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Abstract 
Background: In cystic fibrosis, the respiratory epithelium is the target tissue of both the genetic abnormality of the disease and of external aggressions, notably by pathogens (Pseudomonas aeruginosa). A detailed characterisation of the cystic fibrosis bronchial epithelium is however lacking, as most previous studies focused on the nasal epithelium or on cell lines. This study aimed to characterise the abnormal phenotype and epithelial-to-mesenchymal transition in cystic fibrosis bronchial epithelium and to evaluate in cystic fibrosis cell cultures whether abnormalities persist ex vivo. 
Methods: Explant lung tissues (n=44) were assessed for bronchial epithelial cell phenotyping by immunostaining. Human bronchial epithelial cells were derived from basal cells isolated from cystic fibrosis patients or control donors and cultured in air-liquid interface for 2, 4 or 6 weeks. 
Results: Enhanced mucin 5AC and decreased β-tubulin expression were observed in cystic fibrosis airways reflecting a decreased ciliated/goblet cell ratio, associated with increased number of vimentin-positive cells, indicating epithelial-to-mesenchymal transition process. These features were recapitulated in vitro, in cystic fibrosis-derived reconstituted epithelium. However, they were not induced by CFTR inhibition or Pseudomonas infection, and most abnormalities tended to disappear in long-term culture (6 weeks) except for increased fibronectin release, an epithelial-to-mesenchymal transition marker. 
Conclusions: This study provides new insights into airway epithelial changes in cystic fibrosis, which are imprinted through an acquired mechanism that we could not relate to CFTR function.
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Introduction 
The respiratory epithelium is the first barrier against inhaled pathogens and covers the airways from the nose to the terminal respiratory bronchioles [1]. It is composed by four main cell types (ciliated cells, goblet cells, basal cells and club cells) and acts as a chemical, immunological as well as physical barrier. Physical properties are permitted by apical junction complexes that are composed by tight and adherens junctions. Tight junctions are composed by occludins (zonula-occludens 1 (ZO) among other), and adherens junctions are formed by E-cadherin, α- and β-catenins. Apical junctions complexes interact with the cytoskeleton and play a critical role in epithelial polarisation and permeability [2]. 
[bookmark: _Hlk66613301]Cystic fibrosis (CF) is one of the most common genetic disease in Caucasian population, caused by mutations on the cystic fibrosis transmembrane conductance regulator (CFTR) gene. Lung disease in CF is characterised by recurrent opportunistic infections (e.g. to Pseudomonas aeruginosa), associated with chronic inflammation [3]. The airway epithelium, intrinsically altered through the genetic defect in CFTR function, is therefore particularly exposed and its integrity is susceptible to be further affected by pathogens or other external agents [2].
Autopsy studies showed early pulmonary changes in CF patients such as bronchiectasis, squamous metaplasia or goblet cells hyperplasia [4-6]. More recently, different studies focused on epithelial specification in CF bronchial biopsies or lung explants, with increased proliferative zones and basal cell hyperplasia [7, 8], glandular hyperplasia [8, 9], and increased mucins-expressing cells [8, 10]. Some of these features were reproduced in vitro in the upper airway epithelium. Of note, basal cell hyperplasia observed in cultured nasal epithelial cells isolated from CF patients could be reproduced by adding inflammatory mediators in control cultures [11]. Ciliated cells, whose number and function are decreased in chronic obstructive pulmonary disease (COPD) [1], seem also decreased in CF-derived nasal cultures [11]. 
Epithelial-to-mesenchymal transition (EMT) is a phenomenon by which a polarised epithelium de-differentiate into mesenchymal cells. This physiological process during development and repair involves loss of polarity/epithelial markers (such as ZO-1 or E-cadherin), enhanced migratory capacity and acquisition of mesenchymal features like spindle shape, the expression of vimentin and the secretion of extracellular matrix proteins like fibronectin. After aggression, EMT allows mesenchymal cells to migrate on the lesion. Once cells form a layer, they can re-differentiate into a mucociliary epithelium. However, upon chronic inflammation, persisting EMT may lead to remodelling [12]. Different studies showed that remodelling occurs in CF, but the presence of EMT remains elusive. Only one study assessed the expression of EMT markers (fibronectin and N-cadherin), increased in IB3 cells, a cell line derived from a CF bronchial epithelium, compared with the C38 control cell line [13]. Concordantly with previous data showing that TGF-β signalling promotes EMT, these features were reversible upon TGF-β inhibition in IB3 cells [13]. In addition, TGF-β expression is increased in CF and associated with a thickening of the reticular basement membrane (RBM) [14] like in other chronic obstructive diseases [15]. Finally, it remains unclear to which extent airway epithelial changes are directly related to CFTR dysfunction or to secondary alterations following repeated infections or chronic inflammation.
This study aimed to characterise cellular populations and EMT in the airway epithelium from a large cohort of CF patients, and to evaluate whether these changes could be recapitulated in vitro, in the reconstituted bronchial epithelium.


