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In this work, we study the role of α5SNP in the remodeling of the airways and inflammation, independently of its established role in nicotine dependence. We have used mouse models, particularly humanized mice expressing α5SNP [START_REF] Koukouli | Nicotine reverses hypofrontality in animal models of addiction and schizophrenia[END_REF] , to determine its role in the development of epithelial remodeling and inflammation without any experimental manipulation, and to established nicotine-independent murine models mimicking these alterations, after intra-tracheal porcine pancreatic elastase (PPE) treatment [START_REF] Ghorani | Experimental animal models for COPD: a methodological review[END_REF] and oxidative stress. Oxidative stress-related exposure to environmental factors as well as protease-antiprotease imbalance are essential for the development of COPD [START_REF] Kirkham | Oxidative stress in COPD[END_REF][START_REF] Choudhury | Role of inflammation and oxidative stress in the pathology of ageing in COPD: potential therapeutic interventions[END_REF] . To further elucidate the underlying mechanisms, we have analyzed the impact of α5SNP expression in murine and human epithelial tissues in vivo and in vitro (Fig. 1a). We identify a crucial role of α5SNP in the smoking-independent contribution to COPD-like lesions.

Results

α5SNP is spontaneously associated with airway epithelial remodeling and emphysema. First, we analyzed samples of nasal polyps from 123 non-smoking patients with the three CHRNA5 genotypes at position 78590583 on GRCh38: wild-type (WT, G/ G), heterozygous (HT, G/A), and homozygous (HO, A/A) for rs16969968 (α5SNP). As nasal polyps are lined by a pseudostratified airway epithelium, similar to the bronchial epithelium, they represent a relevant model for human epithelial cell physiopathology, which has been used and validated by us and others [START_REF] Coraux | Differential expression of matrix metalloproteinases and interleukin-8 during regeneration of human airway epithelium in vivo[END_REF][START_REF] Lee | Blockade of IL-33/ST2 ameliorates airway inflammation in a murine model of allergic asthma[END_REF][START_REF] Müller | Culturing of human nasal epithelial cells at the air liquid interface[END_REF][START_REF] Ghosh | Strong correlation between air-liquid interface cultures and in vivo transcriptomics of nasal brush biopsy[END_REF][START_REF] Giovannini-Chami | The "one airway, one disease" concept in light of Th2 inflammation[END_REF][START_REF] Belgacemi | Airway epithelial cell differentiation relies on deficient Hedgehog signalling in COPD[END_REF] . In a multivariate analysis, the presence of the α5SNP in HT or HO α5SNP patients compared with patients carrying the WT allele, was significantly associated with inflammation of the lamina propria, goblet cell hyperplasia, and global epithelial remodeling (Fig. 1, Table 1, and Table S1).

To decipher the functional link between α5SNP and pulmonary homeostasis, we took advantage of a transgenic mouse model knock-in (KI) for α5SNP [START_REF] Koukouli | Nicotine reverses hypofrontality in animal models of addiction and schizophrenia[END_REF] , whose intra-pulmonary airway epithelial cells express the nAChR α5 subunit in its mutated form (Fig. S1). The α5SNP mice spontaneously exhibited remodeled airway epithelium with hyperplasia of goblet cells in the nasal respiratory epithelium as well as in the extra-lobular bronchi (Fig. 2a, Fig. S2). This increase in goblet mucus-producing cells [START_REF] Boucherat | Cellular and molecular mechanisms of goblet cell metaplasia in the respiratory airways[END_REF] , which are Alcian blue-positive, was accompanied by a decrease of Club cells, CC10 positive, known for their anti-inflammatory properties [START_REF] Laucho-Contreras | Club cell protein 16 (CC16) augmentation: a potential disease-modifying approach for chronic obstructive pulmonary disease (COPD)[END_REF] , both in proximal and distal airways (Fig. 2a andb). There were no modifications in the expression of Ki-67 (Fig. S3). No change was observed in the population of ciliated cells, βtubulin positive, in distal airways. Importantly, emphysema naturally occurred at 54 weeks in α5SNP HO mice, whereas a significant increase in inflammatory cells, especially macrophages, was already present at 24 weeks (Fig. 2c andd, Fig. S4). We confirmed the inflammatory component associated with our transgenic mouse model by an instillation of polidocanol [START_REF] Suzuki | Histopathological study of the effects of a single intratracheal instillation of surface active agents on lung in rats[END_REF][START_REF] Maouche | 7 nicotinic acetylcholine receptor regulates airway epithelium differentiation by controlling basal cell proliferation[END_REF] into the nostrils to induce local airway lesions followed by wound repair and inflammation, a condition similar to the initial lesions observed in COPD. The recruitment of inflammatory cells was increased in α5SNP mice as shown for eosinophils, neutrophils, and macrophages, and this was associated with the mobilization of neutrophils, absent in WT mice (Fig. S5). Moreover, we confirmed the emphysema component associated with our transgenic mouse model with a rapid induction of alveolar destruction by an intratracheal instillation of porcine pancreatic elastase (PPE) [START_REF] Lanzetti | Oxidative stress and nitrosative stress are involved in different stages of proteolytic pulmonary emphysema[END_REF][START_REF] Rodrigues | A murine model of elastase-and cigarette smoke-induced emphysema[END_REF][START_REF] Hou | Elastase induced lung epithelial cell apoptosis and emphysema through placenta growth factor[END_REF] . α5SNP mice presented increased emphysema when compared to WT mice (Fig. S6a).

We did not observe an increased inflammatory cell recruitment nor higher cytokine concentrations in PPE-treated WT mice, and no modifications in α5SNP mice except an increased level of CCL20 (Fig. S6b). But importantly, both epithelial remodeling and emphysema were recapitulated. These observations correspond to a spontaneous mild lung phenotype resembling COPD in mice bearing the α5SNP.

