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Abstract. 53 

Background. Chronic obstructive pulmonary disease (COPD) is a devastating lung disease, 54 

representing the third cause of mortality worldwide. In COPD, the bronchial epithelium 55 

displays several structural and functional abnormalities involving barrier integrity, polarity, cell 56 

differentiation and epithelial-to-mesenchymal transition, as well as inflammation. Although 57 

COPD is currently considered as an irreversible disease, the (ir)reversible nature of those 58 

changes ex vivo remains poorly known. 59 

Methods. The persistence of COPD epithelial features was assessed in very long-term (10 60 

weeks) primary cultures of air/liquid interface (ALI)-reconstituted airway epithelium from non-61 

smoker controls, smoker controls, and COPD patients. The role of inflammation in promoting 62 

this phenotype was also explored by stimulating ALI cultures with a cytokine mix of TNF-α, 63 

IL-6 and IL-1β. 64 

Results. Almost all epithelial defects (barrier dysfunction, impaired polarity, lineage 65 

abnormalities) observed in smokers and COPD persisted in vitro up to week 10, except IL-8 66 

release and epithelial-to-mesenchymal transition which declined over time. Cytokine treatment 67 

induced COPD-like changes and was able to reactivate epithelial-to-mesenchymal transition in 68 

COPD cells. 69 

Conclusions. The airway epithelium from smokers and COPD patients displays a memory of 70 

its native state and previous injuries by cigarette smoking, which is multidimensional and 71 

sustained for years, therefore probably residing in basal stem cells. 72 

Abstract word count. 200 73 

Key words. COPD, airway epithelium, barrier dysfunction, EMT, inflammation, pIgR 74 
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Introduction 76 

Chronic obstructive pulmonary disease (COPD), currently representing the third leading cause 77 

of death worldwide (1), is mainly due to cigarette smoking while exposure to other toxics 78 

(biomass, occupational, air pollution) and genetic predisposition also play a role (2). It is 79 

characterized by a progressive and mostly irreversible airway obstruction related to small 80 

airway pathology and destruction of the alveolar walls, referred to as emphysema (3). The 81 

irreversible nature of the disease also refers to the relatively modest effects of currently 82 

available therapies (4) including inhaled corticosteroids and bronchodilators, none of which 83 

targeting the underlying pathways leading to structural remodelling of the lungs. 84 

The bronchial epithelium, as first line barrier against inhaled particles and antigens, is 85 

constantly exposed to airborne pollutants. In COPD, the airway epithelium (AE) structure and 86 

biology are profoundly altered in terms of barrier function, cell differentiation and epithelial-87 

to-mesenchymal transition (EMT), epithelial polarity, and inflammation. 88 

First, AE barrier function is impaired in COPD (5): while it was shown that cigarette smoke 89 

(CS) exposure alone decreases the expression of tight junction proteins (OCLN1, ZO1)(6), the 90 

AE from COPD patients appears more prone to develop barrier dysfunction, as CS extract-91 

exposed COPD human bronchial epithelial cells (HBEC) show decreased E-cadherin and 92 

zonula occludens 1 (ZO-1) expression as compared with HBEC from smokers (7). Globally, 93 

COPD AE displays increased epithelial permeability, probably favouring microbial invasion 94 

and COPD exacerbations, which account for a significant part of COPD morbidity (5, 8, 9). 95 

Second, the COPD bronchial epithelium is characterized by altered lineage differentiation, with 96 

hyperplastic and dysfunctional basal cells (10, 11), decreased function and numbers in ciliated 97 

cells (12), decreased club cells numbers and club cell secretory protein (SCGB1A1) excretion 98 

(13, 14) and hyperplastic goblet cells, the latter being possibly more related to CS than to the 99 
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disease per se (15). In addition, CS leads to transforming growth factor (TGF)-β-induced EMT 100 

that is further enhanced in COPD patients (7) both in large and small airways (16), contributing 101 

to subepithelial fibrosis and cancer susceptibility in COPD patients (17). Interestingly, both 102 

EMT and altered lineage differentiation of the AE may be reproduced in vitro, in the AE 103 

reconstituted by 4 week long culture in air/liquid interface (ALI) of HBEC from COPD patients 104 

(18, 19).  105 

Finally, epithelial inflammation is a paramount feature in COPD that is thought to represent a 106 

major player in the disease pathophysiology (20). In line with the increased presence of 107 

intraepithelial neutrophils (21), increased levels in tumor necrosis factor (TNF)-α, interleukin-108 

8/C-X-C Motif Chemokine Ligand 8 (IL-8/CXCL-8) and neutrophils have been observed in 109 

sputum from COPD patients (22, 23) and correlate with disease severity (24).  110 

It remains unclear whether structural changes of the AE are persistent in COPD, matching the 111 

irreversible nature of the disease in vivo. It has been reported that COPD patients who quitted 112 

smoking for more than 3,5 years display less goblet cell hyperplasia and squamous metaplasia 113 

(25), and that smoking cessation may slightly improve pulmonary function tests (26) and reduce 114 

mortality of COPD patients (27). In contrast, smoking cessation does not influence COPD-115 

related increased epidermal growth factor receptor (EGFR) activation (25) and protease activity 116 

(28). In COPD, the inflammatory pattern that is shared with ‘healthy’ smokers is amplified and 117 

persists even after smoking cessation (29), although with conflicting data in other studies (26, 118 

29, 30). This study aimed to elucidate whether the AE changes are imprinted in a persistent 119 

manner, or whether some changes could be reversible, i.e. questioning the memory retained in 120 

epithelial cells from COPD patients (31). 121 

To address this question, the AE was reconstituted in the ALI culture model with primary 122 

HBEC from non-smokers, control smokers and COPD patients, and cultured in vitro for up to 123 

10 weeks, and the spontaneous evolution of abnormalities was assayed in terms of barrier 124 
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function, cell differentiation, EMT, pIgR/SC-related polarity and inflammatory cytokines’ 125 

production. In addition, it was assessed whether exogenous inflammation may trigger COPD-126 

related changes in this model.   127 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 22, 2021. ; https://doi.org/10.1101/2021.04.21.439437doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.21.439437


Page 8 of 32 

 
 

