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Mucoinflammatory lung disease in cystic fibrosis (CF) is characterized by airway surface liquid (ASL) layer dehydration and mucins hyperconcentration, which leads to airway obstruction, inflammation, bronchiectasis, and increased susceptibility to recurrent bacterial infections. Epidermal growth factor receptor (EGFR) is known to regulate airway mucous cell metaplasia (MCM) and mucins expression, but the role of EGFR pathway in the pathogenesis of CF-like lung disease remains unclear. Therefore, we hypothesized that airway epithelial cell-specific deficiency of EGFR mitigates mucoinflammatory responses in Scnn1b-transgenic (Tg+) mice that phenocopy human CF-like lung disease. To test this hypothesis, we examined the effect of airway epithelial cell-specific EGFR deficiency on the manifestation of mucoinflammatory outcomes in Tg+ mice. The airway epithelial cell-specific EGFR-deficient wild-type (WT) mice did not exhibit any obvious structural and functional defects in the lungs. The deletion of EGFR in airway epithelial cells in Tg+ mice, however, resulted in increased recruitment of neutrophils and macrophages into the lung airspaces, which was accompanied by significantly increased bronchoalveolar lavage fluid (BALF) levels of inflammatory mediators, including KC, G-CSF, MIP-2, MIP-1α, TNF-α, and MIP-1β. Additionally, as compared with the EGFR-sufficient Tg+ mice, the airway epithelial cell-specific EGFR-deficient Tg+ mice exhibited significantly increased postnatal mortality and compromised bacterial clearance. The deletion of EGFR in the airway epithelial cells of Tg+ mice resulted in an increased degree of mucus obstruction, which was associated with an increase in MCM and MUC5B production. Some of the molecular markers of type 2 inflammation, including Il13, Slc26a4, and Retnla, were significantly increased in airway epithelial cell-specific EGFR-deficient Tg+ mice versus EGFR-sufficient Tg+ mice. Taken together, our data show that EGFR deletion in the airway epithelial cells compromises postnatal survival, delays bacterial clearance, and modulates inflammatory and mucus obstruction-relevant endpoints, i.e., MCM, MUC5B production, and mucus obstruction, in Tg+ mice.




Keywords: EGFR, cystic fibrosis, Scnn1b-Tg+, airway epithelium, mucus obstruction





Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disorder caused by various mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which results in reduced chloride and bicarbonate ions secretion and increased sodium ions absorption (1, 2). The resulting ionic imbalance leads to the dehydration of the airway surface liquid layer (ASL), causing mucins hyperconcentration, mucostasis, defective mucociliary clearance, airway inflammation, and recurrent bacterial infections (2, 3). Mucins hypersecretion is another key characteristic of CF, where the excessive release of mucins into the hyperconcentrated ASL results in the formation of static mucus plugs, which in turn contributes to airflow obstruction (3). IL-4Rα and epidermal growth factor receptor (EGFR) pathways are known to contribute to mucins hypersecretion via coordinated promotion of mucous cell metaplasia (MCM) (4–10). While the role of IL-4Rα signaling pathway has been investigated in mouse model of human CF-like lung disease (11), the role of EGFR signaling pathway in inducing mucins production and other inflammatory outcomes remains unclear.

EGFR, one of the four members of the receptor tyrosine kinase (RTK) superfamily, binds to a variety of ligands, including epidermal growth factor (EGF), transforming growth factor-α (TGF-α), amphiregulin (AREG), epiregulin (EREG), β-cellulin (BTC), heparin-binding EGF (HB-EGF), and epigen (EPGN) (12, 13). EGFR is critically important for embryonic development, tissue differentiation, and cellular function, and EGFR loss causes either embryonic or postnatal mortality depending on the genetic background of the mice (14–16). In normal airways, EGFR signaling constitutes a critical developmental pathway in lung epithelial cells by controlling lung development and maintaining airway homeostasis (15, 17–20). Dysregulated EGFR signaling is associated with the pathogenesis of airway hypersecretory and mucoinflammatory diseases such as asthma and COPD (12). EGFR signaling is critical for inducing MCM in animal models and for mucins expression in human airway epithelial cells in response to IL-13, viruses, TGF-α, and cigarette smoke (6, 21–24). Increased EGFR signaling, TGF-α production, and mucins (MUC5AC and MUC5B) expression have been reported in the airways of CF patients (25); however, the causative role of EGFR in CF-like lung disease has not been demonstrated, thus warranting further investigation. Accordingly, we investigated the role of airway epithelial cell-specific EGFR in the pathogenesis of mucoinflammatory lung disease in Scnn1b-transgenic (Scnn1b-Tg+) mice, a mouse model of human CF-like lung disease.

The Scnn1b-Tg+ (Tg+) mouse overexpresses sodium channel, non-voltage gated 1, beta subunit (Scnn1b) transgene in club cell secretory protein (CCSP)-expressing airway epithelial cells (26). The Scnn1b overexpression dictates the hyperabsorption of sodium ions into the airway epithelial cells, resulting in an osmotic gradient-driven dehydration of ASL. As a consequence, within the first week of postnatal life, the Tg+ neonates exhibit mucoinflammatory lung disease features, including MCM, mucins hypersecretion, mucus obstruction, defective mucociliary clearance, airway inflammation characterized by activated macrophages, granulocytes, and lymphocytes, and spontaneous bacterial infections (26–30). In this study, we hypothesized that airway epithelial cell-specific deficiency of EGFR mitigates mucoinflammatory responses in Tg+ mice. Towards this, we examined the effects of airway epithelial cell-specific EGFR deletion on key features of Tg+ mice, including postnatal survival, genes relevant to mucoinflammatory responses, mucus obstruction, MCM, immune cell recruitment, cytokine levels, and bacterial load. The results from this study highlight the contribution of airway epithelial cell-specific EGFR in the pathogenesis of CF-like mucoinflammatory lung disease in Tg+ mice.