Oxidative stress induces more severe lung inflammation and remodeling in α5SNP mice. COPD lesions are mostly related to chronic exposure to oxidative pollutants and are associated with an imbalance between oxidants and antioxidants [START_REF] Bowler | The role of oxidative stress in chronic obstructive pulmonary disease[END_REF] . To emphasize the role of the α5SNP in the lung lesions, we submitted mice to an oxidative stress using cumene hydroperoxide [START_REF] Pichavant | Oxidative stress-mediated iNKT-cell activation is involved in COPD pathogenesis[END_REF][START_REF] Yoshida | Involvement of cigarette smoke-induced epithelial cell ferroptosis in COPD pathogenesis[END_REF][START_REF] Rahman | 4-Hydroxy-2-nonenal, a specific lipid peroxidation product, is elevated in lungs of patients with chronic obstructive pulmonary disease[END_REF] . We observed a significant increase of emphysema in HT and HO α5SNP compared to WT mice (Fig. 3a). In addition, there was an increase in epithelial height at the bronchiolo-alveolar junction, including bronchiolo-alveolar stem cells [START_REF] Leeman | Lung stem and progenitor cells in tissue homeostasis and disease[END_REF] , in HT and HO α5SNP mice compared to WT (Fig. 3b). This observation was correlated with the severity of emphysema (Fig. S7). These lesions were associated with changes in pressure-volume curves attesting an alteration of respiratory function characteristic of emphysema [START_REF] Robichaud | Automated full-range pressure-volume curves in mice and rats[END_REF] in HT and HO α5SNP (Fig. 3c, Fig. S8a). Accordingly, the alteration of lung function was confirmed in α5SNP mice by an increase in the inspiratory capacity (PVP-A), the shape constant (PVP-K) and in the static compliance (PVP-Cst), all extracted from the PV loop curve equation [START_REF] Salazar | An analysis of pressure-volume characteristics of the lungs[END_REF] . This was linked to an increased inflammation as revealed by a higher number of alveolar macrophages, monocytes, Tγδ lymphocytes, and invariant natural killer T (iNKT) cells (Fig. 3d, Fig. S8b). It was also associated with activation of dendritic cells, monocytes, Tγδ, and CD4 + T lymphocytes in broncho-alveolar lavage fluid (BALF) of HT and HO α5SNP mice compared to WT (Fig. 3e, Fig. S8c). Quantification of cytokines showed an increase in CXCL1, CCL5, CXCL10, and CCL20 in α5SNP mice exposed to oxidative stress (Fig. 3f).

Epithelial repair is altered in α5SNP-expressing mouse airway epithelium. Abnormalities in the structure, differentiation, and repair of conducting airway epithelial cells are central to the pathogenesis of chronic pulmonary disorders. Airway epithelial remodeling is generally the consequence of repeated lesions of the epithelium with impaired repair [START_REF] Puchelle | Airway epithelial repair, regeneration, and remodeling after injury in chronic obstructive pulmonary disease[END_REF] . Basal cells of the pulmonary epithelium, serving as progenitor cells, are crucial to regenerate injured epithelium and to maintain tissue homeostasis [START_REF] Hajj | Basal cells of the human adult airway surface epithelium retain transit-amplifying cell properties[END_REF][START_REF] Rock | Basal cells as stem cells of the mouse trachea and human airway epithelium[END_REF] . To assess the functional impact of the α5SNP on epithelial remodeling, we generated lentiviral (LV) vectors to express the α5SNP and WT subunits specifically in airway epithelial cells of the knock-out (KO) α5 53 mouse strain, co-expressing Green Fluorescent Protein (GFP) (Fig. 4a andb). After transduction, epithelial cells were GFP positive (Fig. 4b). As shown by CD45 and CD68 immunostaining, few mononuclear cells including macrophages were present in the submucosa (Fig. 4b), and they did not express GFP, attesting the absence of transduction by LV vectors.

In vivo, epithelial repair after polidocanol instillation was altered in α5SNP-expressing mice. Specifically, the different steps of tracheal epithelium regeneration were analyzed at days 2, 6, 9, and 12 after lesion (Fig. S10a). Strikingly, regeneration in α5KO mice led to a pathological remodeling of the airway epithelium, which was more pronounced after α5SNP local transduction, when compared to α5WT transduction. Expression of α5SNP in the airway epithelium initiated a squamous differentiation program, attested by Trp63 and transglutaminase (Tgm-1) expression (Fig. S10b andc), and induced in some cases dysplastic lesions, totally absent in WT (Fig. 4c). We also observed an increased production of the pro-inflammatory cytokines TNF-α and IL-1β in α5SNP mice, in response to polidocanol, another feature described in COPD patients [START_REF] Herfs | Proinflammatory cytokines induce bronchial hyperplasia and squamous metaplasia in smokers implications for chronic obstructive pulmonary disease therapy[END_REF] (Fig. 4d). Importantly, pretreatment of mice with Etanercept (Enbrel®), an inhibitor of TNF-α [START_REF] Herfs | Proinflammatory cytokines induce bronchial hyperplasia and squamous metaplasia in smokers implications for chronic obstructive pulmonary disease therapy[END_REF] , largely prevented pathological remodeling of tracheal epithelium in α5SNP mice (Fig. 4c), and NF-κB activation (Fig. 4e), confirming an important role of TNF-α in α5SNPinduced epithelial remodeling. In vitro, using LV transduced mouse airway basal cells, we showed an increase of proliferation in α5KO cells and α5SNP expressing cells compared to α5WT (Fig. 4f). In vitro exposure to TNF-α stimulated proliferation of these cells (Fig. 4g). Ex vivo exposure of α5KO trachea to TNF-α increased Trp63 expression, a marker of squamous cell metaplasia, IL-1β and IL-6 expression, and activated the NF-κB pathway (Fig. S11). Cell viability was controlled and we did not observe any cell death in all these experiments. To extend our findings, airway epithelial cells isolated from α5SNP patients also exhibited an increased proliferation, which likely participates in the airway epithelial remodeling (Fig. 4h). Thus, under conditions of airway epithelium stimulation, specific α5SNP expression in airway epithelial cells is associated with remodeling and secretion of proinflammatory cytokines.

α5SNP decreases nAChR Ca 2+ permeability and affects basal cell proliferation and TNF-α expression through an adenylyl cyclase-dependent pathway. To dissect the role of α5SNP in these phenotypes, we focused on the functional properties of WT and α5SNP-containing nAChRs. α5SNP substitutes aspartic acid (D) for asparagine (N) at amino acid position 398 (D398N, D397N in the mouse), located in a highly conserved site of the intracellular loop [START_REF] Frahm | Aversion to nicotine is regulated by the balanced activity of β4 and α5 nicotinic receptor subunits in the medial habenula[END_REF] . α5 containing receptors exhibit the highest Ca 2+ permeability among heteropentameric nAChRs [START_REF] Fucile | The distribution of charged amino acid residues and the Ca2+ permeability of nicotinic acetylcholine receptors: a predictive model[END_REF] , which then regulates many Ca 2+ -dependent cellular processes, such as cell plasticity, growth, migration, and survival [START_REF] Sun | alpha5-nAChR modulates nicotine-induced cell migration and invasion in A549 lung cancer cells[END_REF][START_REF] Sun | Alpha5 nicotinic acetylcholine receptor contributes to nicotine-induced lung cancer development and progression[END_REF] . We established an in vitro culture system of cell-sorted basal epithelial cells (csBEC) and dissected their responses to a number of stimuli. We were able to show that α5KO or α5SNP csBEC exhibited a decrease of intracellular Ca 2+ entry upon stimulation with the endogenous agonist, acetylcholine (ACh), and also with nicotine (Fig. 5a). In parallel, we observed an increased proliferation of α5KO and α5SNP basal cells compared to WT (Fig. 5b-control conditions). Moreover, we demonstrated that this proliferation was reduced in the presence of inhibitors of adenylyl cyclase (AC), protein kinases A and C (PKA/C) or Raf (Fig. 5b), which are key elements of intracellular signaling cascades known to regulate the transcription of genes involved in proliferation [START_REF] Duronio | Signaling pathways that control cell proliferation[END_REF][START_REF] Chiaradonna | RAS and PKA pathways in cancer: new insight from transcriptional analysis[END_REF][START_REF] Kolch | Protein kinase Cα activates RAF-1 by direct phosphorylation[END_REF] , suggesting that these are some of the major pathways implicated (Fig. 5b).