Materials and Methods 
See Supplementary materials and methods for experi-
mental details.

Patients
[bookmark: _Hlk57058726]Lung tissue were obtained from 44 patients, which included explants obtained from 20 patients with end-stage CF disease, compared with lung tissue from 24 control patients undergoing lung surgery for a solitary lung tumour (n=20) or unused lung donors (n=4). 24 patients were enrolled for cell culture, which included 10 control subjects and 14 patients with severe CF (Table 1). 

Table 1. Patient characteristics.
	
	Controls
	CF patients
	All
	P-value

	Lung tissue series
	Subjects, n
	24
	20
	44
	

	
	Sex, F/M
	13/11
	10/10
	23/21
	

	
	Age, years (mean  SD)
	[bookmark: OLE_LINK2]58 ± 13
	31 ± 9
	46 ± 17
	p < 0.0001

	
	Genotype, F508del homozygous/F508del heterozygous/other mutations
	NA
	12/4/2
	NA
	

	
	Smoking history, never/former/current
	19/2/3
	17/1/2
	36/3/5
	

	
	FEV1, % predicted (n = 39) (mean  SD)
	95 ± 17
	26 ± 6
	61 ± 37
	p < 0.0001

	Human-derived epithelial cells series
	Subjects, n
	10
	14
	24
	

	
	Sex, F/M (n = 20)
	1/9
	6/8
	7/17
	

	
	Age, years (mean  SD)
	56 ± 16
	32 ± 12
	42 ± 18
	p < 0.0001

	
	Genotype, F508del homozygous/F508del heterozygous/other mutations
	NA
	7/6/1
	NA
	

	
	Smoking history, never/former/current
	3/1/6
	12/1/1
	15/2/7
	

	
	FEV1, % predicted (n = 19) (mean  SD)
	98 ± 12
	30 ± 18
	48 ± 35
	p < 0.0001

	
	Subjects, n (short-term culture)
	10
	14
	24
	

	
	Subjects, n (long-term culture)
	5
	7
	12
	

	
	Subjects, n (CFTR inhibition)
	3
	
	3
	

	
	Subjects, n (vPAO1 infection)
	6
	
	6
	


Definition of abbreviations: CF, cystic fibrosis; F, female; M, male; FEV1, forced expiratory volume in the first second; NA, not applicable; vPAO1, virulent PAO1. N is specified in the left column when data are missing. 

Immunohistochemistry for β-tubulin, MUC5AC, p63 and vimentin
[bookmark: _Hlk57058827]Lung samples were fixed in 4% formaldehyde and embedded in paraffin wax. Paraffin lung were immunostained for β-tubulin (Sigma-Aldrich, Saint-Louis, MO, USA), MUC5AC (OriGene Technologies Inc., Rockville, MD, USA), p63 (Dako, Carpinteria, CA, USA) and vimentin (Dako). As negative controls, we used corresponding control isotypes diluted at the same concentration as related primary antibody. Images were acquired with a SCN400 slide scanner (Leica Biosystems, Newcastle, United Kingdom). Quantification of the staining relative area or the number of stained cells was performed with TissueIA software (Leica) on intact tissue sections, using the same threshold, which was adjusted using negative control. Results were expressed as the percentage of stained area or percentage of stained nuclei for nuclear staining. Quantification of the epithelial shedding and epithelium thickening were manually performed with Author software (Visiopharm®) and were expressed as the percentage of concerned perimeter (epithelial shedding length/total bronchial perimeter and epithelium thickness > 100 µm length/total bronchial perimeter). 100 µm is equivalent to 200 % of the mean of control epithelium height (51.63 µm). Quantification of the reticular basement membrane thickening was manually performed with ImageJ software and was expressed as the mean of reticular basement membrane height in µm.  