Materials and methods 128 

Study population and lung tissue samples 129 

A series of lung surgical specimens containing large airways was obtained from four different 130 

patients groups (non-smokers, smoker controls, mild and moderate COPD and severe to very 131 

severe COPD). COPD patients were sorted on basis of their pulmonary function tests, according 132 

to the GOLD 2001 classification. Surgical tissue from lobectomies was used for controls and 133 

mild or moderate COPD patients undergoing lung surgery for a solitary tumour, while explants 134 

were obtained to analyse lung tissue from patients with (very) severe COPD. Patients with any 135 

other lung disease than COPD (e.g. asthma, fibrosis) were excluded from the study. All patients 136 

received information and signed a written consent to the study protocol, which was approved 137 

by the local clinical Ethical committee (reference 2007/19MARS/58 for UCLouvain, S52174 138 

and S55877 for KULeuven). A primary proximal bronchial epithelium was reconstituted in 139 

vitro from all subjects, and was subjected to mid-term (5 weeks, n=25) or long-term (10 weeks, 140 

n=26) culture. Patients’ characteristics are shown in Tables 1, S1 and S2. 141 

In vitro reconstitution of primary human bronchial epithelium on ALI culture 142 

A large piece of cartilaginous bronchus was selected from lobectomies or explants, located as 143 

far as possible from the tumour site (in the case of lobectomies) and submitted to pronase 144 

digestion overnight at 4°C, in order to derive HBEC. HBEC were cultured in flasks in retinoic 145 

acid-supplemented Bronchial Epithelial Cell Growth Basal Medium (BEBM, Lonza, Verviers, 146 

Belgium) until confluence. Cells were then detached and seeded at a density of 80,000 cells/well 147 

on 24-well polyester filter-type inserts (0.4-µm pore size; Corning, Corning, NY) coated with 148 

0.2 mg/ml collagen IV (Sigma-Aldrich, Saint-Louis, MO) until a confluent monolayer was 149 

obtained. The culture was then carried out in ALI for 5 (for 25 subjects) or 10 weeks (for 26 150 

subjects). Once in ALI, HBEC were cultured in BEBM:Dulbecco's Modified Eagles Medium 151 
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(DMEM) (1:1) medium supplemented with penicillin (100U/ml), streptomycin (100µg/ml) 152 

(Lonza), bovine serum albumin (BSA) (1.5 µg/ml), retinoic acid (30ng/ml) (Sigma, Saint-153 

Louis, MO), and BEGM SingleQuotsTM Supplements and Growth Factors (Lonza), including 154 

bovine pituitary extract (52µg/ml), insulin (5µg/ml), hydrocortisone (0.5g/ml), transferrin 155 

(10µg/ml), epinephrine (0.5µg/ml), epidermal growth factor (0.5ng/ml) and triiodothyronine 156 

(3.25ng/ml). Every week during ALI culture, basolateral media were collected, and the apical 157 

pole of HBEC was washed with 300µl sterile phosphate-buffered saline (PBS) before 158 

centrifugation for 5 minutes at 10,000 g. Transwell inserts were fixed by direct immersion in 159 

4% buffered formaldehyde, before incubation in PBS (pH 7.4) and embedding in paraffin 160 

blocks. ALI-HBEC were also processed for gene expression or Western blot analyses (see 161 

below). 162 

The 25 samples that underwent 5 weeks ALI culture were submitted or not (control condition) 163 

to a pro-inflammatory cytokine cocktail including IL-1, IL-6, TNF-α, each at 5 ng/ml 164 

(Miltenyi Biotec, Germany) in the basolateral compartment following a preliminary titration 165 

experiment (10, 5, and 2,5 ng/ml) where no cytotoxicity (release of lactate dehydrogenase < 166 

5%) was shown at 5 ng/ml. 167 

Measurement of the transepithelial electric resistance 168 

Every week and for each sample, the transepithelial electric resistance (TEER) of the 169 

reconstituted epithelium was assessed, using the EMD Millipore™ Millicell-ERS Volt-Ohm 170 

Meter (Fisher Scientific, Hampton, NH, USA) after transiently filling the apical pole of the cells 171 

with sterile PBS. TEER was measured in duplicates and the mean of the measurements was 172 

used, after obtained values were corrected according to the resistance of the transwell 173 

membrane. 174 

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)  175 
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RNA extraction, reverse transcription, and RT-qPCR were performed as previously described 176 

(32). Total RNA was extracted from reconstituted ALI cultured epithelia using TRIzol reagent 177 

(Thermo Fisher Scientific). 500ng of RNA was reverse-transcribed with RevertAid H minus 178 

Reverse transcriptase kit with 0.3 µg of random hexamer, 20U of RNase inhibitor and 1mM of 179 

each dNTP (Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s protocol 180 

in a thermocycler (Applied Biosystems, Foster City, CA). The expression levels were quantified 181 

by real-time quantitative PCR with the CFX96 PCR (Bio-Rad, Hercules, CA). The reaction mix 182 

contained 2.5 µl of complementary desoxyribonucleic acid diluted 10-fold, 200nM of each 183 

primer (primers properties are detailed in Table S3) and 2x iTaq UniverSybr Green® Supermix 184 

(Bio-Rad) in a final volume of 20 µl. The cycling conditions were 95°C for 3 minutes followed 185 

by 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. To control the specificity of the 186 

amplification products, a melting curve analysis was performed. The copy number was 187 

calculated from the standard curve. Data analysis was performed using Bio-Rad CFX software 188 

(Bio-Rad). Expression levels of target genes were normalized to the geometric mean of the values 189 

of 3 housekeeping genes (RPL27, RPS13, RPS18). 190 

Western blot assays 191 

HBEC lysates were analysed by Western blot as previously described (33) except for band 192 

revelation (see below). Cells were lyzed with 150µl of Laemmli’s sample buffer containing 193 

0.7M 2-mercaptoethanol (Sigma-Aldrich) and lysates were stored at -20°C. After thawing, 194 

samples were heated at 100°C for 5 minutes, loaded in a SDS-PAGE gel before migration at 195 

100V for 15 minutes and then at 180V for 50 minutes. Cell proteins were transferred onto a 196 

nitrocellulose membrane (Thermo Fisher Scientific) at 0.3A for 2 hours 10 minutes at RT. The 197 

membranes were blocked with 5% w/v BSA (Sigma-Aldrich) in Tris-buffered saline with 0.1% 198 