Materials and methods




Generation of mice and animal husbandry

Scnn1b-Tg+ (Tg+) mice [B6N.Cg-Tg(Scgb1a1-Scnn1b)6608Bouc/J] were procured from the Jackson Laboratory (Bar Harbor, ME) and maintained at the Division of Laboratory Animal Medicine (DLAM) vivarium of Louisiana State University (LSU). Club cell-specific Cre recombinase (CCSP-Cre+) mice were provided by Dr. Francesco J. DeMayo (NIEHS, North Carolina (NC)), and Egfr floxed (Egfrfl/fl) mice were provided by Dr. David Threadgill (Texas A&M University, Texas). All three mice strains were interbred to generate various parental genotypes. EGFR-sufficient Tg+ (CCSP-Cre-/Egfrfl/fl/Tg+) and airway epithelial cell-specific EGFR-deficient Tg+ (CCSP-Cre+/Egfrfl/fl/Tg+) and their wild-type (WT) counterparts, i.e., CCSP-Cre-/Egfrfl/fl/WT and CCSP-Cre+/Egfrfl/fl/WT, were generated by reciprocal crosses between CCSP-Cre+/Egfrfl/fl/WT and CCSP-Cre-/Egfrfl/fl/Tg+ (or CCSP-Cre-/Egfrfl/fl/WT and CCSP-Cre+/Egfrfl/fl/Tg+) parental genotypes. The CCSP-Cre+/Egfrfl/fl/Tg+ mice are expected to have EGFR deficiency only in the CCSP+ cells. However, our previous study employing CCSP-Cre mice (31) have shown that the CCSP-Cre+ causes recombination in almost all the airway epithelial cells. Therefore, we will be using the term “airway epithelial cell-specific EGFR-deficient mice” and not “Club cell-specific EGFR deficient mice”. Genotypes of all four experimental groups were confirmed with polymerase chain reaction (PCR). Nucleotide sequences of primers used for genotyping are included in Supplementary Table 1. Mice were housed in hot-washed and individually ventilated cages on 12h day/night cycle at DLAM vivarium of LSU. Mice were provided with a regular diet and water ad libitum. All the animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Louisiana State University.





Bronchoalveolar lavage fluid analyses and tissue collection

Juvenile mice (Postnatal day 21, PND21) were anesthetized via intraperitoneal (IP) injection of 2,2,2-tribromoethanol (Millipore Sigma, Burlington, MA). The left main stem bronchus was ligated, and the right lung lobes were aseptically lavaged with a body weight-adjusted volume of Dulbecco’s Phosphate Buffered Saline (DPBS) (Corning, Manassas, VA). A fraction of the harvested bronchoalveolar lavage fluid (BALF) was used for the estimation of colony forming units (CFUs), and the remaining BALF was centrifuged at 4°C for 500 x g for 5 min. Cell-free BALF supernatant was collected and stored at -80°C for the total protein, dsDNA, and cytokine analyses. Cell pellets were resuspended in 250 µl of DPBS and used for total and differential cell counts estimation as described previously (32). Lavaged right lung lobes were snap-frozen and stored at -80°C for gene expression analyses. Unlavaged left lung lobes were fixed in 10% neutral buffered formalin and processed for histological analyses, as described previously (33).





Total protein and dsDNA estimation

Total protein and dsDNA contents in the BALF were determined by Bradford assay (Bio-Rad, Hercules, CA) and spectrophotometric assay using NanoDrop 8000 (Thermo Fisher Scientific, Waltham, MA), respectively.





Cytokine analyses

Cell-free BALF samples were assayed for various soluble mediators as previously described (34). Briefly, the BALF levels of various cytokines and chemokines were determined using Luminex XMAP-based assay (MCYTOMAG-70K), according to the manufacturer’s instructions (EMD Millipore, Billerica, MA). The list of cytokines and chemokines is included in Supplementary Table 2.





Enzyme-linked immunosorbent assay

IL-13 levels were analyzed in the cell-free BALF samples using Mouse IL-13 ELISA Kit-Quantikine (Cat # M1300CB, R&D systems, Minneapolis, MN), according to the manufacturer’s instructions.





Bacterial burden analyses

The aseptically harvested BALF was serially diluted and plated onto Columbia blood agar (CBA) plates (Hardy Diagnostics, Santa Maria, CA). The plates were incubated in anaerobic candle jars at 37°C for 48h. The CFUs were counted, and the morphological characteristics of the colonies were recorded, as previously described (32).





Histopathological analyses

The formalin-fixed left lung lobes were embedded in paraffin and sectioned at 5µm thickness. Alcian blue-periodic acid-Schiff (AB-PAS) staining was performed to stain mucopolysaccharide materials in the airway lumen and mucins content within the airway epithelial cells. Mucus obstruction was graded using the histological semiquantitative grading strategy as previously described (32). For MCM analyses, the photographs of AB-PAS-stained large airways were captured under the 40X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attachment (Nikon, Melville, NY). Thereafter, the analyses were performed by quantifying the number of mucous cells per millimeter (mm) of basement membrane using the Fiji software (35). All the slides were graded by a board-certified anatomic pathologist in a blinded manner.





Immunohistochemical analyses

Formalin-fixed paraffin-embedded left lung sections were used for the immunohistochemical localization of MUC5AC, MUC5B, and E-cadherin. The sections were stained with the corresponding primary antibodies: rabbit polyclonal MUC5AC antibody (UNC 294, a kind gift by Dr. Camille Ehre, University of North Carolina, Chapel Hill, NC), rabbit polyclonal MUC5B antibody (UNC223, a kind gift by Dr. Camille Ehre, University of North Carolina, Chapel Hill, NC), and Rabbit monoclonal E-cadherin primary antibody (3195, Cell Signaling Technology, Danvers, MA) using previously published procedure (36–38). The immunostained slides were analyzed by a board-certified anatomic pathologist without prior knowledge of genotypes. The photographs were captured under the 40X or 4X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attachment (Nikon, Melville, NY). Thereafter, captured images were processed using the Fiji software (35) to determine the percentage of stained area (MUC5B and MUC5AC).





Gene expression analyses

Total RNA isolation from right lungs, analysis of quantity and purity of isolated total RNA, cDNA generation, and reverse transcription quantitative polymerase chain reaction (RT-qPCR) were done as described previously (39). The nucleotide sequences of primers used in RT-qPCR are included in Supplementary Table 1.





