine coated slides. Immunostaining of chloride channel calcium activated family 

member (CLCA3; primary antibody 1:12,500, ab46512, Abcam) and α-smooth muscle actin 

(α-SMA; primary antibody 1:20,000, A2547, Sigma; secondary antibody 1:200; 1070-08, 

Southern Biotech) were performed on lung sections, developed with diaminobenzidine, and 

counter-stained with 10% hematoxylin. Images were acquired using a microscope and 

camera (Axioplan 2, Carl Zeiss).

Morphometric analysis was performed on lung sections after immunostaining for α-SMA 

and images of cross-sectioned airways were acquired, as described previously (16). The area 

of smooth muscle staining was determined by pixel thresholding using Metamorph software 
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(Molecular Devices), and the square root of airway smooth muscle area was corrected to the 

internal perimeter of the measured airway. The values of all cross-sectioned airways were 

averaged to generate a value for each animal. Measurements were performed by an observer 

blinded to the identity of the slides.

Western Blot Analysis

Western blots were performed on lung homogenates. Membranes were incubated with 

primary antibodies for chloride channel calcium activated family member 3 (CLCA3; 

1:5000; ab46512, Abcam) and pan-Actin (C4 Actin; 1:40,000; 7 Hills Bioreagents), and 

secondary antibodies for goat-anti-rabbit or goat-anti-mouse (1:10,000; 401393 and 401215, 

Calbiochem). Luminata Forte (WBLUF0500, Millipore) was used to develop blots and a 

CCD camera LAS 4000 (Fujifilm) was used to acquire digital images. Densitometry 

measurements were performed using Multi Gauge 3.0 software (Fujifilm).

Allergic Sensitization, Cellular Inflammation, and Cytokines

Blood was collected and serum extracted by centrifugation and HDM-specific IgG and IgE 

were measured by ELISA. Plates were coated with 0.01% HDM overnight and then blocked 

with 1% BSA for 1 hour. Samples were incubated for 1 hour (IgG 1:5000, IgE 1:2), then 

biotin-anti-mouseIgE (1:250; 553419, BD Biosciences) was applied for 1 hour, and then 

streptavidin-HRP (1:100; DY998, R&D Systems) was added for 30 minutes. The plate was 

developed by adding tetramethylbenzidine substrate (555214, BD Biosciences), neutralized 

with 2N H2SO4, and then absorbance was measured at 450nm using a spectrophotometer 

(Synergy2, BioTek).

Bronchoalveolar lavage fluid (BALF) was collected and inflammatory influx was 

determined by counting the total number of cells. A portion of the BALF cell suspension 

was differentially stained with Kwik Diff kit (9990700, Thermo Scientific), and the 

percentages of macrophages, lymphocytes, neutrophils, and eosinophils were calculated. 

IL-4, −5, −17A, Eotaxin, IFNγ, TNFα, and GM-CSF were measured in BALF using 

multiplex cytokine/chemokine panel I and Luminex xMAP technology (PXMCYTO-70K, 

Millipore) following the manufacturer's instructions. IL-13 mRNA levels were measured by 

qPCR from mRNA isolated from lung tissue using TaqMan primers for IL-13 

(Mm00434204_m1) corrected to β-actin (Mm00607939_s1) and utilizing a StepOne Plus 

real-time PCR system (Applied Biosystems).

Statistical Analysis

Statistical analyses were performed using Prism 5 software (Graphpad). For all graphs one-

way ANOVA with Tukey and Bonferroni multiple comparisons were used for statistical 

comparison, and the mean of each group is plotted with error bars representing the standard 

error of the mean (±SEM).
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Results

Regulation of GM-CSF Downstream of HDM in Human AEC

To determine if EGFR signaling regulates GM-CSF production by AEC we utilized cultured 

human bronchial epithelial cells (HBEC) and stimulated EGFR signaling with several EGFR 

ligands. After 24 hours, GM-CSF levels were increased in response to TGFα (239.6 pg/mL 

± 14.6), EGF (154.7 pg/mL ± 4.8), HB-EGF (171.6 pg/mL ± 3.6), and amphiregulin (231.1 

pg/mL ± 11.2) compared to medium only (58.6 pg/mL ± 3.9) (Fig. 1a). To determine if GM-