Tween 20 (Sigma-Aldrich) for 1 hour at RT, then washed and incubated overnight at 4°C with 199 

a primary antibody according to the target protein (see Table S4 listing used primary and 200 
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secondary antibodies). Membranes were then incubated for 1 hour at room temperature (RT) 201 

with horseradish peroxidase (HRP)-conjugated secondary anti-rabbit (Cell Signalling, Danvers, 202 

MA) or anti-mouse (Sigma) IgG. Immunoreactive bands were revealed by chemiluminescence 203 

(GE Healthcare, Pittsburgh, PA), detected by Chemidoc XRS apparatus (Bio-Rad) and 204 

quantified using the Quantity One software (Bio-Rad). 205 

Sandwich enzyme-linked immunosorbent assay (ELISA) for SC, IL-8/CXCL-8 and IL-6 206 

SC concentration was determined in apical washes by sandwich ELISA, as previously described 207 

(13, 33). Basolateral IL-8/CXCL8 and IL-6 release were assessed by sandwich ELISA, 208 

following manufacturer’s instructions (Biotechne, Minneapolis, MN). Briefly, 96-well plates 209 

were first coated overnight, at 4°C, with anti-IL-8/CXCL8, -IL-6, and -SC antibodies diluted in 210 

bicarbonate buffer (pH 9,6). Then, after blocking with 1% w/v BSA in phosphate-buffered 211 

saline for 90 min at 37°C, HBEC apical washes (for SC) or basolateral supernatants (for IL-212 

8/CXCL-8 and IL-6) were incubated for 60 min at 37°C, along with standard samples. Detection 213 

was performed with a first incubation with the corresponding biotinylated antibody (anti-214 

fibronectin, -SC, -IL-8/CXCL-8 or -IL-6), followed by a second incubation with HRP-linked 215 

anti-mouse IgG, for 1 h each. Revelation was performed with 3,3',5,5'-tetramethylbenzidine 216 

(TMB, Fisher) and stopped with H2SO4 1.8 M. 217 

Direct ELISA for fibronectin 218 

Fibronectin basolateral release was assessed by direct ELISA as previously described (19, 34). 219 

HBEC basolateral washes and fibronectin standard were coated in plates with bicarbonate 220 

buffer overnight (pH 9,6), at 4°C. After blocking with 1% w/v BSA in phosphate-buffered 221 

saline for 90 min at 37°C, detection was performed with a first incubation with mouse anti-222 

fibronectin, followed by a second incubation with HRP-linked anti-mouse IgG, for 1 h each. 223 

Revelation was performed with TMB and stopped with H2SO4 1.8 M.” 224 
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Statistical analysis 225 

Results were analysed with JMP® Pro, Version 14 (SAS Institute Inc., Cary, NC, USA) and 226 

GraphPad Prism version 8.0.2 for Windows (GraphPad Software, La Jolla, CA, USA), and were 227 

expressed as medians and interquartile ranges unless otherwise stated. p-values < 0.05 were 228 

considered statistically significant.  229 
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Results 231 

Barrier and junctional properties in the COPD vs control AE 232 

As physical barrier constitutes a first-line defence provided by the AE, it was assessed whether 233 

it was impaired in COPD by measuring the transepithelial electric resistance (TEER) of ALI-234 

reconstituted primary AE cultured for 5 weeks (n1=51 patients) or up to 10 weeks (n2=26 235 

patients). According to their smoking status and lung function (GOLD 2001 classification), the 236 

study population was divided into 4 groups: non-smoker controls (NS; n1=10 for 5 weeks and 237 

n2=5 for 10 weeks), smoker controls (Smo; n1=15 and n2=7), mild and moderate COPD (COPD 238 

GOLD 1-2; n1=13 and n2=7) and severe and very severe COPD (COPD GOLD 3-4; n1=13 and 239 

n2=7). The characteristics of the complete study population are summarized in Table 1, and 240 

detailed analysis of separate populations is provided in Tables S1 and S2. 241 

The reconstituted AE from COPD patients displayed substantially decreased TEER as 242 

compared with that of non-smoker controls, and to a lesser extent with that of smoker controls 243 

(Figure 1). In addition, smoker controls AE also showed decreased TEER compared with that 244 

of non-smoker controls. This defect appeared as early as at the first week ALI culture, and was 245 

progressively more prominent over time (Figure 1A-D), persisting up to 10 weeks (Figure 1H). 246 

Between 2 and 10 weeks ALI culture, TEER inversely correlated modestly but significantly 247 

with the disease severity witnessed by the forced expiratory volume in one second (FEV1) 248 

(Figure 1E-G). 249 

To elucidate the molecular substratum of this long-lasting barrier disruption, gene and protein 250 

expression of major components of the tight and adherens junctions was assayed, namely 251 

claudin-1 (CLDN1), E-cadherin (CDH1), occludin (OCLN) and ZO-1/tight junction protein 1 252 

(TJP1). Although no difference was observed between groups regarding gene expression 253 

(Figure S1), protein expression of E-cadherin was reduced in COPD as compared with non-254 
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smoker controls after 1 and 3 weeks ALI culture, but not at 6 and 9 weeks (Figure 2A-D) and 255 

that of occludin was decreased in smokers and COPD AE at 3, 6 and 9 weeks and inversely 256 

correlated with the disease severity, assessed by the FEV1 (Figure 2E-H). Figure 2 I-J shows 257 

representative blots for E-cadherin (at 1 and 3 weeks), and occludin (at 6 and 9 weeks).  258 

These data globally depict a barrier and junctional defect that is engaged in smokers, that further 259 

aggravates in COPD (in relation to disease severity) and that appears persistent in prolonged in 260 

vitro culture. 261 

Epithelial differentiation of the COPD vs control AE 262 

In order to assess the persistence of the abnormal programming of epithelial differentiation in 263 

COPD, specific markers and transcription factors of basal, intermediate, goblet, club and 264 

ciliated cells were assayed in long-term ALI cultures. 265 

Epithelial pre-differentiation 266 

Gene expression of MYB Proto-Oncogene (MYB), a recently described marker of early 267 

differentiation of basal cells (37), was significantly decreased up to 8 weeks in smokers- and 268 

COPD-derived AE as compared with non-smokers (Figures 3A and S2A). In addition, the 269 

expression of MYB at 1, 2, 4 and 8 weeks correlated with disease severity in terms of FEV1 270 