BaseScope (RNA in situ hybridization) assay for the detection of Egfr mRNA

Left lungs were fixed in 10% neutral buffered formalin for 24 hrs. and embedded in paraffin. These formalin-fixed, paraffin-embedded left lung sections were used to perform RNA in situ localization of Egfr mRNA using BaseScope technology (ACD, Newark, CA). Briefly, the lung sections were baked at 60°C in a hybridization oven, deparaffinized in xylene and dehydrated in 100% ethanol followed by air-drying the slides for 5 min at 60°C. The slides were then incubated for 10 min at room temperature (RT) with 3% hydrogen peroxide (322335; ACD, Newark, CA) to quench the endogenous peroxidase activity. Target retrieval was performed using a 1X RNAscope Target Retrieval Reagent (322000; ACD, Newark, CA) at 98-102°C for 15 minutes, followed by three washes in distilled water. RNAscope Protease IV (322336; ACD, Newark, CA) was added to the lung sections and incubated at 40°C in a hybridization oven for 30 minutes followed by two washes of distilled water. Custom designed Egfr probe (1307511-C1; ACD, Newark, CA) equilibrated to room temperature was subsequently added to the lung sections and incubated in a hybridization oven for 2 hours at 40°C. After two washes with the wash buffer (310091, ACD, Newark, CA), the sections underwent eight amplification steps to enhance the signals. BaseScopeTM Detection Reagents v2– RED (Cat. No. 323910; ACD, Newark, CA) were used to detect the red signal. Finally, the sections were counterstained with 50% Gill’s Hematoxylin I for 2 min at RT followed by 3–5 times rinse with tap water. The slides were further washed 2–3 times in 0.02% Ammonia water, followed by 3-time wash in tap water. The slides were dehydrated at 60°C in a hybridization oven until the slides were completely dry, and coverslipped using VectaMount mounting media (H-5000; Vector Laboratories, Burlingame, CA). The stained slides were analyzed by a board-certified anatomic pathologist without prior knowledge of genotypes. The stained slides were captured under the 100X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attachment (Nikon, Melville, NY).





Statistical analyses

One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to determine statistically significant differences among the groups. All data were presented as mean ± standard error of the mean (SEM). Grubbs’ test was used to remove the outliers. To reduce the number of horizontal bars indicating statistically significant differences between experimental groups, we used a single bar when one group showed significant differences compared to multiple other groups (with vertical ticks). A p-value of less than 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 10.0 (GraphPad Software Inc., La Jolla, CA).






Results




EGFR deletion in airway epithelial cells increases postnatal mortality in Tg+ mice

The airway epithelial cell-specific EGFR-deficient Tg+ (Cre+/Tg+) and control (Cre-/Tg+, Cre+/WT, and Cre-/WT) mice were generated (Figure 1A), and three-week-old juveniles (Postnatal day 21; PND21) were assessed for endpoints including postnatal survival, RT-qPCR for genes relevant to mucoinflammatory responses, mucus obstruction, MCM, immune cell recruitment, cytokine levels, and bacterial load. The deletion of EGFR in the airway epithelial cells was confirmed by BaseScope assay (Figure 1B).




Figure 1 | EGFR deletion in airway epithelial cells increases postnatal mortality but does not affect body weight change in Scnn1b-Tg+ (Tg+) mice. (A) Schematic diagram for the generation of airway epithelial cell-specific EGFR-deficient mice. Airway epithelial cell-specific EGFR-deficient Scnn1b-Tg+ (CCSP-Cre+/Egfrfl/fl/Tg+) mice were generated by interbreeding club cell-specific Cre recombinase (CCSP-Cre+), floxed Egfr (Egfrfl/fl), and Scnn1b-Tg+ mice. (B) In situ BaseScope hybridization for Egfr transcripts [red dots representing punctate staining for Egfr mRNA in airway epithelial cells (blue arrows) and alveolar epithelial cells (black arrows)] in EGFR-sufficient Tg+ (top panel) and airway epithelial cell-specific EGFR-deficient (bottom panel) Tg+ mice. (C) Survival curve for the progeny of the crosses between CCSP-Cre+/Egfrfl/fl/WT and CCSP-Cre-/Egfrfl/fl/Tg+ (or CCSP-Cre+/Egfrfl/fl/Tg+ and CCSP-Cre-/Egfrfl/fl/WT) mice. n= number of pups per genotype. ****p < 0.0001 (EGFR-sufficient WT (CCSP-Cre-/Egfrfl/fl/WT; Cre-/WT) vs EGFR-sufficient Scnn1b-Tg+ (CCSP-Cre-/Egfrfl/fl/Tg+; Cre-/Tg+)) and (EGFR-deficient WT (CCSP-Cre+/Egfrfl/fl/WT; Cre+/WT) vs EGFR-deficient Scnn1b-Tg+ (CCSP-Cre+/Egfrfl/fl/Tg+; Cre+/Tg+)), *p < 0.05 (Cre-/Tg+ vs Cre+/Tg+) by Gehan-Breslow-Wilcoxon test. Cre-/WT (black), Cre+/WT (green), Cre-/Tg+ (blue), and Cre+/Tg+ neonates (red). (D) Body weight change values represent body weight gain (positive value) or loss (negative value) as compared to gender- and age- matched Cre-/WT littermates. The body weights of the healthiest Cre-/WT male or female mice were set to 0. Individual body weight values for other littermates were generated by subtracting the body weight of Cre-/WT from body weight of each gender-matched littermates. Cre-/WT [blue open bar], Cre+/WT [red open bar], Cre-/Tg+ [solid blue bar], and Cre+/Tg+ [solid red bar] mice. Sample size (n=16-59/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. ***p < 0.001, ****p < 0.0001.



The germline deletion of EGFR in mice results in mortality between midgestation and PND 20, depending on the genetic background of the mice (14). Therefore, to determine whether the airway-epithelial cell-specific EGFR deficiency contributes to the embryonic mortality, we analyzed the possibility of embryonic mortality by calculating the mendelian ratio of the expected genotypes of neonates, i.e., Cre-/WT (n=80), Cre+/WT (n=72), Cre-/Tg+ (n=83), and Cre+/Tg+ (n=66). The mendelian ratio for the Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ progeny was 1.06:0.96:1.10:0.88, respectively. The calculated χ2 value of 0.498 suggested that the observed mendelian ratio was not significantly deviated from the expected mendelian ratio of 1:1:1:1. These data suggest that airway epithelial cell-specific deletion of EGFR doesn’t compromise embryonic viability.