CSF production is induced by exposure to HDM, a clinically relevant allergen, HBEC were 

stimulated with several concentrations of HDM. GM-CSF levels increased and were 

positively correlated with the concentration of HDM (112.9 pg/mL ± 6.0 at 100μg) 

compared to medium only (34.6 pg/mL ± 2.5) (Fig. 1b). To determine if HDM induced 

increases in GM-CSF were dependent on EGFR signaling, HBEC were stimulated with 

HDM with or without the EGFR inhibitors Erlotinib or AG1478. EGFR inhibition with 

either inhibitor blocked GM-CSF levels in a dose-dependent manner (Fig. 1c). Since HDM 

exposure can induce p38 signaling, which in turn can induce TACE activity, HBEC were 

exposed to HDM with or without the broad-spectrum metalloproteinase inhibitor GM6001, a 

TACE inhibitor TAPI-1, as well as the p38 inhibitor SB202190. HDM-induced increases in 

GM-CSF were blocked by GM6001, TAPI-1, and SB202190 (Fig. 1d,e). Collectively, these 

data indicate that HDM-induced GM-CSF production by AEC is dependent on p38, 

protease/TACE activity, and EGFR signaling. Since both EGFR ligands and HDM 

stimulation increased GM-CSF production and it is known that HDM exposure can lead to 

EGFR ligand release via shedding, we sought to determine whether EGFR ligands 

(amphiregulin or TGFα) were inducing GM-CSF production after HDM stimulation. HBEC 

were stimulated with HDM with or without neutralizing antibodies to TGFα or 

amphiregulin, since TGFα and amphiregulin were the two most potent EGFR ligands 

inducing GM-CSF production (Fig. 1a). Neutralizing TGFα after HDM exposure did not 

reduce GM-CSF levels (data not shown). However, neutralizing amphiregulin blocked the 

increase in GM-CSF production after HDM stimulation in a dose-dependent manner (Fig. 

1f). These data indicate that amphiregulin is the major EGFR ligand released by epithelial 

cells in response to HDM exposure that induces GM-CSF production.

Regulation of GM-CSF Downstream of IL-17A in Human AEC

To determine whether EGFR signaling regulates GM-CSF production downstream of 

important cytokine mediators in allergic asthma, HBEC were stimulated with IL-13 and 

IL-17A. GM-CSF levels were not significantly increased by IL-13 (225.6 pg/mL ± 2.3) 

compared to medium only (179.7 pg/mL ± 17.9), but IL-17A induced a 5-fold increase in 

GM-CSF production (957.7 pg/mL ± 32.9), and there was some synergy with the 

combination of IL-13 and IL-17A (1,229.0 pg/mL ± 26.3) (Fig. 2a). To determine the dose 

dependent relationship between IL-17A and GM-CSF, HBEC were stimulated with 

increasing doses of IL-17A, from 1 to 100ng. 1ng of IL-17A was sufficient to increase GM-

CSF production by AEC (Fig. 2b). To determine the timing of IL-17A induced GM-CSF 

production, HBEC were harvested at different times beginning at 30 minutes and continuing 

until 24 hours after IL-17A stimulation. GM-CSF levels increased between 2 and 4 hours 

after IL-17A exposure, suggesting transcriptional regulation (S Fig. 1). To test this, HBEC 
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were stimulated with IL-17A with or without Actinomycin D, an inhibitor of transcription. 