(Figures 3D and S2A). 271 

Differentiation towards ciliated cells 272 

As the COPD AE also classically displays reduced numbers of ciliated cells, it was next 273 

assessed whether this defect persisted in long-term ALI cultures by measuring the gene 274 

expression of Forkhead Box J1 (FOXJ1), a transcription factor involved in the commitment 275 

towards ciliated cells, and of the dynein axonemal intermediate chain 1 (DNAI1), a marker of 276 

terminal differentiation of ciliated cells. Smokers- and COPD-derived cultures displayed a 277 
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marked and persisting decrease in both genes as compared with non-smoker controls (Figures 278 

3B-C and S2B-C). This decrease significantly correlated with disease severity (assessed by the 279 

FEV1) at 1, 2, and 8 weeks of ALI culture (Figures 3D and S2B-C). 280 

Differentiation towards goblet cells 281 

Recent studies have shown that goblet cell hyperplasia is more closely related to tobacco 282 

smoking and to chronic bronchitis rather than airway obstruction and COPD per se (35). In our 283 

study, we assessed the gene expression of SAM Pointed Domain Containing ETS Transcription 284 

Factor (SPDEF) and Forkhead Box A3 (FOXA3), two transcription factors inducing the 285 

differentiation towards goblet cells (36-38). On one hand, SPDEF expression was increased in 286 

smoker controls’ AE (and in COPD AE, although to a lesser, non-significant extent), as 287 

compared with that of non-smokers (Figures 3E and S2D). This was also observed by a 288 

longitudinal analysis comparing smoker controls and non-smokers, this upregulation persisting 289 

up to 8 weeks. In addition, SPDEF expression was decreased in smokers who quitted smoking 290 

for more than 4 years as compared with active smokers and ex-smokers with a smoking 291 

cessation of less than 4 years (Figure 3F and S3E). On the other hand, longitudinal analysis 292 

showed that FOXA3 was also upregulated in smoker controls as compared with non-smokers 293 

and mild and moderate COPD (Figure S2F). These data further show that goblet cell 294 

hyperplasia relates to smoking and demonstrate that this feature persists over time in vitro. 295 

Epithelial-to-mesenchymal transition of the COPD AE 296 

EMT is a physiological process that allows tissue repair, but that is abnormally activated in 297 

COPD, inducing subepithelial fibrosis and favouring cancer (17). Thus, EMT protein markers 298 

(vimentin, fibronectin) were assessed in long-term ALI cultures. Increased vimentin content 299 

was observed at 1, 3 and 5 weeks, but no more at 8 weeks, in (very) severe COPD AE compared 300 

with non-smoker controls (Figure 4A-B), as well as in smokers and mild/moderate COPD AE 301 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 22, 2021. ; https://doi.org/10.1101/2021.04.21.439437doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.21.439437


Page 16 of 32 

 
 

at 1 week. Accordingly, mild/moderate and (very) severe COPD AE displayed increased 302 

fibronectin release in the basolateral medium up to 4 and 7 weeks, respectively, as compared 303 

with non-smokers, while it was significantly increased in control smokers at 1 week only 304 

(Figure 4C). No difference was seen anymore at 10 weeks. No striking difference was seen for 305 

vimentin gene expression (VIM, Figure S3). These data show EMT features that are 306 

progressively vanishing, after 7 to 10 weeks in COPD and more rapidly in smokers, as 307 

summarized in Figure 4D. 308 

Polarity and pIgR/SC expression in the COPD vs control AE 309 

Firstly, smokers- and COPD-derived AE released less apical SC than non-smokers, from 2 310 

weeks of ALI culture until 8 weeks (Figure 5A). In addition, apical SC levels (from 2 to 9 311 

weeks) inversely correlated with disease severity (Figure 5B and S4A). When analysed 312 

longitudinally over 10 weeks, this decrease was more pronounced in (very) severe COPD as 313 

compared with smoker controls and mild/moderate COPD (Figure 5B). Secondly, the (very) 314 

severe COPD AE displayed decreased PIGR gene expression throughout the long-term cultures 315 

compared with the other groups. Although this was not significant on isolated time points 316 

(Figure 5C and S4B), longitudinal data analysis demonstrated decreased PIGR gene expression 317 

in (very) severe COPD AE as compared with non-smokers, smoker controls, and mild/moderate 318 

COPD AE (Figure 5C). In addition, considering that epithelial differentiation is completed at 5 319 

weeks, we show that the acquisition of pIgR at the protein level was delayed in COPD AEs 320 

compared with controls, as depicted in Figure 5D. Figure 5D also shows representative blots of 321 

pIgR expression kinetics (1-5 weeks) in ALI-AE from a non-smoker (upper gel) and a very 322 

severe COPD patient (lower gel). 323 

These data show that airway epithelial polarity, witnessed by the pIgR/SC expression, is deeply 324 

impaired in COPD in a persistent manner. 325 
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Inflammatory cytokine production by the COPD vs control AE 326 

As inflammation constitutes a cardinal feature of the COPD epithelium (20, 39), epithelial 327 

production of IL-8/CXCL-8 and IL-6 was next assayed in the reconstituted AE. A trend for 328 

increased CXCL8 gene expression was seen in smokers and COPD groups, that was more 329 

marked from 1 to 4 weeks ALI culture (Figure S5A). Accordingly, IL-8/CXCL-8 release was 330 

strongly increased in smokers- and COPD-derived AE at 1, 2 and 4 weeks as compared with 331 

non-smokers, whilst this difference disappeared afterwards (Figure 6A). Although no 332 

difference was observed in the expression of the IL6 gene (Figure S5B), the production of IL-333 

6 in the basolateral medium was increased in smokers and COPD ALI-AE. In contrast to IL-8, 334 

IL-6 upregulation persisted over time (up to 10 weeks), both in smokers and COPD (Figures 335 

6B).  336 

Exogenous inflammation induces COPD-like features in the AE 337 

As epithelial inflammation is thought to contribute to epithelial pathology in COPD (20, 40), it 338 

was assessed whether exogenous inflammation could promote COPD-like changes in the AE 339 

by supplementing the culture medium with IL-6, TNF-α and IL-1β (all at 5ng/ml) for 5 weeks. 340 

These cytokines are relevant to human COPD pathogenesis, as besides abovementioned CXCL-341 