The Tg+ mice exhibit significant postnatal mortality within the first 3 weeks of life (11, 26, 27). To determine the effect of airway epithelial cell-specific EGFR deletion on postnatal survivability of the Tg+ mice, we observed pups until PND20. The survivability was comparable between Cre-/WT and Cre+/WT pups (Figure 1C), suggesting that airway epithelial cell-specific EGFR deletion does not compromise postnatal survival in WT pups. Consistent with the previous studies (11, 26, 27, 39), Cre-/Tg+ exhibited ~41.5% mortality between PND0-PND20, with most of the deaths observed between PND7-PND17 (Figure 1C). As compared with the Cre-/Tg+ group, the Cre+/Tg+ mice showed significantly higher mortality rate of ~56.1% (Figure 1C). However, similar to the Cre-/Tg+ group, most of the deaths in Cre+/Tg+ mice occurred between PND7-PND17. We also investigated the effect of airway epithelial cell-specific deletion of EGFR on postnatal distress in mice by recording their body weights at PND21. Although the Tg+ pups of both genotypes displayed lower body weight at PND21, the airway epithelial cell-specific deletion of EGFR did not alter the postnatal body weight in WT and Tg+ juveniles (Figure 1D). These data suggest that the EGFR deletion promotes mucus obstruction, a pathogenic pathway that contributes to the neonatal mortality in Tg+ mice (11, 26, 27).





EGFR deletion in airway epithelial cells increases expression of type 2 inflammation-associated gene signatures and mucus obstruction in Tg+ juveniles

The Tg+ mice predominantly exhibit type 2 inflammation characterized by increased levels of Th2 cytokines, i.e., IL-4 and IL-13, and elevated type 2 inflammation-associated gene signatures (27, 30, 32, 39). Indeed, type 2 inflammation-associated mucus obstruction is known to be the primary cause of postnatal mortality in Tg+ mice (11, 26, 27). Here, we hypothesized that the exaggerated type 2 inflammation in the Cre+/Tg+ mice contributes to excessive mucus obstruction, which results in their increased mortality.

First, we analyzed the expression levels of type 2 inflammation-associated gene signatures, including Slc26a4, Retnla, Chi3l4, and Clca1. The mRNA levels for Slc26a4, Retnla, Chi3l4, and Clca1 were comparable in Cre-/WT and Cre+/WT mice (Figures 2A–D), which suggest that the EGFR deletion in the healthy airways does not induce type 2 inflammation. As reported previously (30, 32), the Slc26a4 mRNA levels trended higher in Cre-/Tg+ mice as compared with Cre-/WT and Cre+/WT mice (Figure 2A). The Slc26a4 mRNA levels were significantly higher in Cre+/Tg+ mice as compared with all the other three experimental groups (Figure 2A). The mRNA levels of Retnla and Chi3l4 were higher in Cre-/Tg+ versus Cre-/WT mice (Figures 2B, C). As compared with the Cre-/Tg+ mice, the mRNA levels of Retnla, Chi3l4, and Clca1 were higher in Cre+/Tg+ mice, with only Retnla showing a significant increase (Figures 2B–D). Because IL4Rα, a common receptor subunit for IL-4 and IL-13, is known to cause mucous cell metaplasia in Tg+ mice (11), we assessed the levels of IL-4 and IL-13. The IL-4 protein levels were comparable in BALF from Cre-/WT and Cre+/WT mice (Figure 2E). As reported previously (32, 40), Cre-/Tg+ mice had elevated IL-4 levels as compared with their WT counterparts (Figure 2E). As compared with the Cre-/Tg+ mice, the Cre+/Tg+ mice had insignificantly elevated (p =0.77) IL-4 levels (Figure 2E). The Il13 mRNA levels in the lung homogenates were comparable among Cre-/WT and Cre+/WT mice and significantly higher in the Cre+/Tg+ group versus the other three experimental groups (Figure 2F). Consistent with the mRNA levels, the IL-13 protein levels showed higher trend in Cre+/Tg+ mice compared to Cre-/Tg+ (p =0.06) (Figure 2G).




Figure 2 | EGFR deletion in airway epithelial cells increases the expression of markers associated with type 2 inflammation in Tg+ juveniles. Absolute quantification of Slc26a4 mRNA (A), Retnla mRNA (B), Chi3l4 mRNA (C), and Clca1 mRNA (D) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status) (n=5-7/group). BALF cytokine levels (in pg/ml; picograms per milliliter) of IL-4 (n=7-9/group) (E) and absolute quantification of Il13 mRNA (F) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=5-7/group). (G) BALF cytokine levels (in pg/ml; picograms per milliliter) of IL-13 (n=6-8/group) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001. To minimize the number of horizontal lines in various panels (e.g., A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (A), single horizontal significance line with three vertical ticks suggests significant difference for three comparisons, i.e., Cre+/Tg+ vs Cre-/Tg+, Cre+/Tg+ vs Cre+/WT, and Cre+/Tg+ vs Cre-/WT.



Airway mucous cell metaplasia (MCM) and mucus obstruction are consistent features of lung disease in Tg+ mice, where two gel-forming mucins, i.e., MUC5B and MUC5AC, primarily contribute to airway mucus obstruction (27). To investigate the effect of airway epithelial cell-specific EGFR deletion on MCM and mucus obstruction, we performed AB-PAS, MUC5B, and MUC5AC staining on the lung sections. While only a very small proportion of Cre-/WT and Cre+/WT mice showed minimal airway mucus obstruction, Cre-/Tg+ mice had a marked increase in the proportion of mucous cells (AB-PAS+, MUC5B+, and MUC5AC+) and the degree of airway mucus obstruction (Figures 3A–G, Supplementary Figure 1). The extent of MCM, as indicated by the proportion of AB-PAS+ and MUC5B+ airway epithelial cells, and the degree of airway mucus obstruction, as indicated by AB-PAS- and MUC5B-stained airway luminal contents, were significantly higher in Cre+/Tg+ mice compared with Cre-/Tg+ mice (Figures 3A, B, D–F). The proportion of MUC5AC+ airway epithelial cells was comparable between Cre+/Tg+ mice versus Cre-/Tg+ mice (Figures 3C, G). These data suggest that airway epithelial cell-specific EGFR deficiency results in increased MUC5B production and mucus obstruction in Tg+ juveniles.