We also aimed to further dissect the mechanisms responsible for the modulation of proliferation and the increased production of pro-inflammatory cytokines observed in vivo, where we highlighted a crucial role of TNF-α during wound repair. We, therefore, established a mechanical in vitro lesion model on cultured csBEC, similar to a protocol previously described by us [START_REF] Tournier | alpha3alpha5beta2-Nicotinic acetylcholine receptor contributes to the wound repair of the respiratory epithelium by modulating intracellular calcium in migrating cells[END_REF] . In this model, csBEC were able to migrate to regain confluency, and TNF-α transcripts were only increased in α5SNP csBEC (Fig. 5c). Furthermore, this upregulation was partially reduced in the presence of AC and PKC inhibitors (GF109203X and SQ22536, respectively), suggesting that the same signaling pathways are involved in increased proliferation and increased expression of inflammatory cytokines in α5SNP basal cells (Fig. 5c). Importantly, only few ACs were expressed in airway basal cells, AC3 being the most represented (Fig. 5d ande). Since AC3 was the only AC exhibiting increased activity upon reduced intracellular Ca 2+ concentration [START_REF] Willoughby | Organization and Ca 2+ regulation of adenylyl cyclases in cAMP microdomains[END_REF] , our results suggest that AC3 was inhibited by high intracellular Ca 2+ concentrations in WT basal cells. Importantly, AC3 was activated in α5SNP and KO basal cells leading to increased cAMP production [START_REF] Hong | Upregulation of adenylate cyclase 3 (ADCY3) increases the tumorigenic potential of cells by activating the CREB pathway[END_REF] , in which we demonstrated that the Ca 2+ influx was significantly decreased. Therefore, our data suggest that activation of AC3 and enhanced cAMP drive intracellular signaling pathways implicated in TNF-α production. This is responsible for deregulated cell proliferation and an increased expression of pro-inflammatory cytokines. This would be responsible for an abnormal repair of airway epithelium and participate in pathological changes characteristic of COPD as summarized schematically in Fig. 5f.

Discussion

In this study, we demonstrate a direct association and a nicotineand smoke-exposure independent role of α5SNP in the development of pulmonary lesions, beyond its implication in the increase of nicotine intake [START_REF] Morel | Nicotine consumption is regulated by a human polymorphism in dopamine neurons[END_REF][START_REF] Forget | A human polymorphism in CHRNA5 is linked to relapse in transgenic rat models of nicotine dependence[END_REF] . We focused here on airway epithelial remodeling, emphysema, inflammation, impact of oxidative stress, and wound repair. In all these conditions, α5SNP was associated with pathological alterations in human samples, in mouse models, and complementary in vivo and in vitro approaches. We provide here the first functional link considering the clinical association of α5SNP with COPD.

Human airway epithelial cells and transgenic mice expressing α5SNP without any oxidative stress or nicotine intake exhibited spontaneous remodeled epithelium with an increase of goblet cells, associated with reduced anti-inflammatory Club cells and mild emphysematous lesions in mice. These observations of a mild spontaneous COPD-like phenotype were obtained in aged α5SNP mice. This propensity was confirmed in young α5SNP mice by using a model of elastase-induced emphysema. Interestingly, these lesions were also amplified by oxidative stress, provoked here by lipid peroxidation with cumene hydroperoxide mimicking the effects of pollutants. This stress also led to lung function impairment characteristic of emphysema [START_REF] Robichaud | Automated full-range pressure-volume curves in mice and rats[END_REF] , not detectable in young α5SNP mice. Inflammatory cells, such as macrophages and lymphocytes, were increased in BALF from mice exposed to oxidative stress. As indicated, after a chemical stress with polidocanol, inflammatory cells were recruited by proinflammatory cytokines specifically over-expressed in α5SNP mice. Consequently, these inflammatory processes likely participate in the development of emphysema and lung function impairment [START_REF] Costa | CXCR3 and CCR5 chemokines in induced sputum from patients with COPD[END_REF][START_REF] Pichavant | Asthmatic bronchial epithelium activated by the proteolytic allergen Der p 1 increases selective dendritic cell recruitment[END_REF] . All these data show that the presence of α5SNP not only in homozygous but also in heterozygous form induces airway inflammation and alteration in pulmonary epithelium associated with an increased susceptibility to environment-related stress leading to respiratory dysfunction. It will be important to further characterize the impact of α5SNP in a model of cigarette smoke exposure, but choosing the relevant mouse strains is challenging and dissociating the carcinogenic response from the COPD-like remodeling would be difficult [START_REF] Balansky | Carcinogenic response and other histopathological alterations in mice exposed to cigarette smoke for varying time periods after birth[END_REF][START_REF] Rahman | Vulnerability and genetic susceptibility to cigarette smoke-induced emphysema in mice[END_REF][START_REF] Vlahos | Protocols to evaluate cigarette smoke-induced lung inflammation and pathology in mice[END_REF] .

In COPD, airway epithelium is submitted to various repeated lesions due to infections, tobacco smoke, and micro-particles, which participate in airway epithelial remodeling [START_REF] Puchelle | Airway epithelial repair, regeneration, and remodeling after injury in chronic obstructive pulmonary disease[END_REF] . Airway basal Fig. 3 α5SNP amplified oxidative stress-induced lung inflammation and respiratory dysfunction. Lung histology and respiratory function measurement of 14-18 wo mice, WT (gray), HT (green) or HO (blue) treated with cumene hydroperoxide (squares) or PBS (circles) (a-c). a Quantification of MLI and epithelial height at bronchiolo-alveolar junctions b in WT (n = 5), WT treated with cumene (n = 6), HT (n = 4), HT treated with cumene (n = 13), HO (n = 5), HO treated with cumene (n = 6) mice. Scale bars: a = 100 μm, b = 50 µm. c PV loop curves (n = 16 for each group), A (estimate of inspiratory capacity), K (shape constant) and static compliance (Cst). A and K parameters and Cst are extracted from the Salazar-Knowles equation [START_REF] Salazar | An analysis of pressure-volume characteristics of the lungs[END_REF] cells express the α5 subunit of nAChR, and as progenitor cells are responsible for the repair of airway epithelium during wound healing. Thus, they are at the origin of the epithelial remodeling. The study of wound repair in our in vivo model was characterized by an increase of squamous cell metaplasia, also observed in α5 KO mice, compared to α5WT expressing cells. This alteration is due to an over-expression of cytokines, particularly TNF-α. This was demonstrated by the prevention of remodeling by pretreatment with the anti-TNF-α drug Etanercept, and by the ability of TNF-α to induce a squamous metaplasia in mouse tracheas ex vivo. However, under these conditions, we did not detect any goblet cell hyperplasia. Our hypothesis is that the lack of inflammation observed in tissue sections and the absence of inflammatory cells able to induce goblet cell hyperplasia [START_REF] Elias | Airway remodeling in asthma[END_REF] in this particular model may explain these observations. Of particular interest is the presence of dysplastic pre-neoplastic lesions during the wound repair. α5SNP is also associated with lung cancer [START_REF] Hung | A susceptibility locus for lung cancer maps to nicotinic acetylcholine receptor subunit genes on 15q25[END_REF][START_REF] Amos | Genome-wide association scan of tag SNPs identifies a susceptibility locus for lung cancer at 15q25.1[END_REF] and may also be involved in bronchial carcinogenesis in patients with COPD. All these data emphasize the essential role of α5SNP in the behavior of progenitor airway basal cells.