8/IL-8 and IL-6, TNF-α and IL-1β are also increased in COPD (22, 41), even though their 342 

concentration did not reach the detection threshold in our culture supernatants (not shown). 343 

First, TEER was dramatically decreased upon the inflammatory condition. This was already 344 

observed at 1 week ALI culture, but was more pronounced in the next weeks (Figure 7A). 345 

Cytokine-exposed cultures displayed similar values irrespectively of the original phenotype, 346 

with TEER values comprised between 300 and 600 Ω/cm² between 2 and 5 weeks, possibly 347 

indicating a maximal effect on barrier (dys)function at the used concentrations. 348 
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Second, cultures that were exposed to inflammatory cytokines displayed sharper EMT features, 349 

with increased fibronectin release at 1, 2 and 4 weeks (Figure 7B). Interestingly, this induction 350 

that was not observed in non-smokers’ AE was strikingly upregulated in COPD as compared to 351 

controls (Figure 7C). This phenomenon was confirmed by assessing vimentin expression 352 

(Figure 7D). These results show that the cultured AE from COPD patients, whilst losing its 353 

intrinsic EMT features, remains prone to develop EMT upon exposure to inflammatory 354 

cytokines. 355 

Third, cytokine-induced inflammation altered epithelial polarity assayed through the pIgR/SC 356 

system, as SC apical release was decreased in cytokine-exposed AE from non-smoker controls, 357 

smoker controls and mild-to-moderate COPD (Figure 7E). This was not observed in (very) 358 

severe COPD AE, probably because the pIgR/SC system is already severely impaired in this 359 

group.  360 

In conclusion, exogenous inflammation was able to induce COPD-like changes such as barrier 361 

dysfunction, EMT and altered polarity in the AE from non-smoker and smoker controls. In 362 

addition, the COPD-derived AE remained prone to develop EMT features upon inflammatory 363 

condition. 364 

Discussion 365 

This study demonstrates, by using long-term cultures of the ALI-reconstituted human AE from 366 

well-characterized COPD and control patients, that the AE retains its native abnormalities for 367 

prolonged periods of time (e.g. barrier dysfunction, altered cell differentiation, and impaired 368 

polarity) whereas some features (IL-8 upregulation, EMT) disappear. It also demonstrates that 369 

inflammation driven by TNF-α, IL-6 and IL-1β, may induce a COPD-like phenotype, and 370 

reactivates EMT programming in the diseased (COPD) epithelium in a much wider extent than 371 

in the normal epithelium. 372 
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COPD is a chronic and progressive disease that is developed upon repeated injury of the airway 373 

epithelial-mesenchymal unit by toxics, leading to activation and remodelling of the AE, and 374 

ultimately to airway obstruction. The airflow limitation is not or poorly reversible to current 375 

inhaled bronchodilators and anti-inflammatory drugs. It has been shown that COPD patients 376 

who quitted smoking may benefit from decreases in mortality (27), respiratory symptoms and 377 

lung function decline as compared with active smokers (26, 42, 43). They also display reduced 378 

AE remodelling and goblet cell hyperplasia when smoking cessation exceeds 3,5 years (25), as 379 

well as improvements in nasal mucociliary clearance (44). In contrast, no change was observed 380 

following smoking cessation regarding axonemal abnormalities in ciliated cells (45) or airway 381 

mucosal inflammation (29), sputum IL-8/CXCL-8 (46) and sputum neutrophils (28, 46). 382 

In this study, we assessed whether the irreversible nature of the disease is imprinted in the AE 383 

in such a way that aberrant features of the native epithelium persist in long-term cultures, 384 

independently of signals provided by mesenchymal cells and surrounding leucocytes. The ALI 385 

model was used, as it was previously shown to recapitulate, at least to some extent, the native 386 

phenotype (18, 19, 47-49). We prolonged the culture up to 10 weeks, an unusually long duration 387 

in this model, that had not yet been reported so far in COPD. 388 

A major abnormality that persists in the cultured smokers’ and COPD AE is the barrier and 389 

junctional defect. Thus, the AE from smokers displays a persistent TEER decrease as compared 390 

with non-smokers, which was associated with decreased protein levels of E-cadherin and 391 

occludin, key components of adherens and tight junctions, respectively. This defect was 392 

observed in line with a previous study showing that CS exposure leads to disruption of apical 393 

junctional complexes (50) and in a persistent manner, up to 9 weeks of culture for occludin. In 394 

addition, those changes in TEER and occludin/E-cadherin expression were further 395 

downregulated according to the presence and the severity of the COPD. Gene expression for 396 
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main apical junctional complex components (TJP1, OCLN, ECAD, CLDN11, Figure S1) did 397 

however not differ across the groups, suggesting post-transcriptional regulation. 398 

In line with the requirement of the integrity of apical junctional complexes to ensure baso-apical 399 

epithelial polarity (51), our study shows that AE polarity is persistently impaired in COPD. The 400 

pIgR/SC system, that allows baso-apical transcytosis of polymeric immunoglobulins (mostly 401 

dimeric IgA) across the epithelium and constitutes a marker of epithelial polarity, was 402 

previously shown to be defective in COPD, both in situ in surgical tissue and in vitro in ALI-403 

HBEC evaluated at 2 weeks (48). The present study demonstrates that this impairment persists 404 

over time, with decreases in the apical release of SC and in the gene expression of PIGR, that 405 

is observed in very severe COPD (Figures 5 and S4). In addition, the dynamics of optimal pIgR 406 

protein expression was delayed in COPD AE (Figure 5D). Interestingly, those data are 407 

contrasting with previous findings in asthma where it was shown that pIgR is also 408 

downregulated but this defect, which was related to IL-4R activation, does not persist in ALI 409 

culture of the AE from asthma patients (52), suggesting distinct mechanisms driving epithelial 410 

pathology in asthma and COPD. 411 

Aside from these findings, our study demonstrates that ciliated cell hypoplasia – with decreased 412 

FOXJ1 and DNAI1 gene expression – also persists in long-term ALI cultures from COPD 413 

patients. In addition, it shows that goblet cell hyperplasia persists in smokers, as witnessed by 414 