Actinomycin D blocked the IL-17A induced increases in GM-CSF production, indicating 

that the increase in GM-CSF production is dependent on de novo transcription following 

IL-17A stimulation (S Fig. 2). Since HDM utilized EGFR signaling to induce GM-CSF 

production, we sought to determine if IL-17A-dependent increases in GM-CSF were also 

mediated via EGFR signaling. HBEC were exposed to IL-17A (25ng) with or without the 

EGFR inhibitor Erlotinib. Increases in GM-CSF induced by IL-17A were blocked with 

Erlotinib in a dose-dependent manner (Fig. 2c). Since IL-17A signaling can induce p38 

signaling, which in turn can induce TACE activity, HBEC were exposed to IL-17A with or 

without the broad-spectrum metalloproteinase inhibitor GM6001, a TACE inhibitor TAPI-1, 

as well as the p38 inhibitor SB202190. Both GM6001 and TAPI-1 attenuated IL-17A 

induced increases in GM-CSF production (Fig. 2e). GM-CSF production by IL-17A 

stimulation was blocked by p38 inhibition (Fig. 2f). In summary, these data indicate that 

GM-CSF production by AEC following IL-17A stimulation is dependent on p38, protease/

TACE activity, and EGFR signaling and also suggest that IL-17A utilizes a similar pathway 

to induce GM-CSF production. We sought to determine whether EGFR ligands 

amphiregulin or TGFα were also inducing GM-CSF production after IL-17A stimulation. 

HBEC were stimulated with IL-17A with or without neutralizing antibodies to amphiregulin 

or TGFα. Neutralizing TGFα after HDM exposure did not reduce GM-CSF levels (data not 

shown), however, neutralizing amphiregulin blocked IL-17A stimulated increases in GM-

CSF production in a dose-dependent manner (Fig. 2f). These data indicate that amphiregulin 

is also the main EGFR ligand released by HBEC in response to IL-17A to induce GM-CSF 

production. These data also suggest that both HDM and IL-17A seem to be utilizing a 

similar pathway (HDM/IL-17A → MAPKp38 → TACE → amphiregulin→EGFR→GM-

CSF) in human AEC.

p38 Signaling Upstream of EGFR in GM-CSF production in Human AEC

Since p38 signaling is known to be downstream of HDM and IL-17A stimulation and also 

possibly EGFR activation, we sought to determine if p38 signaling is downstream of EGFR 

dependent GM-CSF production. EGFR activation was stimulated directly in HBEC with 

amphiregulin and p38 signaling was inhibited with SB202190. Inhibiting p38 signaling after 

direct stimulation of EGFR did not reduce GM-CSF production, although inhibition of 

MEK1/2 with ARRY142886 did block the increases in GM-CSF (S Fig. 3). These data, 

together with the data from the HDM and IL-17A experiments (Fig 1e, 2e), indicate that p38 

signaling is downstream of HDM and IL-17A but upstream of EGFR.

Regulation of GM-CSF Production in Primary Human AEC

To confirm that EGFR signaling regulates GM-CSF production in primary human AEC, 

primary cells were stimulated with HDM or IL-17A with or without the EGFR inhibitor 

Erlotinib. Both HDM and IL-17A stimulation increased GM-CSF production (532.7 pg/mL 

± 76.5 and 1,294.0 pg/mL ± 33.0 respectively) compared to medium only (85.3 pg/mL ± 

15.1), and these increases were blocked in a dose-dependent manner with Erlotinib (Fig. 

3a,b). These data confirm the findings from HBEC that EGFR signaling regulates GM-CSF 

production in AEC in response to HDM and IL-17A.
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EGFR Regulation of Cytokine Production in vivo

Since our in vitro data showed that EGFR signaling regulates GM-CSF production, we 

utilized a mouse model of established allergic asthma to determine whether EGFR signaling 

regulated GM-CSF production in vivo. Mice were chronically exposed to HDM to establish 

disease and then subsequently treated with the EGFR inhibitor Erlotinib (Fig. 4a). The 

impact of EGFR inhibition on cytokine production was determined by measuring cytokine 

levels in the lungs of exposed mice. GM-CSF and TNFα levels were reduced with EGFR 

inhibition (Fig. 4b,c). However, while IL-4, −5, −13, −17A, and eotaxin (CCL11) were 

increased and IFNγ was decreased with HDM exposure, Erlotinib treatment did not alter 

levels of these cytokines (S Fig. 4a-f). These data demonstrate that in a model of established 

allergic asthma EGFR inhibition does not alter the levels of Th1, Th2, or Th17 cytokines, 

but does reduce GM-CSF and TNFα levels.