There are several mechanisms by which α5SNP regulates basal cell fate. We showed that α5SNP expression was associated with Fig. 5 α5SNP reduces Ca 2+ permeability and enhances basal cell proliferation and TNF-α production. a Concentration-response curves for acetylcholine (ACh)-or nicotine-evoked changes in intracellular Ca 2+ measured on csBEC isolated from α5WT, α5SNP or GFP LV mice. Data are expressed as mean ± SEM.The response curves for each nAChR variant are significantly different (n = 3 for ACh, n = 4 for nicotine, per variant). *p < 0.05, **p < 0.01 for α5SNP versus α5WT; $ p < 0.05, $$ p < 0.01, $$$ p < 0.001, $$$$ p < 0.0001 for GFP vs α5WT; # p < 0.05, ## p < 0.01 for GFP vs α5SNP, two-way ANOVA. b Proliferation of csBECtreated with SQ22536 (non-selective inhibitor of ACs) or GDC0879 (Raf inhibitor) or KT5720 (inhibitor of PKA and PKC). White circles csBEC GFP, gray circles csBEC α5WT, blue circles csBEC α5SNP). Results are expressed as the number of cells determined for each group at D7 (n = 4 per group). *p < 0.05; ***p < 0.001; for inhibitors vs control DMSO group for each genotype, two-way ANOVA. c Relative expression of TNF-α normalized to cyclophilin A (arbitrary units, A.U.) after in vitro scratch assay on csBEC from α5WT (gray circles) and α5SNP mice (blue circles) (n = 3 per group), 15 h after scratch. *p < 0.05 for α5SNP scratch vs control or inhibitors (H89, selective inhibitor of PKA; GF109203X, selective inhibitor of PKC; SQ22536, non-selective inhibitor of adenylyl cyclases); # p < 0.05 for WT scratch vs control or inhibitors, Mann-Whitney two-sided test. d Polarized localization of Ca 2+ -sensitive AC isoforms (all in red) in tracheal epithelia from α5WT. Scale bar: 40 μm. Micrographs representative of two independent experiments. e Relative expression of TNF-α normalized to cyclophilin A, on csBEC from α5WT (gray circles) and α5SNP (blue circles) (n = 3 per group), 15 h after scratch. Data are expressed as means ± SEM of three independent experiments (c, e), or mean with 95% CI of four independent experiments (b). Data for c, e were quantified using the 2 -ΔΔCT method 83 in log scale. f Scheme summarizing a mechanism of intracellular signaling in basal cells expressing α5SNP nAChR in response to epithelial stress.

decreased intracellular Ca 2+ influx in csBEC. This is in line with our previous report in HEK293T cells after heterologous expression [START_REF] Bierut | Variants in nicotinic receptors and risk for nicotine dependence[END_REF] . This phenomenon can be seen as the trigger of a cascade of intracellular events involving activation of AC3, the AC with the highest expression in basal cells and sensitive to Ca 2+ levels. This leads to production of cAMP and activation of the PKA/C and Raf pathways resulting in increased cell proliferation and TNF-α production.

In conclusion, α5SNP expression, both in heterozygous and homozygous forms, directly facilitates the development of airway epithelial remodeling and emphysema, by promoting lung inflammation, jointly acting with oxidative stress. We propose to explore this functional α5SNP involvement in COPD patients considering the smoking status to complete our translational study. Understanding α5SNP contribution to airway remodeling and inflammation may help elucidating the pathogenesis and represent a target for preventing and limiting COPD [START_REF] Taly | Nicotinic receptors: allosteric transitions and therapeutic targets in the nervous system[END_REF] .

Methods

Study design. The objective of this work was to study the role of COPD-associated α5SNP in airway epithelial remodeling, emphysema, and inflammation. First, we investigated histological modifications in human airway epithelium on nasal polyp samples from patients undergoing polypectomy between 2016 and 2018, leading to 213 samples. Sixty-four polyps presented an epithelial abrasion higher than 70% and were eliminated from the analysis. Twenty-six polyps were collected from smokers and were eliminated from the analysis. Histological quantifications were blindly performed by two histo-pathologists independently.

Second, we characterized airway remodeling in airways of α5SNP mice compared to WT and in oxidative stress conditions. Number of mice /group/ independent experiment was approved by the Animal Ethics Committee and is available in figure legends. Mice from all our experiments were age-and sexmatched. Investigators were blinded to mice group allocation during analyses of samples. For BAL analysis, mice were excluded if blood was found in BAL samples. For mucinous cell quantification, mice were excluded if the extralobar part of the main bronchus was not disposable.

Basal cells of the pulmonary epithelium, serving as progenitor cells, are crucial for maintaining tissue homeostasis and regenerating injured epithelium [START_REF] Hajj | Basal cells of the human adult airway surface epithelium retain transit-amplifying cell properties[END_REF][START_REF] Rock | Basal cells as stem cells of the mouse trachea and human airway epithelium[END_REF] . We used a model of local expression of α5SNP specifically in airway epithelial cells including tracheal basal cells via lentiviral vectors to decipher the role of the polymorphism.

Finally, molecular events at the cellular level were investigated in vitro on FACS sorted murine airway basal cells. Experiments were performed several times and all attempts of replication were successful.

Human nasal polyps. This study was approved by a French Ethics Committee (Comité de Protection des Personnes Est 1-authorization 2016-A00242-49) and conducted according to the French law. Human nasal polyps were obtained from 213 patients undergoing nasal polypectomy/sinus surgery. An informed consent was obtained for each patient included in the study for the use of biological specimen and the publication of relevant clinical data including age, sex, smoking status, diagnoses. Each participant answered a survey upon their smoking status, tobacco consumption, date of smoking cessation when appropriate, and allergies/ asthma conditions. Population characteristics are available in Table S1. According to patient agreement, a polyp sample was frozen for further α5 subunit genotyping. Remaining tissue was formalin-fixed paraffin-embeded for histological analysis. Polyp HES stained slides were blindly analyzed by two histo-pathologists who scored submucosal inflammation (Fig. 1a and quantified four different epithelial phenotypes (Fig. 1b).