SPDEF upregulation which remains higher in active smokers and ex-smokers that quitted for 415 

less than 4 years, as compared with ex-smokers that quitted for more than 4 years (Figures 3F 416 

and S2E). These results corroborate previous findings indicating that this secretory trait relates 417 

more directly to smoking rather than to the disease (25).  418 

In contrast with those changes, some abnormalities are only observed in short-term culture, 419 

such as EMT. EMT is a dynamic process where cells lose their epithelial features and gain 420 

mesenchymal properties, including migratory abilities, which is required for normal 421 
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embryogenesis (type I EMT), tissue repair (type II), or cancer metastasis (type III). In COPD, 422 

airway fibrosis probably follows persistent type II EMT (53). It has been reported that ALI-AE 423 

from COPD patients spontaneously exhibit mesenchymal features and that cigarette smoke may 424 

induce EMT in control HBEC (7), possibly as a result of TGF-β signalling (19). Accordingly, 425 

our results show overexpressed EMT features (vimentin expression, fibronectin release) in the 426 

AE from control smokers and COPD patients during the first weeks of culture. However, these 427 

features further vanish from weeks 3-4 onwards, with complete disappearance occurring earlier 428 

in smoker controls (around week 4) than in COPD (around week 8-10). Moreover, we highlight 429 

that, even though EMT markers are vanishing, the COPD AE remains prone to reactivate EMT 430 

programming upon inflammatory condition, suggesting the existence of a priming state in the 431 

COPD AE, imprinted by previous (in vivo) exposures that condition its responses to further 432 

stimulation. As observed for EMT, upregulation of IL-8/CXCL-8 release by the smokers’ and 433 

COPD AE is also fading away from week 7 onwards. In contrast, IL-6 overproduction persisted 434 

up to 10 weeks in both smokers’ and COPD AE. Finally, in vitro exposure to inflammatory 435 

cytokines reproduced or aggravated alterations in barrier and polarity features as well as EMT 436 

in controls’ and COPD AE, respectively.  437 

The fundamental mechanisms of these observations question the nature of epithelial memory. 438 

Inflammatory memory refers to memories of previous immune events enabling barrier tissues 439 

to rapidly recall distinct environmental exposures, which may be stored not only in immune 440 

cells but also in epithelial and mesenchymal cells (31). It was proposed that the memory 441 

distribution could promote maladaptation in disease particularly if cellular cooperation is 442 

potentiated (i.e. collective memory owing to different cell types) during recall responses. 443 

Progenitor basal cells are prime candidate to retain epithelial memory in the airways, as do 444 

epithelial progenitors in the skin towards mechanical stress (54) or in the gut towards dietary 445 

components (55). Interestingly, it was recently shown that WNT signalling that is involved in 446 
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the later form of epithelial memory and may regulate stemness and tumorigenicity, is 447 

upregulated in the COPD AE (47). In line with the recent hypothesis that basal cells serve as 448 

repositories of allergic inflammatory memory in respiratory epithelial cells (31), one could 449 

propose that airway basal cells also store the memory of repeated injuries by previous exposures 450 

to toxics.  451 

Our study has limitations. First, an effect of treatments (especially inhaled corticosteroids in 452 

severe patients) on the findings cannot be excluded. However, in vitro studies on intestinal cell 453 

lines and primary human bronchial and nasal epithelial cells in ALI-culture showed 454 

dexamethasone-induced increases in TEER, claudin-2 (56), and E-cadherin (57, 58) expression, 455 

while budesonide exposure of ALI-HBEC counter-acted CS-induced barrier dysfunction (59). 456 

In addition, dexamethasone and fluticasone propionate improved TGF-β1-induced EMT in 457 

A549 cells and in primary airway nasal cells (60), suggesting that corticosteroids may rather 458 

improve barrier function and EMT changes. Second, the imprinting observed in this model of 459 

ex vivo reconstituted epithelium, that involves (following differentiation of basal cells to a 460 

pseudostratified epithelium) long-term culture of non-dividing cells, should be confirmed in 461 

other models such as organoids and culture following multiple passages.  462 

In conclusion, this study demonstrates that the AE from smokers and COPD stores the memory 463 

of its native state and previous insults from cigarette smoking, as well as additional signals that 464 

underlie the disease itself. This memory is multidimensional, including alterations in barrier 465 

function, epithelial polarity, and lineage differentiation, as well as IL-6 release and propensity 466 

to EMT reprogramming. In line with other studies, we suggest that the COPD AE memory is 467 

imprinted in progenitor basal cells, which contribute to the persistence of disease by serving as 468 

repositories for toxic inflammatory memories in the airways.  469 
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Tables 617 

 618 

 Non-smoker 

controls 

(n=10) 

Smoker controls 

(n=15) 

COPD 1-2 

(n=13) 

COPD 3-4 

(n=13) 

 

N (Male/Female) 10 (4/6) 15 (11/4) 13 (6/7) 13 (5/8) ns 

Age (y) 68.7 ± 13.2 64.2 ± 9.0 64.4 ± 9.5 59.8 ± 4.6 ns 

Smoking history 

(never/former/current n) 
10/0/0 0/10/5 0/4/9 0/13/0 p=0.001 

Pack-years 0.0 ± 0 32.5 ± 20.7* 43.1 ± 19.6* 43.2 ± 23.1* p<0.0001 

If applicable, duration since 

smoking cessation (mo) 
NA 154.0 ± 154.1 50.0 ± 55.5 90.6 ± 87.0 ns 

FEV1 (% of PV) 104.8 ± 15.5 95.5 ± 14.7 74.1 ± 9.7*# 23.6 ± 6.1*#¶ p<0.0001 

FEV1/VC ratio (%) 79.4 ± 6.9 78.5 ± 6.8 59.9 ± 9.3*# 45.3 ± 17.0*#¶ p<0.0001 

DLCO (% of PV) 77.7 ± 13.0 69.9 ± 14.1 59.2 ± 19.1* 35.6 ± 8.0*#¶ p<0.0001 

BMI (kg.m-2) 27.8 ± 5.7 26.7 ± 5.2 25.4 ± 5.8 23.8 ± 4.0 ns 

Inhaled corticosteroids 

(n/total N) 
0/10 1/15 1/13 12/13 p<0.0001 

Table 1 | Patient cohort for ALI-cultures. Data are presented as mean ± SD, unless otherwise stated. Demographic data, lung function tests, smoking history 

and inhaled corticotherapy are stated for the patient groups, classified according to smoking history and the presence and severity of airflow limitation. ALI, 

air/liquid interface; BMI, body mass index; COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity of the lung for CO; FEV1, forced 

expiratory volume in 1 s; mo, months; PV, predicted values; SD, standard deviation; VC, vital capacity; y, years. 