Figure 3 | EGFR deletion in airway epithelial cells promotes mucus obstruction in Tg+ juveniles. Representative photomicrographs of AB-PAS-stained (A), MUC5B-immunostained (B), and MUC5AC-immunostained (C) left lung lobe sections from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. All photomicrographs for each stain across all four groups were taken at the same magnification. (Cre-/WT [blue dotted border], Cre+/WT [red dotted border], Cre-/Tg+ [blue solid border], and Cre+/Tg+ [red solid border] mice). Blue arrows indicate MUC5B+ airway epithelial cells. (D) Semiquantitative histological scoring for airway mucus obstruction from AB-PAS-stained left lung sections from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Sample size (n=9/group). (E) Number of mucous cells per millimeter of basement membrane from AB-PAS-stained left lung sections from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Sample size (n=9/group). (F) Percent MUC5B-stained area in the first-generation airway section calculated using Fiji software. Sample size (n=9/group). (G) Percent MUC5AC-stained area in the first-generation airway section was calculated using Fiji software. Sample size (n=9/group). Different groups are shown as: Cre-/WT (blue open bar), Cre+/WT (red open bar), Cre-/Tg+ (blue solid bar), and Cre+/Tg+ (red solid bar). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, ***p < 0.001, ****p < 0.0001. To minimize the number of horizontal lines in various panels (e.g., D), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (D), single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.







EGFR deletion in airway epithelial cells worsens inflammatory features in Tg+ juveniles

Increased total protein and dsDNA contents in the BALF are indicative of lung inflammation (32, 41, 42). Therefore, to determine the effect of airway epithelial cell-specific EGFR deletion on lung inflammation, we assessed total protein and dsDNA contents in the BALF. BALF total protein and dsDNA contents were comparable among Cre-/WT and Cre+/WT mice (Figures 4A, B). Cre-/Tg+ mice, on the other hand, had significantly elevated BALF total protein and an increasing trend of dsDNA contents, as compared with Cre-/WT and Cre+/WT mice (Figures 4A, B). Deletion of EGFR in the airway epithelial cells significantly increased the BALF total protein and dsDNA contents in Cre+/Tg+ mice compared with all other experimental groups (Figures 4A, B), suggesting that airway epithelial cell-specific deletion of EGFR contributes to exaggerated lung inflammation in Tg+ juveniles.




Figure 4 | Airway epithelial cell-specific EGFR-deficient Tg+ mice exhibit elevated BALF protein and dsDNA contents. The total protein contents (µg/ml) (A) and dsDNA contents (ng/µl) (B) in cell-free BALF from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=7-9/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001. To minimize the number of horizontal lines in various panels (e.g., A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (A), single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.



To determine whether the increase in the BALF protein levels in Cre+/Tg+ mice is caused by epithelial barrier dysfunction, we assessed the mRNA levels of key apical junction complex proteins that are critical for epithelial barrier function. The mRNA levels of genes encoding adherens junction (AJ) proteins, i.e., E-Cadherin (Cdh1), were significantly reduced in Cre+/Tg+ mice as compared with Cre-/Tg+ mice (Supplementary Figure 2A). The mRNA levels of genes encoding tight junction (TJ) proteins, including Claudin 5 (Cldn5), Occludin (Ocln), and ZO1 (Tjp1), adherens junction (AJ) proteins, i.e., Beta-catenin (Ctnnb1), and gap junction protein, i.e., Connexin 43 (Cx43) trended lower in Cre+/Tg+ mice as compared with Cre-/Tg+ mice (Supplementary Figures 2B–F). Consistent with the reduced Cdh1 mRNA levels, the immunohistochemical staining of E -Cadherin showed reduced staining intensity in Cre+/Tg+ mice as compared with Cre-/Tg+ mice (Supplementary Figure 2G).

Next, we determined the effect of airway epithelial cell-specific EGFR deletion on immune cell recruitment into the airspaces by performing immune cell analyses in the BALF from all four experimental groups. Cre-/WT and Cre+/WT mice had comparable total immune cells in the BALF (Figures 5A, D). The proportion of four types of immune cells, i.e., macrophages, neutrophils, eosinophils, and lymphocytes, were also comparable among Cre-/WT and Cre+/WT mice (Figures 5B–D). These data suggest that the airway epithelial cell-specific deletion of EGFR doesn’t alter immune cell composition in the airspaces of WT mice. Consistent with previous reports (26, 27, 32, 40), as compared with the Cre-/WT and Cre+/WT mice, the total cell counts were significantly increased in Cre-/Tg+ mice, which was mainly attributable to increase in macrophages, neutrophils, eosinophils, and lymphocytes (Figures 5A–D). The total cell counts were significantly increased in Cre+/Tg+ as compared with Cre-/Tg+ mice (Figures 5A–D), which was attributable to the increased numbers of macrophages and neutrophils (Figures 5B–D). These data suggest that airway epithelial cell-specific deficiency of EGFR enhances neutrophil and macrophage recruitment into the airspaces of Tg+ mice.




Figure 5 | EGFR deletion in airway epithelial cells modulates immune cell recruitment in airspaces of Tg+ mice. Total cell counts (A) are shown for Cre-/WT [blue open bar], Cre+/WT [red open bar], Cre-/Tg+ [solid blue bar], and Cre+/Tg+ [solid red bar] mice (n=12/group). Differential cell counts (B) and the relative percentages (C) are presented as a stacked bar graph (macrophages [red bar], neutrophils [blue bar], eosinophils [green bar], and lymphocytes [black bar]) in the harvested BALF from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Sample size (n=11-12/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Representative photomicrographs of Wright-Giemsa-stained BALF cytospins from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Macrophages (red arrows), neutrophils (blue arrows), eosinophils (green arrows), and lymphocytes (black arrows). All photomicrographs in panel D were taken at the same magnification. To minimize the number of horizontal lines in various panels (e.g., A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (A) single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.