Genotyping for the rs16969968 CHRNA5 polymorphism. Polyps were ground in lysis buffer with gentleMACS dissociator (Miltenyi Biotec, MACS, Germany) and centrifuged. Supernatants were incubated overnight at 56 °C in proteinase K, and processed for DNA purification (EZ1 DNA Tissue kit) according to the manufacturer's instructions. nAChR α5 subunit coding gene CHRNA5 was amplified with DNA polymerase TaKaRa LA Taq (TAKARA Bio Inc, Japan) using primers described in Table S3. Amplification products were digested with Taq1 enzyme recognizing the following sequence: 5′-TCGA-3′, only present in the WT sequence. Digestion products were then separated by electrophoresis and gels were imaged using a LAS-1000 Imager for analysis (Aïda software, Raytest, Courbevoie, France).

Mice. All the experimental procedures were conducted in accordance with the guidelines of ethical use of animals from the European Community Council Directive 2010/63/EU and were approved by the Ethics Committee of the University of Reims Champagne-Ardenne (approvals 56-2012-3 and 56-2012-4), the Institut Pasteur CETEA (01828.02), and by the French Ministry of Research (approvals 4362-2016030315538085, 2016120715475887, and 201710051201705241527111v1). The generation of α5KO and α5SNP mice has been published [START_REF] Koukouli | Nicotine reverses hypofrontality in animal models of addiction and schizophrenia[END_REF][START_REF] Salas | The nicotinic acetylcholine receptor subunit alpha 5 mediates short-term effects of nicotine in vivo[END_REF] . Littermate mice were obtained by breeding heterozygous (HT) mice and genotyping (Transnetyx, Cordova, TN, USA).

Broncho-alveolar lavage procedure and lung collection. BAL were performed as previously described [START_REF] Maxeiner | A method to enable the investigation of murine bronchial immune cells, their cytokines and mediators[END_REF] with some modifications: Two BAL were sequentially performed (300 μl + 400 μl PBS for the first; 4 × 500 μl PBS for the second). Supernatant of first BAL was frozen for further analysis of secreted factors. Pellets from both BAL were resuspended in PBS for automatic total cell counting (Adam-MC cell counter, Labtech, France). Cells were "cytospun" and differential cell counts based on morphological criteria were performed on 500 cells/slide after May-Grunwald Giemsa staining (Merk-Millipore, France).

The left lobe was removed and snap-frozen in liquid nitrogen for further protein analyses after BAL procedure. The other lobes were inflated with 4% paraformaldehyde (Merk) in PBS as previously described [START_REF] Sellami | Induction and regulation of murine emphysema by elastin peptides[END_REF] for further histological analysis. There were no inter-lobar differences in the analysis regarding to the considered biological parameters.

Nasal cavity collection. Nasal cavities were collected as previously described [START_REF] Parsons | Airway gene transfer in mouse nasal-airways: Importance of identification of epithelial type for assessment of gene transfer[END_REF] . Briefly, lungs were collected after sacrifice. A solution of 4% paraformaldehyde was gently flushed in the nasal cavity which was grossly isolated. Nasal cavity was sectioned in the middle of forehead and fixed in paraformaldehyde during 24 h. Tissue specimen were decalcified for 2 days in Osteosoft solution (Merck), dehydrated and embedded in paraffin. The histological analysis was performed on nasal airway sections after HES staining. Alteration of epithelial phenotype and inflammation was estimated as described for lung sections.

Ex vivo cultures of murine tracheas. Tracheas were collected, longitudinally opened, and exposed during 48 h to TNF-α, IL-1β, IL-6, or PBS (control) in RPMI-HEPES medium with 1% penicillin-streptomycin. After stimulation, tracheas were snap frozen and conserved at -80 °C for RNA and protein analysis.

Immunohistochemistry. Immunofluorescence was performed on FFPE sections of murine lungs with primary antibodies listed in Table S2. Adenylyl cyclase and cytokeratin immunostainings were performed on 8 μm frozen sections of mouse trachea embedded in OCT Compound (Tissue-Tek, Sakura, Villeneuve d'Ascq, France). Slides were then incubated with DAPI (2 μg/ml, D9542 Sigma-Aldrich, France) and a secondary antibody (Table S2). Microscopy was performed with an Imager Z1 epifluorescence microscope (Zeiss, Oberkochen, Germany) equipped with CoolSNAP HQ camera and ZEN software (Zeiss). For CD45 and CD68 detection, immunostainings were performed using Ventana Benchmark XT autostainer (Ventana Medical Systems, Inc., Tucson, AZ, USA). Subsequent steps were performed with the ultraView universal DAB detection kit (Ventana). Microscopy was carried out using a Nikon DS Fi2 camera and NIS-Elements software (Nikon, France).

Emphysema quantification. Five μm sections of FFPE lungs were HES-stained. For each slide, three pictures of parenchyma per lobe and per mouse were taken using a Nikon DS Fi2 camera and NIS-Elements software (Nikon). An automatic quantification of emphysema was performed by image analysis using ImageJ software (NIH, USA) with a macro developed in our laboratory. Briefly, acquired images in RGB (Red, Green, Blue) color space were represented in HSB (Hue, Saturation, Brightness) color space. The saturation parameter was used to discriminate lung tissue from air after binarization. This classification is refined and quantified using the particle analyze function in ImageJ software, one particle corresponding to an airspace. Airspace sizes inferior to 5 μm diameter were ignored. For each image, this macro gave the mean airspace surface, airspace perimeter, and the count of airspace per image. The Mean Linear Intercept (MLI) was also calculated on these images using another macro developed in our laboratory. The previously binarized image was vertically and horizontally scanned (step: 1pixel) to determine the height and width of each airspace. MLI was calculated as the mean of all measures per image.

Alcian Blue staining and mucinous cell quantification. FFPE lung sections were deparaffinized and incubated during 1 h in 1% Alcian Blue 8GX solution in 3% acetic acid (Sigma). A counterstaining was performed using Nuclear Fast Red solution (Sigma) during 15 min. Microscopy was performed using a Nikon DS Fi2 camera and NIS-Elements software (Nikon). Positive cells for Alcian Blue staining (AB + ) were manually counted in the main bronchi (Fig. S2) and results were expressed as cells/mm epithelium.

Measurement of lung function. Fourteen to eighteen weeks-old male WT mice or HT or HO for α5SNP were either nasally instilled with 50 μl of either PBS or 3 mg/ ml cumene hydroperoxide. Nasal instillations were performed 7, 5, and 3 days before lung analysis. Anesthetized mice were tracheotomized and connected via an 18G cannula to a flexiVent FX system operated by the flexiWare software v7. (SCIREQ Inc., Montreal, QC, Canada). Animals were ventilated at a respiratory rate of 150 breaths/min and mechanical properties of the subjects' respiratory system were assessed at baseline, i.e. before the construction of a full-range PV curve [START_REF] Mcgovern | Evaluation of respiratory system mechanics in mice using the forced oscillation technique[END_REF] . The pressure-volume curve assesses the distensibility of the respiratory system at rest over the entire inspiratory capacity. The deflation arm of this curve is fitted with the exponential function described by Salazar and Knowles [START_REF] Salazar | An analysis of pressure-volume characteristics of the lungs[END_REF] . Static compliance (Cst), the parameters A (estimate of inspiratory capacity) and K (shape constant) can be extracted from the Salazar-Knowles equation. Static compliance (Cst) reflects the intrinsic elastic properties of the respiratory system (i.e., lung + chest wall).