* = p<0.05 compared to non-smoker controls 
# = p<0.05 compared to smoker controls 
¶ = p<0.05 compared to COPD stage 1-2 patients 

ns, not significant 

 619 
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Figures legends 620 

Figure 1 | COPD and smokers AE displays persistent decreased TEER compared with 621 

non-smokers AE. 622 

A-D. TEER in the ALI-AE from non-smokers and smoker controls and COPD patients (GOLD 623 

classification from 1 to 4 according to the spirometric severity of the disease). Severe and very 624 

severe COPD AE show a sharp decrease in TEER as compared with (non)-smokers at all time 625 

periods (1 to 8 weeks), that is also observed to a lesser extent in mild and moderate COPD  626 

E-G. The barrier dysfunction observed in COPD, witnessed by the TEER decrease, 627 

significantly correlates with the disease severity assessed by the FEV1. This is observed from 628 

2 weeks ALI (E) up to 8 weeks (G). 629 

H. Longitudinal analysis of the evolution of the TEER in the ALI-AE from non-smokers, 630 

smoker controls, mild-to-moderate COPD and (very) severe COPD patients, showing a 631 

smoking-related persistent barrier dysfunction that is further enhanced in COPD. °, #, §, £,  < 632 

0.0001, $, ¶ < 0.001, mixed model analysis.  633 

*, **, ***, **** indicate p-values of less than 0.05, 0.01, 0.001, and 0.0001, respectively 634 

(analysed using the Kruskal-Wallis test followed by Dunn’s post-hoc test, except for H). Bars 635 

indicate median ± interquartile range, except for H, mean ± SEM. °: CT NS versus Smo; #: CT 636 

NS versus COPD 1-2, §: CT NS versus COPD 3-4, $: CT S versus COPD 1-2, £: CT S versus 637 

COPD 3-4, ¶: COPD 1-2 versus COPD 3-4 638 

AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 639 

disease; FEV1, forced expired volume in 1 second; GAPDH, glyceralderhyde-3-phosphate 640 

dehydrogenase; NS, non-smokers; SEM, standard error of the mean; Smo, smokers; TEER, 641 

transepithelial electric resistance; w, weeks. 642 

 643 

Figure 2 | COPD and smokers AE displays decreased E-cadherin and occludin protein 644 

expression compared with non-smokers AE. 645 

A-D. Decreased E-cadherin protein levels at 1 and 3 weeks, but no more at 6 and 9 weeks, in 646 

smoker controls and COPD ALI-AE as compared with that of non-smokers. 647 

E-G. Decreased occludin protein levels, observable from 3 weeks up to 9 weeks, in smoker 648 

controls and COPD ALI-AE as compared with that of non-smokers. 649 

H. Occludin decrease in COPD AE significantly correlates with disease severity witnessed by 650 

the FEV1. 651 
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I. Representative blots for E-cadherin in non-smokers and very severe COPD AE, at 1 and 3 652 

weeks, showing decreased expression of E-cadherin at these time periods in COPD. 653 

J. Representative blots for occludin in non-smokers and very severe COPD AE, at 6 and 9 654 

weeks, showing decreased expression of occludin at these time periods in COPD. 655 

*, **, *** indicate p-values of less than 0.05, 0.01, and 0.001, respectively (analysed using the 656 

Kruskal-Wallis test followed by Dunn’s post-hoc test). Bars indicate median ± interquartile 657 

range.  658 

AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 659 

disease; FEV1, forced expired volume in 1 second; NS, non-smokers; ns, not significant; SEM, 660 

standard error of the mean; Smo, smokers; w, weeks. 661 

 662 

Figure 3 | Altered differentiation programming in smoker controls and COPD patients. 663 

A. Decreased MYB expression in smokers and COPD AE, at 1, 2, and 8 weeks ALI culture. 664 

Longitudinal analysis shows a strong, persistent down expression as compared with non-665 

smokers. Right graph: #, § < 0.0001, ° < 0.001, £ = 0.07, mixed model analysis. 666 

B. Decreased FOXJ1 expression in smokers and COPD AE, at 1, 2, and 8 weeks ALI culture. 667 

Longitudinal analysis shows a strong, persistent down expression as compared with non-668 

smokers. Right graph: #, § < 0.0001, ° < 0.001, mixed model analysis. 669 

C. Decreased DNAI1 expression in smokers and COPD AE, at 2, 4 and 8 weeks ALI culture. 670 

Longitudinal analysis shows a strong, persistent down expression as compared with non-671 

smokers. Right graph: #, §, ° < 0.0001, mixed model analysis. 672 

D. MYB, FOXJ1, and DNAI1 downregulation in COPD patients correlates moderately with the 673 

disease severity, assessed by the FEV1. 674 

E. Increased SPDEF expression in smokers AE as compared with non-smokers at 2, 4 and 8 675 

weeks ALI culture. Moreover, complementary longitudinal analysis shows increased 676 

expression in smokers as compared with COPD. Right graph: #, § < 0.01, £ < 0.05, mixed model 677 

analysis. 678 

F. SPDEF expression is decreased in smokers who quitted smoking for more than 4 years.  679 

*, **, ***, **** indicate p-values of less than 0.05, 0.01, 0.001, and 0.0001, respectively 680 

(analysed using the Kruskal-Wallis test followed by Dunn’s post-hoc test, except for 681 

longitudinal data, mixed model). Bars indicate median ± interquartile range, except for 682 

longitudinal analysis, mean ± SEM. °: CT NS versus Smo; #: CT NS versus COPD 1-2, §: CT 683 

NS versus COPD 3-4, £: CT S versus COPD 3-4. 684 
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AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 685 

disease; CT, control; FEV1, forced expired volume in 1 second; HKG, housekeeping genes; 686 

NS, non-smokers; SEM, standard error of the mean; Smo, smokers; w, weeks.  687 

 688 

Figure 4 | COPD-related EMT features fade away after 7 to 10 weeks ALI culture. 689 