EGFR Regulation of Key Asthma Characteristics in Established Disease

Since EGFR signaling was demonstrated to regulate GM-CSF production in vivo and both 

EGFR and GM-CSF have been previously shown to play important roles in the pathogenesis 

of asthma in experimental models, we assessed the impact of EGFR inhibition on key 

features of allergic asthma in a chronic model of allergic airway disease. Airway resistance 

in response to methacholine was reduced in mice that received Erlotinib (Fig. 5a). 

Pulmonary cellular inflammation was increased in mice exposed to HDM, but reduced with 

Erlotinib treatment (Fig. 5b). Differential staining revealed that the decrease in inflammatory 

cell influx with EGFR inhibition was primarily due to reductions in eosinophil numbers (S 
Fig. 5a). To assess whether EGFR inhibition altered allergic sensitization, HDM-specific 

IgG and IgE were measured in the serum of exposed mice. HDM-specific IgG and IgE 

levels were increased in mice exposed to HDM chronically and unaltered with Erlotinib 

treatment (S Fig. 5b,c). Taken together, these data indicate that EGFR signaling plays a role 

in mediating AHR and inflammatory cell influx into the lung during ongoing allergic airway 

disease but not allergic sensitization.

To determine the effects of EGFR inhibition on ASM thickening, another key feature of 

chronic asthma, the amount of smooth muscle thickening was determined by measuring 

alpha smooth muscle actin (α-SMA) positive stained area around the airways (Fig. 5c). 

ASM thickening was modestly increased in mice chronically exposed to HDM, and this 

increase was blocked with Erlotinib treatments (Fig. 5d). These data suggest that EGFR 

signaling contributes to ASM remodeling in ongoing allergic airway disease.

To determine the effect of inhibiting EGFR on goblet cells, immunostaining was performed 

on lung sections for the goblet cell marker chloride channel calcium activated family 

member 3 (CLCA3). Occasional CLCA3 positive cells were seen in the large conducting 

airways of saline control mice (Fig. 5e). Mice exposed chronically to HDM had increased 

CLCA3 staining in the large conducting airways. CLCA3 staining was decreased in HDM 

exposed mice that received Erlotinib. To quantitate these changes, western blot analysis was 

performed on lung homogenates for CLCA3 and densitometry quantifications were assessed 

(Fig. 5f). CLCA3 protein levels in the lungs of mice chronically exposed to HDM were 

increased compared to saline controls. This increase was attenuated with Erlotinib treatment. 
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These data indicate a role for EGFR signaling in the regulation of goblet cell metaplasia in 

ongoing allergic airway disease.

Discussion

In this report, multiple EGFR ligands induced GM-CSF production by human AEC in vitro. 

HDM or IL-17A stimulated AEC increase GM-CSF production and this required active 

EGFR signaling as well as protease/TACE activity and p38 MAPK signaling. HDM or 

IL-17A also induced primary human AEC to increase EGFR-dependent GM-CSF 

production. In vivo EGFR inhibition reduced GM-CSF and TNFα levels as well as AHR, 

cellular inflammation, ASM thickening, and goblet cell metaplasia in the airways of mice 

with established allergic airway disease without altering HDM-specific IgG and IgE, Th1 

(IFNγ), Th2 (IL-4, IL-5, IL-13, eotaxin), and Th17 (IL-17A) cytokines. Results demonstrate 

that EGFR signaling regulates GMCSF production both in vitro and in vivo and 

pharmacologic inhibition of EGFR signaling reduces the severity of established allergic 

airway disease in a clinically relevant mouse model. These data identify a novel allergen-

activated signaling mechanism in AEC, which suggest the EGFR→GM-CSF axis might 

represent molecular targets for future therapeutic development.