Flow cytometry BAL cell analysis. Cells were counted by Turks staining and incubated with an appropriate panel of antibodies (Table S2) for 30 min in PBS 2% FCS. Data were acquired on a LSR Fortessa (BD Biosciences) and analyzed with FlowJo™ software v7.6.5 (Stanford, CA, USA). Gating strategies are illustrated in Fig. S12. Alveolar macrophages are characterized as (CD11c+, F4-80+, Siglec F+), cDC2 dendritic cells (CD11c+, F4-80-, I-Ab+, CD11b+), inflammatory monocytes (CD11c-, F4-80+, Ly-6C+, CCR2+, CD64+), Tγδ lymphocytes (CD5+, TCRγδ+) and CD4+ T cells (TCRαβ+, NK1.1-, CD4+).

Mouse tracheal basal cell FACS sorting procedure. eGFP+/NGFR+ (transduced α5KO mice) or NGFR+ (WT and α5SNP KI mice) basal cells were sorted on FACS ARIA III with FACS Diva software (BD Bioscience) [START_REF] Rock | Basal cells as stem cells of the mouse trachea and human airway epithelium[END_REF] (Fig. S13). Airway basal cells were collected in MTEC proliferation medium [START_REF] Hegab | Isolation of basal cells and submucosal gland duct cells from mouse trachea[END_REF] , and cultured immediately for calcium imaging, cell proliferation, and in vitro wound scratch assays.

Measurement of epithelium height. Pictures were taken for all the bronchioloalveolar regions identified on HES-stained mouse lung FFPE sections. Quantification of the epithelium height was computed using ImageJ software and a plugin developed in our laboratory. The epithelium basal side was manually delimited using the ImageJ segmented line selection tool and a region of interest was determined by an automatic detection for the apical side. The surface of the resulting ROI was calculated and the mean height of the epithelium was determined from the length of the basal pole.

Lentiviral vector construction and mouse transduction. The lentiviral (LV) expression vectors were derived from the pHR' expression vectors first described by Naldini et al. [START_REF] Naldini | In Vivo Gene Delivery and Stable Transduction of Nondividing Cells by a Lentiviral Vector[END_REF] with subsequent modifications. In this work we used the second generation of lentiviral vectors [START_REF] Dull | A third-generation lentivirus vector with a conditional packaging system[END_REF] .

LV pCMV-α5-IRES-eGFP and pCMV-α5SNP-IRES-eGFP construction. PGK-α5-IRES-GFP and PGK-α5SNP-IRES-GFP vectors coding respectively for the WT or the mutated nicotinic α5 subunit 10 were modified by replacing the mouse phosphoglycerate kinase (PGK) promoter by the human cytomegalovirus (hCMV) promoter to obtain a stronger expression in airway epithelial cells. Briefly, we used the pre-existing pTRIP-hCMV-eGFP LV (a gift of the LV network of the School of Neuroscience of Paris, ENP) to generate a DNA fragment containing the CMV sequence by using BssHII and XhoI restriction sites. This fragment was then ligated into the pre-existing PGK vectors between the same restriction sites. Production and titration of LVs was performed using standard procedures [START_REF] Koukouli | Nicotine reverses hypofrontality in animal models of addiction and schizophrenia[END_REF][START_REF] Maskos | Nicotine reinforcement and cognition restored by targeted expression of nicotinic receptors[END_REF] .

LV transduction. Eight to ten weeks-old α5KO mice were transduced with LV by tracheal instillation [START_REF] Dupage | Conditional mouse lung cancer models using adenoviral or lentiviral delivery of Cre recombinase[END_REF] . A first instillation of 15 μl of 1% L-αlysophosphatidylcholine in PBS (LPC, L4129, Sigma) was carried out to precondition the airway epithelium and rendering it permissive for the infection of basal cells by LV [START_REF] Limberis | Recovery of airway cystic fibrosis transmembrane conductance regulator function in mice with cystic fibrosis after single-dose lentivirus-mediated gene transfer[END_REF] . Thirty minutes later, 20 μl of a 10 7 TU/ml LV solution were instilled into the trachea.

Polidocanol-induced lung lesions. Epithelial stress and desquamation were induced in mouse trachea after instillation of 2% polidocanol in PBS (Sigma-Aldrich, 32 μl) as previously described [START_REF] Maouche | 7 nicotinic acetylcholine receptor regulates airway epithelium differentiation by controlling basal cell proliferation[END_REF] . At D3, D6, D9, and D12 after tracheal damage, global aspiration was performed (700 μl PBS) and the supernatant was frozen for further analysis of secreted factors. Tracheas were collected and conserved at -80 °C for further analysis or were formalin-fixed paraffin-embeded for histological analysis. Etanercept (Enbrel®, Pfizer) was injected i.p. in α5SNP mice (10 mg/kg) four days and 2 days before polidocanol instillation, the day of the instillation and 2 days later. The histology of tracheal epithelium was blindly analyzed on HES stained slides by two histo-pathologists who identified and classified different epithelial phenotypes (Fig. 4c, left). Each epithelium phenotype was expressed as percentage of the analyzed tracheal epithelium.

Emphysema induced by purified pancreatic elastase. We included 18 mice (15-21 weeks) treated with intra-tracheal instillation of PBS or 0.1 unit of PPE (Sigma-Aldrich E-1250), in 60 μl of PBS in 10 WT mice (3 PBS vs 7 PPE) and 8 α5SNP KI mice (3 PBS vs 5 PPE). Mice were sacrificed 21 days after instillation and emphysema was quantified as described above.

Cytokine quantification. Frozen tracheas were ground using an Ultra-Turrax (Janke & Kunkel, IKA, Germany) in Tissue Extraction Reagent I (Invitrogen, Carlsbad, CA, USA.) with protease inhibitor cocktail Complete Mini (Roche Diagnostics, France). TNF-α and IL-1β assays were carried out using the CBA Mouse Enhanced Sensitivity Kit (BD Biosciences) according to the manufacturer's instructions. Results were acquired using a BD LSR Fortessa™ cytometer (BD Biosciences) and BD FACSDiva™ software (BD Biosciences) and processed using FCAP Array Software 3 (BD Biosciences). Results were normalized to total protein concentration determined by microplate DC protein assay (Bio-Rad, Hercules, USA) according to the manufacturer's instructions.

Cell culture and proliferation tests

Human airway epithelial cells (HAEC). Cells were isolated from human nasal polyps and cell proliferation was evaluated by MTT assay (1 mg/ml, M-2128, Sigma) as previously described [START_REF] Tournier | alpha3alpha5beta2-Nicotinic acetylcholine receptor contributes to the wound repair of the respiratory epithelium by modulating intracellular calcium in migrating cells[END_REF][START_REF] Maouche | 7 nicotinic acetylcholine receptor regulates airway epithelium differentiation by controlling basal cell proliferation[END_REF] . OD 560 nm was read in a Multiskan Ex spectrophotometer (Thermo Scientific) and plotted for every day to calculate a proliferation index from the slope of the curve, allowing standardized quantitative comparisons.