A. Increased vimentin expression rapidly (1 week) disappears in smokers but persists up to 5 690 

weeks in (very) severe COPD AE. 691 

B. Illustrative gels from non-smokers and very severe COPD-derived AE at 1, 3 and 5 weeks, 692 

illustrating the vimentin increased content in COPD. 693 

C. Increased fibronectin release disappears after 1 week ALI culture in smokers AE, after 4 694 

weeks in mild-to-moderate COPD AE, while it persists up to 7 weeks in (very) severe COPD 695 

AE. 696 

D. Longitudinal analysis of the fibronectin release over time. °, # < 0.05; § < 0.01, mixed model 697 

analysis. 698 

*, **, *** indicate p-values of less than 0.05, 0.01, and 0.001, respectively (analysed using the 699 

Kruskal-Wallis test followed by Dunn’s post-hoc test, except for D, mixed model). Bars 700 

indicate median ± interquartile range, except for D, mean ± SEM. °: CT NS versus Smo; #: CT 701 

NS versus COPD 1-2, §: CT NS versus COPD 3-4. 702 

AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 703 

disease; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, non-smokers; ns, not 704 

significant; SEM, standard error of the mean; Smo, smokers; w, weeks. 705 

 706 

Figure 5 | Impaired polarity, witnessed by a disruption and a delayed acquisition of the 707 

PIGR/SC system, is imprinted in the COPD AE. 708 

A. SC apical release in ALI-AE from smokers and COPD patients is decreased as compared 709 

with non-smokers, from 2 weeks culture onwards, up to 10 weeks. 710 

B. SC decreased release in the COPD AE moderately correlates with the disease severity, 711 

witnessed by the FEV1. Longitudinal analysis of SC apical release demonstrates a decreased 712 

release in smokers and mild-to-moderate COPD, as compared with non-smokers. This impaired 713 

SC production is enhanced in (very) severe COPD AE.  714 

°, #, § < 0.0001; £, ¶ < 0.001, mixed model analysis. 715 

C. PIGR gene expression is not significantly decreased in (very) severe COPD ALI-AE at 716 

separate time-points, as depicted here at 8 weeks (see also Figure S4B), but longitudinal 717 

analysis shows a significant decrease in PIGR expression in (very) severe COPD AE as 718 
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compared with non-smokers, smokers and mild-to-moderate COPD. £, ¶ < 0.001, § < 0.01, mixed 719 

model analysis. 720 

D. pIgR acquisition is delayed during the differentiation of the AE in COPD as compared with 721 

non-smokers, as represented at 2 weeks ALI culture, and catches it up only after 4 weeks. 722 

*, **, ***, **** indicate p-values of less than 0.05, 0.01, 0.001, and 0.0001, respectively 723 

(analysed using the Kruskal-Wallis test followed by Dunn’s post-hoc test, except for 724 

longitudinal analysis in B and C, mixed model). Bars indicate median ± interquartile range, 725 

except for longitudinal analysis in B and C, mean ± SEM. 726 

°: CT NS versus Smo; #: CT NS versus COPD 1-2, §: CT NS versus COPD 3-4, £: CT S versus 727 

COPD 3-4, ¶: COPD 1-2 versus COPD 3-4 728 

AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 729 

disease; FEV1, forced expired volume in 1 second; GAPDH, glyceraldehyde-3-phosphate 730 

dehydrogenase; HKG, housekeeping genes; NS, non-smokers; ns, not significant; pIgR, 731 

polymeric immunoglobulin receptor; PV, predicted values; SC, secretory component; SEM, 732 

standard error of the mean; Smo, smokers; w, weeks. 733 

 734 

Figure 6 | Epithelial release of inflammatory cytokines partly persists in COPD AE. 735 

A. IL-8/CXCL-8 production by the reconstituted ALI-AE is increased in smokers and COPD 736 

at 1, 2 and 4 weeks, but disappears afterwards, although a non-significant upward trend persists. 737 

°, #, § < 0.0001, mixed model analysis. 738 

B. IL-6 production by the reconstituted ALI-AE is increased in smokers and COPD and persists 739 

up to 9 weeks. 740 

*, ** indicate p-values of less than 0.05 and 0.01, respectively (analysed using the Kruskal-741 

Wallis test followed by Dunn’s post-hoc test, except for longitudinal analysis, mixed model). 742 

Bars indicate median ± interquartile range, except for longitudinal analysis, mean. °, #, § < 743 

0.0001, mixed model analysis. 744 

°: CT NS versus Smo; #: CT NS versus COPD 1-2, §: CT NS versus COPD 3-4. 745 

AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 746 

disease; IL, interleukin; NS, non-smokers; ns, not significant; SEM, standard error of the mean; 747 

Smo, smokers; w, weeks. 748 

 749 

Figure 7 | Cytokine activation triggers COPD-like epithelial changes. 750 
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A. Epithelial inflammation, driven by exogenous TNF-α, IL-1β and IL-6, induces barrier 751 

dysfunction, witnessed by a dramatic decrease in TEER that is present in each group (NS, Smo, 752 

COPD 1-2, COPD 3-4). 753 

B-D. Cytokine-induced epithelial inflammation induces EMT in smokers and COPD-derived 754 

ALI AE, witnessed by increased fibronectin release at 1, 2 and 4 weeks (B) and vimentin 755 

expression at 4 weeks (D). The absolute increase in fibronectin and vimentin was significantly 756 

higher in COPD AE than in controls (pooled smokers and non-smokers) (C, D). 757 

E. Cytokine-induced epithelial inflammation deteriorates the epithelial polarity, witnessed by 758 

the SC apical release. No difference was seen in (very) severe COPD, due to low baseline levels. 759 

*, **, ***, **** indicate p-values of less than 0.05, 0.01, 0.001, and 0.0001, respectively 760 

(analysed using the Mann-Whitney test for B, C and D, and a mixed model for A and E). Bars 761 

indicate median ± interquartile range for B, C and D, and mean ± SEM for A and E. 762 

AE, airway epithelium; ALI, air-liquid interface; COPD, chronic obstructive pulmonary 763 

disease; CT, controls; EMT, epithelial-to-mesenchymal transition; GAPDH, glyceraldehyde-3-764 

phosphate dehydrogenase; IL, interleukin; NS, non-smokers; ns, not significant; SC, secretory 765 

component; SEM, standard error of the mean; Smo, smokers; TEER, transepithelial electric 766 

resistance; TNF-α, tumour necrosis factor α; w, weeks. 767 

 768 

 769 
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