Next, we assessed the effect of airway epithelial cell-specific EGFR deletion on inflammatory mediators released into the lung airspaces by determining BALF cytokines and chemokines levels. The levels of primary neutrophil-specific chemokines, including KC/CXCL1, G-CSF, and MIP-2/CXCL2, were comparable among Cre-/WT and Cre+/WT mice (Figures 6A–C). Consistent with the increased neutrophil counts in Cre-/Tg+ mice, KC/CXCL1, G-CSF, and MIP-2/CXCL2 levels trended higher in Cre-/Tg+ compared with Cre-/WT and Cre+/WT mice (Figures 6A–C). Mirroring the additional increase in neutrophil counts in Cre+/Tg+ mice compared with Cre-/Tg+ mice, KC/CXCL1, G-CSF, and MIP-2/CXCL2 levels were significantly increased in Cre+/Tg+ mice compared with Cre-/Tg+ mice (Figures 6A–C). Consistent with the increased macrophage counts, the levels of MIP-1α/CCL3 and MIP-1β/CCL4, the chemokines reported to drive macrophage/monocyte recruitment (43–45), were significantly increased in Cre+/Tg+ mice compared with all other three experimental groups (Figures 6D, E). Other inflammatory mediators, such as TNF-α, showed significantly higher expression levels in Cre+/Tg+ mice compared with all other experimental groups (Figure 6F), and IL-6 showed significantly higher expression levels in Cre+/Tg+ mice compared with WT groups and a higher trend in Cre+/Tg+ mice than Cre-/Tg+ mice (Figure 6G). We also assessed the levels of IL-5, a type 2 cytokine that plays a key role in the proliferation, maturation, and differentiation of eosinophils (46, 47). IL-5 levels were significantly higher in Cre-/Tg+ mice and trended higher in Cre+/Tg+ mice versus their WT counterparts (Figure 6H). Consistent with the comparable eosinophil counts, IL-5 levels did not differ significantly between Cre-/Tg+ and Cre+/Tg+ mice (Figure 6H). These data suggest that the airway epithelial cell-specific deletion of EGFR promotes a pro-inflammatory microenvironment in Tg+ airways that dictates the recruitment of inflammatory immune cells into the airspaces.




Figure 6 | EGFR deletion in airway epithelial cells alters the levels of inflammatory mediators in the airspaces of Tg+ mice. Cell-free BALF cytokine levels (pg/ml; picograms per milliliter) of KC (A), G-CSF (B), MIP-2 (C), MIP-1α (D), MIP-1β (E), TNF-α (F), IL-6 (G), and IL-5 (H) in WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=7-9/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. To minimize the number of horizontal lines in various panels (e.g., B), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (B) single horizontal significance line with three vertical ticks suggests significant difference for three comparisons, i.e., Cre+/Tg+ vs Cre-/Tg+, Cre+/Tg+ vs Cre+/WT, and Cre+/Tg+ vs Cre-/WT.







EGFR deletion in airway epithelial cells compromises bacterial clearance in airspaces of Tg+ mice

Spontaneous bacterial infections due to a defect in the mucociliary clearance resulting from mucostasis are a consistent feature of Tg+ lung disease (29, 31, 32, 39, 40, 48). These bacterial infections are, however, reported to be cleared in the early adulthood (29). To determine the effect of airway epithelial cell-specific EGFR deletion on the clearance of spontaneous bacterial infections, we estimated airspace bacterial burden by determining the colony-forming unit (CFU) counts in BALF at PND21. The BALF collected from Cre-/WT and Cre+/WT mice were devoid of bacterial colonies (Figure 7). Approximately 50% (6 out of 12) of Cre-/Tg+ mice still had lower bacterial counts (mean CFU= ~108/ml) (Figure 7). In contrast, 91.6% (11 out of 12 mice) of Cre+/Tg+ mice showed bacterial burden (mean CFU= ~3907/ml), which was significantly higher as compared with Cre-/Tg+ mice (Figure 7). These data suggest that the airway epithelial cell-specific EGFR deletion delays bacterial clearance in Tg+ mice.




Figure 7 | Airway epithelial cell-specific deletion of EGFR compromises bacterial clearance in Tg+ mice. Colony Forming Units (CFU) were counted in BALF from Cre-/WT [blue open bar], Cre+/WT [red open bar], Cre-/Tg+ [solid blue bar], and Cre+/Tg+ [solid red bar] mice. The CFU values were log10-transformed. Sample size (n=12/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ****p < 0.0001. To minimize the number of horizontal lines in various panels, single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In Figure 7, single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.








Discussion

The EGFR signaling is implicated in the pathogenesis of airway hypersecretory and mucoinflammatory diseases such as asthma and COPD (12). The expression of EGFR and its ligands, including amphiregulin and heparin-binding EGF (HB-EGF), is increased in airway epithelial cells in asthmatics compared with non-asthmatic patients (49). EGFR signaling is also critical for inducing mucous cell metaplasia (MCM) in animal models and for mucins expression in human airway epithelial cells (6, 21–24). The levels of gel-forming mucins, i.e., MUC5AC and MUC5B, and the expression of EGFR and its ligands, i.e., TGF-α and amphiregulin, are elevated in the CF patients (25, 50). However, the pathogenic role of EGFR signaling in mucoinflammatory lung diseases remains unknown.

In this study, we investigated the role of airway epithelial cell-specific EGFR signaling in the pathogenesis of mucoinflammatory lung disease in Scnn1b-transgenic (Tg+) mice, a mouse model of human CF-like lung disease. More specifically, we attempted to answer the following questions: 1) Does airway epithelial cell-specific deletion of EGFR affect the respiratory tract homeostasis in WT mice? 2) Does airway epithelial cell-specific deletion of EGFR affect the embryonic and postnatal survivability in Tg+ mice? 3) Does airway epithelial cell-specific deletion of EGFR affect the MCM, mucins production, and mucus obstruction in Tg+ mice? 4) Does airway epithelial cell-specific deletion of EGFR affect the inflammatory outcomes in Tg+ mice? 5) Does airway epithelial cell-specific deletion of EGFR affect bacterial clearance in Tg+ mice? To answer these questions, we examined the effect of airway epithelial cell-specific EGFR deficiency on the manifestation of mucoinflammatory outcomes in Tg+ mice.