Our results identify a novel mechanism of EGFR signaling in AEC and suggest this pathway 

may be an important driver of extrinsic asthma (Fig. 6). In this pathway, HDM and IL-17A 

utilize EGFR signaling to stimulate AEC to produce and locally secrete GM-CSF, an 

autoimmune/inflammatory mediator with potent regulatory effects on tissue-resident 

macrophages as well as neutrophils and eosinophils. This mechanism (HDM/IL-17A → 

MAPKp38→protease/TACE→amphiregulin→EGFR→GM-CSF) is supported by and 

links findings from a number of reports on the individual components of this pathway 

(27-31). However, this study is the first to mechanistically place IL-17A, amphiregulin, 

EGFR, and GMCSF in a pathway in AEC, show that both HDM and IL-17A stimulate AEC 

directly by activating this EGFR→GM-CSF signaling axis, and suggest that HDM and 

IL-17A contribute to asthma pathogenesis via amphiregulin and EGFR mediated GM-CSF 

production from AEC.

The observation that EGFR inhibition reduced allergen-induced airway disease without 

affecting numerous mediators of adaptive immunity in vivo and also blocked HDM and 

IL-17A dependent activation of the EGFR→GM-CSF axis in cultured and primary human 

AEC in vitro has important biological implications. First, this mechanism is an ‘innate 

allergic’ signaling pathway that acts locally to determine airway host responses and asthma 

severity, which may function independent of and in parallel to or down-stream from known 

adaptive immune pathways. Second, the observation that IL-17A levels were unaffected by 

Erlotinib in vivo and caused an exposure-dependent activation of the EGFR → GM-CSF 

axis in isolated AECs suggests that IL-17A may serve to integrate innate and adaptive host 

responses locally. Third, this pathway may drive airway disease by priming the host defense 

functions of tissue-resident macrophages or other myeloid cells and by promoting survival. 

Prior studies have shown that GM-CSF stimulates the proliferation of macrophages and 

hyperplasia of type II AEC (35). Fourth, it is possible that GM-CSF may modify disease 

severity by regulating the functional capacity of local, tissue-resident macrophages. This is 
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supported by the following observations: 1) both TNFα and GM-CSF were increased in 

HDM-exposed mice; 2) EGFR inhibition in HDM-exposed mice reduced the levels of both 

TNFα and GM-CSF (albeit, not to pre-exposure baseline levels); 3) cultured HDM-exposed 

AEC secreted GM-CSF but not TNFα, indicating the increased TNFα in HDM-exposed 

mice was most likely from cells other than AEC; 4) GM-CSF, by regulating alveolar 

macrophage maturation, determines their capacity for TNFα secretion as well as other 

cytokines (36); 5) TNFα expression is increased in airway tissues in allergic asthma (37, 

38), and we have observed increased TNFα immunostaining in macrophages from lungs of 

mice chronically exposed to HDM (unpublished results). These observations may shed light 

on the interpretation of results of clinical trials evaluating TNFα inhibition as therapy of 

asthma, which have reported mixed efficacy results (39-43), as GM-CSF regulated pathways 

may vary among patients comprising asthma subgroups on the basis of difference in 

environmental or genetic modifiers (44).

Inhibiting EGFR in our model of established allergic airway disease reduced ASM 

thickening, AHR, and eosinophil number. Our in vitro studies show that EGFR regulates 

GM-CSF production by AEC. Others have reported that GM-CSF can recruit α-smooth 

muscle actin positive myofibroblasts (45), which could potentially contribute to ASM 

thickening and AHR. However, whether GM-CSF directly stimulates ASM cell 

proliferation/hyperplasia and AHR is unclear. Since GM-CSF is a known survival signal for 

granulocytes including eosinophils (46), reducing GM-CSF by inhibiting EGFR could 

account for the decrease in eosinophils in our model. The observation that Erlotinib 

markedly reduced the severity of established allergic airway disease in mice identifies 

EGFR as a potential molecular target for development of asthma therapy. EGFR may play 

an important role in other lung diseases and has been identified as a target for therapeutic 

development in COPD and pulmonary fibrosis (47). Erlotinib is a small molecule inhibitor 

currently approved as a non-DNA modifying cancer therapy with clinical trials documenting 

it is safe and well-tolerated with only mild/moderate adverse effects (48). EGFR inhibition 

did not completely reduce features of allergic asthma in our model of established disease. 

This is not surprising given that allergens activate a complex network of inter-dependent 

innate and adaptive immune host responses with local and systemic components. However, 

the observation that multiple distinct asthma triggers activate EGFR signaling not only 

suggests EGFR may function as an ‘environmental sensor’ but that it may function as a 

common pathogenic driver in otherwise mechanistically and phenotypically distinct forms 

of asthma patients (8-11).