Murine epithelial cells. Cells were isolated from trachea similarly to polyps with some modifications. Tracheas were digested in 0.05% pronase and cells were seeded in presence of 20% FCS during the first 48 h. After 10 days, cell proliferation was evaluated by MTT assay.

Cell-sorted basal epithelial cells (csBEC). Tracheal basal epithelial cells from transduced α5KO mice were isolated and cultured as described in ref. [START_REF] Schoch | A subset of mouse tracheal epithelial basal cells generates large colonies in vitro[END_REF] . After 4 days cells were sorted on a FACSAria™ III cell sorter (BD Biosciences), see Fig. S13, and seeded in presence of 10 μM SQ22536 (non-selective inhibitor of adenylyl cyclases) or 10 μM GDC0879 (selective inhibitor of Raf) or 10 μM KT5720 (inhibitor of PKA and PKC) in MTEC proliferation medium. All inhibitors were solubilized in DMSO and the same % of DMSO was added to the control condition. After 7 days, cell proliferation was assessed using the Opera QEHS system (Perkin Elmer Technologies, Waltham, USA) to quantify the total number of GFP + cells per well. Two replicates per condition were imaged.

Measurement of intracellular Ca 2+ . csBEC were cultured on collagen type I (5 μg/ml, Sigma). Changes in the cytosolic concentration of free Ca 2+ were measured using the Ca 2+ indicator Rhod 4-AM (AAT Bioquest, 21120) when cells reached 60% confluence. Cells were pretreated with 10 μM α-bungarotoxin (αBgt, Tocris, 2133) for nicotine-evoked measures or with 10 μM αBgt, 10 μM hemicholinium-3 (HC3, Sigma-Aldrich, H108) and 20 μM atropine (Sigma-Aldrich, A0132) for acetylcholine-evoked measures (Fig. S14). After pre-treatments, cells were washed twice with MTEC proliferation medium, incubated with 3 μM Rhod 4-AM preparation containing 0.01% of Pluronic F-127 (ThermoFisher, P3000MP), for 45 min at room temperature in the dark, then washed twice with PBS without Ca 2+ (ThermoFisher, 14190094), and placed at 37 °C in a 5% CO 2 incubator for 10 min before initiating the assay. Ten cells per condition were imaged on a spinning-disk confocal microscope (Revolution XD, Andor), with a 40x oil 1.3 NA objective. A single Z-plane was imaged. Cells were maintained at 37 °C during imaging.

Following a 1 min baseline record, agonist was manually added onto each sample and fluorescence was recorded at 200 ms intervals for 5 min. At the completion of the agonist stimulation, 1 μM ionomycin was added to trigger a maximal Ca 2+ flux and fluorescence was recorded for 10 s at 200 ms intervals. For each movie, a region of interest (ROI) was drawn over each cell in the field by using ImageJ software (NIH, Bethesda, MD, USA), and the mean intensity was plotted over time for each ROI. Agonist responses were normalized by dividing the maximal peak value for the agonist-stimulated fluorescence (F) (maximal peak agonist-stimulated fluorescence-baseline fluorescence) by the maximal peak fluorescence value (Fmax) triggered in the presence of 2 μM ionomycin.

In vitro scratch wound repair assay. csBEC were cultured in MTEC medium until confluence. Then, the monolayer was scraped in a straight line to create a scratch using a 10 μl pipette tip. Cultures were then treated with 2 μM H89 dihydrochloride (selective inhibitor of PKA) or 10 μM GF109203X (selective inhibitor of PKC) or 10 μM SQ22536 (non-selective inhibitor of adenylyl cyclases). After 15 h, cells were harvested for mRNA extraction. Two replicates per condition were analyzed.

qRT-PCR on csBEC. Total RNA was extracted from csBEC using a RNeasy mini kit (Qiagen, 74104). cDNA was synthetized with M-MLV reverse transcriptase (Invitrogen, 28025-013) and random hexamer primers (ThermoFisher, SO142). qPCR was carried out in a LightCycler 480 instrument (Roche Applied Science) using the KAPA SYBR FAST qPCR Master Mix (KapaBiosystems, KK4611) and specific primers detailed in Table S3. All reactions were run in duplicate and results were normalized to cyclophilin A expression. 

Fig. 1

 1 Fig. 1 α5SNP expression and COPD-like remodeling in human airway epithelium. a Scheme highlighting the experimental systems (created with BioRender.com). Inflammation of the lamina propria (b), and epithelial phenotypes (c) were quantified from 123 human nasal polyp samples on three micrographs by two histo-pathologists (bar = 100 µm, E = epithelium, C = chorion).Effect of genotype, age, gender and, allergy/asthma on human epithelial phenotype and inflammation was analyzed in multivariate regression analysis (Table1).

Fig. 2

 2 Fig. 2 COPD-like phenotype in α5SNP mice. a Quantification of mucus-producing cells (Alcian Blue+, n = 20 WT and n = 21 HO mice), and Club cells (CC10+, n = 16 WT and n = 14 HO mice) in proximal airways for HO (blue) and WT (gray) mice. b Quantification of Club cells (CC10+, n = 8 WT and n = 5 HO mice), and ciliated cells (β-tubulin+, n = 8 WT and n = 4 HO mice) in distal airways for HO (blue) and WT (gray) mice. c Quantification of mean linear intercept (MLI) for HO (blue) and WT (gray) 24 weeks-old (wo) mice (n = 22 WT and n = 22 HO mice) and 54 wo mice (n = 9 WT and n = 5 HO). d Total cell number and alveolar macrophages (AM) in BALF from HO (n = 17) compared to WT (n = 8) 54 wo mice. a-d Data are expressed as mean ± SEM. For statistical analyses, values are compared to the appropriate control. *p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney two-sided test).
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 6 Fig.3α5SNP amplified oxidative stress-induced lung inflammation and respiratory dysfunction. Lung histology and respiratory function measurement of 14-18 wo mice, WT (gray), HT (green) or HO (blue) treated with cumene hydroperoxide (squares) or PBS (circles) (a-c). a Quantification of MLI and epithelial height at bronchiolo-alveolar junctions b in WT (n = 5), WT treated with cumene (n = 6), HT (n = 4), HT treated with cumene (n = 13), HO (n = 5), HO treated with cumene (n = 6) mice. Scale bars: a = 100 μm, b = 50 µm. c PV loop curves (n = 16 for each group), A (estimate of inspiratory capacity), K (shape constant) and static compliance (Cst). A and K parameters and Cst are extracted from the Salazar-Knowles equation[START_REF] Salazar | An analysis of pressure-volume characteristics of the lungs[END_REF] and expressed as mean ± SEM (n = 9 mice for each group). d, e Quantification of lung inflammation in BALF by cytometry (n = 9 mice per group). d Number of alveolar macrophages (AM), inflammatory monocytes (Infl Mono), Tγδ lymphocytes (LcTγδ) and natural Killer cells (NKT). e Activation of dendritic cells (cDC2, I-Ab MFI), inflammatory monocytes (CD86 MFI), Tγδ lymphocytes, and CD4+ T cells (CD69 MFI). f Expression of cytokines CXCL1, CCL5, CXCL10, and CCL20 in BALF from WT treated with PBS (circles, n = 7) or cumene (squares, n = 9), HT treated with PBS (circles, n = 11) or cumene (squares, n = 9) and HO treated with PBS (circles, n = 9) or cumene (squares, n = 8). a-f Data are expressed as mean ± SEM. For statistical analyses, values are compared to the appropriate non-treated control (a, b) or to WT mice (c-f). *p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney two-sided test).