First, we assessed the effect of airway epithelial cell-specific EGFR deficiency on the composition of mucous cells, a cell type specialized in the synthesis and secretion of mucins (51), in WT mice. Consistent with previous studies (11, 26, 27, 32), the mucous cells were minimal and comparable in EGFR-sufficient WT (Cre-/WT) and airway epithelial cell-specific EGFR-deficient WT (Cre+/WT) mice. These data suggest that airway epithelial cell-specific EGFR deficiency does not alter the epithelial cell composition in the WT mice. Next, we assessed the effect of airway epithelial cell-specific EGFR deficiency on the numbers and composition of immune cells in the airspaces of WT mice. The Cre-/WT and Cre+/WT mice had a comparable total number of immune cells dominated by macrophages, suggesting that airway epithelial cell-specific EGFR deficiency does not alter the immune cell composition in WT mice. Additionally, the BALF levels of total protein, dsDNA, and inflammatory mediators were also comparable between Cre-/WT and Cre+/WT mice. These data suggest that airway epithelial cell-specific deletion of EGFR does not affect the respiratory tract homeostasis in WT mice.

Next, we examined the effect of airway epithelial cell-specific EGFR deficiency on the embryonic and postnatal survivability. Although the germ-line deletion of EGFR results in embryonic lethality (14), as indicated by the mendelian ratio of expected progeny obtained, the airway epithelial cell-specific EGFR deficiency did not result in any embryonic lethality. However, the airway epithelial cell-specific EGFR deficiency compromised the postnatal survival in Tg+ mice. Earlier studies have shown that the postnatal mortality in Tg+ mice is mainly attributed to sudden respiratory collapse due to airway mucus obstruction (11, 26, 27). Therefore, we next compared the severity of mucus obstruction between EGFR-sufficient Tg+ (Cre-/Tg+) and airway epithelial cell-specific EGFR-deficient Tg+ (Cre+/Tg+) mice. We found that airway epithelial cell-specific EGFR deficiency results in increased mucus obstruction in Tg+ mice, which was likely a factor in their increased postnatal mortality.

The static mucus in the Tg+ mice primarily consists of mixed mucopolysaccharide material that stains positive for two major gel-forming mucins, i.e., MUC5B and MUC5AC (31, 32, 40). The absence of MUC5B, not MUC5AC, significantly reduces the extent of mucus plugging or airway mucus obstruction in Tg+ mice, suggesting the unique contribution of MUC5B to the mucoinflammatory phenotype of these mice (52). Consistent with this report, the airway epithelial cell-specific deletion of EGFR significantly increased MUC5B levels without altering the MUC5AC levels. Our previous reports also found a strong association between MUC5B expression and mucus obstruction (39, 40). These findings suggest that increased MUC5B levels in Cre+/Tg+ mice might have contributed to the exaggerated mucus obstruction and postnatal mortality.

Earlier studies have shown that Tg+ mice exhibit mucus obstruction along with MCM, suggesting that MCM, in part, may contribute to mucus obstruction (26, 27, 32, 48). The mucous cells, indicative of MCM, stain positive for mucopolysaccharide material (MUC5B and MUC5AC) in the Tg+ mice (31, 32, 40). Pharmacological inhibition of EGFR signaling, using drugs such as AG-1478, gefitinib, or BIBX1522, has been demonstrated to reduce MCM in both acute and chronic asthma models (6, 53–55), suggesting a contributory role of EGFR in MCM. Consequently, we compared MCM between Cre-/Tg+ and Cre+/Tg+ mice. In contradiction to the pharmacological EGFR inhibition reports in experimental asthma models (6, 53–55), the airway epithelial cell-specific EGFR deficiency resulted in an enhanced MCM in Tg+ mice, a trend consistent with the increased mucus obstruction in these mice. These opposing effects observed between cell-specific genetic deletion and broad-spectrum pharmacological inhibition indicate that EGFR pathway in non-airway epithelial cells may also contribute to the manifestation of MCM.

IL-4 and IL-13 via IL4Rα signaling have been known to drive MCM in 10-day-old Tg+ mice (11) and mice models of allergic asthma (10, 56). In our study, the Il13 mRNA levels were significantly upregulated in Cre+/Tg+ versus Cre-/Tg+ mice. IL-13 and IL-4 levels also showed a higher trend in Cre+/Tg+ versus Cre-/Tg+ mice. The mRNA levels of Slc26a4 and Retnla, markers of type 2 inflammation, were also significantly upregulated in Cre+/Tg+ versus Cre-/Tg+ mice. These data suggest that increased IL-13 expression might have contributed in part to the increased MCM, type 2 inflammatory markers, MUC5B expression, and mucus obstruction in mice with airway epithelial cell-specific EGFR deficiency.

Airway inflammation, indicated by increased immune cell recruitment and elevated proinflammatory mediators, is a consistent feature of CF and Tg+ airways (26, 27, 31, 32, 39, 40, 48, 57–60). In the current study, the airway epithelial cell-specific EGFR deficiency resulted in increased neutrophil and macrophage infiltration into the airspaces of Tg+ mice. These findings are consistent with the studies where inhibition of EGFR signaling increased neutrophil and macrophage recruitment, and increased mRNA expression of chemokines involved in their recruitment to the inflamed tissues (61–65). Consistent with these reports, the Cre+/Tg+ mice had increased levels of BALF neutrophil- and macrophage-specific chemokines. Of note, neutrophil elastase (NE), a serine proteinase secreted by neutrophils, has been implicated in the induction of MCM and mucin expression (66, 67). The ablation of NE in Tg+ mice resulted in a significant decrease in MCM, and expression levels of genes associated with mucous cells and mucins secretion, i.e., Clca1/Gob5, Muc5ac, and Muc5b (68). Therefore, it is likely that the neutrophil-derived NE contributed to the increased MCM in Cre+/Tg+ mice. Macrophages are reported to secrete IL-13 in response to stimulation with IL-33, an alarmin that is increased in Tg+ mice (39, 69). Since Cre+/Tg+ mice have increased macrophage recruitment, it is possible that increased IL-13 levels in Cre+/Tg+ mice is attributable to increased IL-13 production by macrophages.