The observation that HDM and IL-17A induced GM-CSF production is downstream of 

amphiregulin and EGFR in AEC and dependent on p38 MAPK as well as protease/TACE 
activity identifies the EGFR→GM-CSF axis as a pathway with multiple molecular targets 

for potential future therapeutic development. This conclusion is supported by a human 

clinical trial (KaloBios KB003) that is underway to evaluate anti-GM-CSF therapy in severe 

asthma. Further, GM-CSF signaling inhibition using an anti-GM-CSF receptor α 

monoclonal antibody was therapeutically effective and safe in patents with rheumatoid 

arthritis, despite the potential for anti-GM-CSF therapy to impede lung surfactant clearance 

(49). While GM-CSF represents a potentially novel therapeutic target in severe refractory 
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asthma, balancing the potential deleterious side effects while improving respiratory function 

is potentially a challenge.

Our results indicate that amphiregulin is the main EGFR ligand responsible for the 

activation of EGFR signaling and induction of GM-CSF production by AEC after 

stimulation with HDM and IL-17A. Amphiregulin is a mitogenic growth factor that is 

known to play a role in epithelial repair after acute lung injury (50). Amphiregulin produced 

by innate lymphoid cells and mast cells, also contributes to epithelial repair after viral 

infection and regulates mucus production (51, 52). Amphiregulin has also been linked to 

asthma, with higher levels of amphiregulin found in sputum samples from asthmatic 

children (53, 54). These data, together with our in vitro data, suggest that amphiregulin, 

which can activate the EGFR→GM-CSF axis, is another potential target for therapeutic 

development.

In conclusion our data mechanistically link HDM, IL-17A, amphiregulin, EGFR, and GM-

CSF in a pathway in AEC and demonstrate the importance of EGFR signaling in regulating 

GM-CSF production by AEC. These data suggest the EGFR→GMCSF axis in AEC may 

represent an important innate signaling pathway in allergic asthma and a potential mediator 

of established disease in patients.
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Figure 1. EGFR signaling, protease/TACE activity, and p38 MAPK signaling are required for 
GMCSF production by HBEC stimulated with HDM
HBEC were stimulated with (A) equimolar concentrations (72 nM) of TGFα, EGF, HB-

EGF, and AREG; (B) HDM (10, 25, or 100 μg dry weight); (C) HDM (100 μg) with or 

without EGFR inhibitors Erlotinib (0.1 μM [+] or 0.25 μM [++]) or AG1478 (0.25 μM [+] or 

0.5 μM [++]); (D) HDM (100 μg) with or without the protease inhibitor GM6001 (20μM) or 

the TACE inhibitor TAPI-1 (20 μM); (E) HDM (100 μg) with or without the p38 inhibitor 

SB202190 (2 μM [+] or 5 μM [++]); (F) HDM (100 μg) with or without neutralizing 

antibodies to AREG (0.3 μg/mL [+] or 1 μg/mL [++]). GMCSF was measured in the media 

by ELISA 24 hours after stimulation (A-F), and statistical significance was determined by 

comparing samples to the medium only group (* p<0.05, ** p<0.01, *** p<0.001) or 

compared to the HDM stimulated group (^^^ p<0.001); n=2 (two independent experiments, 

each performed in triplicate) for each group in (A-F).
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Figure 2. IL-17A induced GMCSF production by HBEC requires EGFR signaling, and protease/
TACE activity, and p38 MAPK signaling
HBEC were stimulated with (A) IL-13 (100 ng), IL-17A (100 ng), or a combination of both 

IL-13 and -17A; (B) increasing amounts of IL-17A (1-100 ng); (C) IL-17A (25 ng) with or 

with the EGFR inhibitor Erlotinib (0.1 μM [+] or 0.25 μM [++]); (D) IL-17A (25 ng) with or 

without the protease inhibitor GM6001 (20 μM) or the TACE inhibitor TAPI-1 (20 μM); (E) 