Fig. 4

 4 Fig. 4 Dysregulation of epithelial repair in α5SNP-expressing airway epithelium. a Scheme of lentiviral vectors (LV) used to locally express α5WT or α5SNP in tracheal epithelial cells in α5KO mice. b Top: GFP expression in tracheal epithelium. Middle and bottom: lymphocytes (CD45+) and macrophages (CD68+) in submucosa. Micrographs representative from three experiments. Scale bar: 100 μm. c Quantification of different epithelial phenotypes (normal epithelium, circles; basal cell hyperplasia, square; metaplasia, triangle; metaplasia/mild dysplasia, diamond-shaped) in mice with GFP LV (white symbols, n = 6), α5WT LV (gray symbols, n = 9) or α5SNP LV (blue symbols, n = 8) 12 days after lesion. One group of α5SNP (dark blue symbols, n = 8) received i.p. injections of Etanercept (α5SNP + Etan). Scale bar: 30 μm. d TNF-α and IL-1β production in GFP LV (white circles, n = 6), α5WT LV (gray circles, n = 9) or α5SNP LV (blue circles, n = 8) mice after lesion at D6, D9 and D12. e NF-κBiα expression in tracheal tissue extracts from α5WT or α5SNP LV mice on D6 after epithelial lesion with polidocanol (circles, n = 6 α5WT and n = 6 α5SNP LV mice) and pre-treatment with Etanercept (squares, n = 5 α5WT and n = 6 α5SNP LV mice). f Quantification of proliferation of tracheal epithelial cells isolated from GFP (n = 5), α5WT (n = 5) and α5SNP (n = 5) mice (O.D., optical density). g In vitro proliferation of epithelial cells isolated from α5WT or α5SNP LV mice (n = 6 per group) after exposure to TNF-α (squares, 10 and 50 ng/ml, 72 h). h Proliferative index quantification of human polyp epithelial cells isolated from WT (n = 18), HO (n = 21) or HT (n = 8) patients. For c-h, data are presented as mean ± SEM. Statistical analyses in (c) compared: WT vs GFP mice ( §), α5SNP vs α5WT mice (*) and Etanercept treated vs non-treated α5SNP (#). * #, § p < 0.05; **, ## p < 0.01; ***p < 0.001 (Mann-Whitney two-sided test).
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Table

  

Table 1

 1 Multivariate regression analysis of the effect of patients' genotype and age/gender/allergy-asthma on epithelium remodeling.

	Variable	Inflammation		Secretory cell hyperplasia		Normal epithelium	
		Odds-ratio [CI 95 %]	p	Odds-ratio [CI 95 %]	p	Odds-ratio [CI 95 %]	p
	Genotype						
	WT (G/G)	1	-	1	-	1	-
	HT (G/A)	3.5 [1.39-8.79]	0.008	5.18 [2-13.39]	0.001	0.43 [0.17-1.07]	0.068
	HO (A/A)	6.47 [1.92-21.83]	0.003	9.62 [2.39-38.63]	0.001	0.2 [0.53-0.74]	0.016
	Age						
		0.97 [0.94-0.99]	0.015	0.99 [0.96-1.02]	0.429	1.01 [0.98-1.05]	0.505
	Gender						
	M	1	-	1	-	1	-
	F	1.69 [0.74-3.86]	0.212	0.9 [0.38-2.11]	0.81	0.98 [0.42-2.29]	0.962
	Allergy/Asthma						
	N o	1	-	1	-	1	-
	Yes	0.63 [0.28-1.42]	0.266	0.94 [0.39-2.99]	0.899	1.64 [0.7-3.85]	0.255

CI confidence interval, WT (G/G) wild-type, HT (G/A) heterozygous for α5 single nucleotide polymorphism, HO (A/A) homozygous for α5 single nucleotide polymorphism. Effect of genotype, age, gender and allergy/asthma on human epithelial phenotype and inflammation was analyzed in multivariate regression analysis. Two epithelial phenotypes (secretory cell hyperplasia and normal epithelium) and sub-mucosa inflammation were quantified. Effect of patients' genotype and age/gender/allergy-asthma on epithelium remodeling was assessed by a multivariate regression analysis with presentation of odds ratios.
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Code availability

Emphysema and epithelium height were quantified using custom codes in ImageJ v1.51J software. They may be available to researchers interested in access to the data upon reasonable request with the corresponding authors.

qRT-PCR on ex vivo tracheas. Total RNA from transfected mouse trachea was isolated using the High Pure RNA isolation kit (Roche Diagnostics) and lyophilized. 500 ng of total RNA was reverse-transcribed using the Transcriptor First Stand cDNA Synthesis kit (Roche Diagnostics). qPCR was performed using the fast Start Universal Probe Master kit and LightCycler 480 SYBR Green I Master according to the manufacturer's instructions in a LightCycler 480 Instrument (Roche Diagnostics). The specific primers are described in Table S3. Results were normalized to Hprt expression. Statistical analysis. Statistical analyses were computed using GraphPad Prism software (versions 5 and 7, GraphPad software, San Diego, USA) in accordance with the size of samples and the nature of the experiment. For in vivo and in vitro studies, values were compared to the controls with a bilateral and non-parametric Mann-Whitney test, or with a one-sample t-test, or a two-way ANOVA test when appropriate. Statistical significance was accepted for an error risk inferior to 5% and is represented as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

Concerning the polyps: after exclusion of samples presenting more than 70% of epithelial abrasion and originating from smokers, 123 patients were selected. Epithelial outcomes were analyzed as binary phenomenons: inflammation (low for scores 0 and 1; high for scores 2 and 3); secretory cell hyperplasia (low if <10%; high if ≥10%); proportion of normal epithelium (low if <50%; high if ≥50%). First, a univariate analysis evaluated the effect of covariates (sex, genotype, and allergy/ asthma) on epithelial phenotypes and inflammation by a χ²-test and the effect of age by a Student t-test (Table S1). Second, covariates with p-value < 0.1 in univariate analysis were entered into a logistic regression model for multivariate analysis. Odds ratios and corresponding 95% confidence intervals (CI) were determined. A p-value < 0.05 was considered statistically significant in multivariate analysis. The statistical analyses were computed using Stata software (Version 10.0, Stata Corporation College Station, TX, USA).

Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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