The airway epithelial cell-specific EGFR deficient Tg+ mice, as compared with the EGFR sufficient Tg+ mice, exhibited significantly increased levels of BALF proteins and dsDNA, which suggests the detrimental effect of EGFR deletion on the epithelial integrity in Tg+ mice. Tight junction, adherens junction, and gap junction proteins are essential for maintaining airway epithelial barrier integrity (70, 71). In the current study, the Cre+/Tg+ mice exhibited relatively reduced mRNA levels of genes encoding junction proteins. Additionally, the immunohistochemical staining for E-Cadherin showed reduced staining intensity in Cre+/Tg+ mice. This finding is consistent with a study that demonstrated decreased cadherin-based cell adhesion upon downregulation of the EGFR pathway (72). However, the role of EGFR in regulating these junction proteins is unclear, with some studies suggesting positive regulation (72), while others suggesting negative regulation (73–76).

The Tg+ mice are prone to spontaneous bacterial infections arising from the aspiration of bacteria of oropharyngeal origin (29). These bacterial infections are usually resolved by 3–4 weeks of age, likely due to the maturation of the immune system in Tg+ juveniles (29). In the current study, the airway epithelial cell-specific deficiency of EGFR resulted in significantly compromised bacterial clearance in Tg+ mice. Since airway epithelial cell-specific EGFR deficiency in Tg+ mice exaggerated the mucus obstruction, the delayed bacterial clearance in these mice was likely caused by the exaggerated mucus obstruction.

A limitation of this study is that it did not investigate how the EGFR deletion in airway epithelial cells in Tg+ juveniles affects the expression of EGFR in other cell types. Additionally, the effect of EGFR deletion in airway epithelial cells on the recruitment of immune cells were only investigated for 4 immune cell populations i.e., macrophages, eosinophils, neutrophils, and lymphocytes. Given the wide repertoire of immune and non-immune cell population, single cell sequencing experiments in the future to investigate the effect of EGFR deletion in airway epithelial cells in Tg+ juvenile on various cell populations are important.

Based on our findings, we propose a conceptual model (Figure 8) wherein the deletion of EGFR in the airway epithelial cells in Tg+ mice triggers a series of events that lead to MCM, MUC5B overproduction and mucus obstruction leading to increased postnatal mortality and increased bacterial burden in these mice. The deletion of EGFR in the airway epithelial cells in Tg+ mice compromises apical junction complex integrity, which causes increased recruitment of neutrophils and macrophages in the airway. The compromised epithelial barrier integrity, the NETs and the dying cells contribute to the increased BALF total protein and dsDNA contents. Neutrophil-derived NE, macrophage-derived IL-13 or other immune cell-derived IL-13 may contribute to the MCM, MUC5B overproduction and mucus obstruction leading to postnatal mortality and increased bacterial burden in these mice.




Figure 8 | Conceptual model illustrating the potential mechanism by which the absence of EGFR in the airway epithelium increases the mucoinflammatory response in Tg+ mice. The deletion of EGFR in the airway epithelial cells in Tg+ mice triggers a series of events that lead to MCM, MUC5B overproduction and mucus obstruction leading to increased postnatal mortality and increased bacterial burden in these mice. The deletion of EGFR in the airway epithelial cells in Tg+ mice compromises apical junction complex integrity which causes increased recruitment of neutrophils and macrophages in the airway. The compromised epithelial barrier integrity, the NETs and the dying cells contribute to the increased BALF total protein and dsDNA contents. Neutrophil-derived NE, macrophage-derived IL-13 or other immune cell-derived IL-13 may contribute to the MCM, MUC5B overproduction and mucus obstruction leading to postnatal mortality and increased bacterial burden in these mice.



In conclusion, this study demonstrated that the airway epithelial cell-specific deletion of EGFR significantly worsens the mucoinflammatory responses in Tg+ mice lungs, including increased degree of mucus obstruction, MCM, MUC5B production, increased inflammatory cell recruitment, elevated levels of inflammatory mediators and type 2 inflammation-associated markers, compromised postnatal survival, and delayed bacterial clearance. These data highlight the cell-specific role of the EGFR signaling pathway and suggest that the pan-cellular inhibition of this pathway, using pharmacological inhibitors, may worsen mucoinflammatory lung disease.
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Supplementary Figure 1 | Representative photomicrographs of AB-PAS-stained (A), MUC5B-immunostained (B), and MUC5AC-immunostained (C) whole left lung lobe sections from Cre-/Tg+, and Cre+/Tg+ mice. All photomicrographs for each stain across both the groups were taken at the same magnification. (Cre-/Tg+ [blue solid border] and Cre+/Tg+ [red solid border] mice).

Supplementary Figure 2 | Absolute quantification of Cdh1 mRNA (A), Cldn5 mRNA (B), Ctnnb1 mRNA (C), Ocln mRNA (D), Tjp1 mRNA (E), and Cx43 mRNA (F) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=5-7/group). (G) Representative photomicrographs of E-Cadherin-immunostained left lung lobe sections from Cre-/Tg+ and Cre+/Tg+ mice. The photomicrographs across both the groups were taken at the same magnification. (Cre-/Tg+ [blue solid border] and Cre+/Tg+ [red solid border] mice). Blue solid arrows indicate strong E-Cadherin staining in airway epithelial cells while dotted blue arrows indicate reduced staining intensity of E-Cadherin in airway epithelial cells. Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05. To minimize the number of horizontal lines in various panels (e.g., Figure 2A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In Figure 2A, single horizontal significance line with three vertical ticks suggests significant difference for three comparisons, i.e., Cre+/Tg+ vs Cre-/Tg+, Cre+/Tg+ vs Cre+/WT, and Cre+/Tg+ vs Cre-/WT.
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