IL-17A (25 ng) with or without the p38 inhibitor SB202190 (2 μM [+] or 5 μM [++]); (F) 

IL-17A (25ng) with or without neutralizing antibodies to AREG (0.3 μg/mL [+] or 1 μg/mL 

[++]). GMCSF was measured in the media by ELISA 24 hours after stimulation (A-F), and 

statistical significance was determined by comparing samples to the medium only group (* 

p<0.05, ** p<0.01, *** p<0.001) or compared to the IL-17A stimulated group (^^^ 

p<0.001); n=2 (two independent experiments, each performed in triplicate) for each group in 

(A-F).
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Figure 3. HDM and IL-17A induced GMCSF production by primary human airway epithelial 
cells requires EGFR signaling
Primary human airway epithelial cells were stimulated with (A) HDM (100 μg) or (B) 

IL-17A (25 ng) with or with the EGFR inhibitor Erlotinib (0.1 μM [+], 0.25 μM [++], or 0.5 

μM [+++]). GMCSF was measured in the media by ELISA 24 hours after stimulation, and 

statistical significance was determined by comparing samples to the medium only group 
(*** p<0.001) or compared to the HDM stimulated group (^^^ p<0.001); single experiment 
performed in triplicate for each group in (A,B).
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Figure 4. EGFR inhibition reduced GM-CSF and TNFα levels in mice with established allergic 
asthma
(A) Study protocol; adult wild-type FVB/N mice were exposed intranasally (i.n.) to 50 μg 

(protein) HDM or saline 3 times a week for 6 weeks. A group of mice were also treated with 

HDM for 6 weeks and received intraperitoneal (i.p.) injections of Erlotinib (100mg/kg) 6 

times a week for the last 3 weeks of HDM exposure. The cytokines GM-CSF (B) and TNFα 

(C) were measured in bronchoalveolar lavage fluid by multiplex ELISA. * p<0.05, ** 

p<0.01; n=6 for each group in (B,C), which represents the total number of individual mice 

used in vivo.
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Figure 5. EGFR inhibition attenuated key asthma characteristics in mice with established 
allergic airway disease
(A) Airway resistance was measured using a flexiVent system after nebulizing PBS 

(baseline) and then increasing doses of methacholine into the lungs after the therapeutic 

intervention of Erlotinib that began the week 4 of exposures. (B) Inflammatory cell influx 

was determined by counting the number of cells present in the bronchoalveolar lavage fluid 

(BALF). (C) Immunostaining for the alpha-smooth muscle actin (α-SMA) on lung sections 

(positive staining shown in brown); scale bar 100 μm. (D) Quantitation of airway smooth 

muscle thickening determined by morphometric analysis of α-SMA stained area corrected to 

internal perimeter of the airway. (E) Immunostaining for the goblet cell protein chloride 

channel calcium activated family member 3 (CLCA3) on lung sections (positive staining 

shown in brown); scale bar 100 μm. (F) Representative Western blots and densitometry 

analysis for CLCA3 and Actin in lung homogenates; both antibodies were applied to the 

same blot and each lane represents individual mice. * p<0.05, ** p<0.01, ***p<0.001; 

n=12-20 for each group in (A,B), n=5 for each group in (D), n=6-15 for each group in (F), 

which represents the total number of individual mice used in vivo.
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Figure 6. Schematic of proposed pathway of innate allergic signaling mechanism in airway 
epithelial cells
HDM and IL-17A activate p38 MAPK signaling in airway epithelial cells (AEC) to induce 

TNFα converting enzyme (TACE) or another member of the a disintegrin and 

metalloproteinases (ADAM) family to cleave EGFR ligands such as amphiregulin (AREG), 

on adjacent cells or on its own cell surface, that activate EGFR signaling, which drives the 

production of GM-CSF. GM-CSF contributes to allergic airway disease via the activation 

and priming of macrophages (Mϕ) to produce innate immune mediators and possibly 

through direct effects on the airway. Antigen presenting cells (APC) can process and present 

HDM antigens to activated T cells (Th1, Th2, Th17) that then release adaptive immune 

mediators and cytokines that contribute to the pathogenesis of allergic airway disease.
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