[bookmark: _Hlk43824352]Basal cell isolation and primary culture of human bronchial epithelial cells
[bookmark: _Hlk57058904]Digested cells from bronchus were sorted as described [16]. Basal cells (CD151+/CD142+) were selected and cultured as non-sorted human bronchial epithelial cells (HBEC) [17]. Air-liquid interface (ALI) condition was applied for 2, 4 or 6 weeks. Basal media, apical washes and cell lysates were then harvested for further analyses. At each timepoint, the transepithelial electrical resistance (TEER) was determined using a Millicell-ERS Volt-Ohm Meter (Merk Millipore, Darmstadt, Germany). Measure of a blank resistance (of the semipermeable membrane only) was subtracted to each measure and then each measure was expressed in Ω/mm². 
[bookmark: _Hlk73899456][bookmark: _Hlk66625002]After culture for 2 weeks in ALI condition, primary HBEC were stimulated with 25 µl of 10 µM CFTR inhibitors (CFTRinh-172, GlyH-101 or PPQ-102) (CF Foundation) at apical pole and in the basal medium for 48 h (n=3) or with 25 µl of virulent Pseudomonas aeruginosa PAO1 laboratory strain at the apical pole for 4h. After virulent PAO1 exposure, cells were rinsed with sterile phosphate buffered saline (PBS) and incubated for 30 min with PBS gentamycin 50 µg/ml (Sigma-Aldrich), followed by incubation in ALI condition for additional 48 h [18]. Sterile PBS was used as control condition. Doses used in CFTR inhibitors and virulent PAO1 stimulations did not affect cell viability, according to lactate dehydrogenase assay. Basal media, apical washes and cell lysates (for western blot or RT-qPCR) were then harvested. 

[bookmark: _Hlk43824553]Virulent PAO1 preparation
[bookmark: _Hlk57059042]Virulent PAO1 was prepared as described [18]. 

[bookmark: _Hlk43824691]Western blot for fibronectin, vimentin, E-cadherin, occludin, β-tubulin and glyceraldehyde 3-phosphate dehydrogenase
Cells were analysed for fibronectin, vimentin, E-cadherin, β-tubulin and occludin by western blot and quantification (normalised with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was performed by using Quantity One software (Bio-Rad, Hercules, USA). 

ELISA for fibronectin
HBEC basal media and fibronectin standard (Sigma) were coated in plates with bicarbonate buffer overnight, at 4°C. After blocking with PBS BSA 1%, detection was performed with a first incubation with mouse anti-fibronectin (BD Pharmingen), followed by a second incubation with HRP-linked anti-mouse IgG (Sigma), for 1 h each. Revelation was performed with 3,3',5,5'-tetramethylbenzidine and stopped with H2SO4 1.8 M.

Reverse transcription and real-time polymerase chain reaction for ciliated cell lineage genes (MCIDAS, MYB, RFX2, FOXJ1, DNAI1, DNAI2), SPDEF, TJP1 and VIM 
RNA was extracted by the phenol-chloroform method. After reverse-transcribed, the expression levels were quantified by real-time quantitative polymerase chain reaction (RT-qPCR). To control the specificity of the amplification products, a melting curve analysis was performed. Samples were run and the copy number was calculated from the standard curve. Data analysis was performed using Bio-Rad CFX software (Bio-Rad). Expression levels of target genes (Table S1) were normalised to the geometric mean of the values for the 3 housekeeping genes (RPS13, RPS18 and RPL27).

Immunohistochemistry for β-tubulin, MUC5AC, E-cadherin, cytokeratin (CK) 6, Ki67 and vimentin on HBEC
HBEC were fixed in 4% formaldehyde and embedded in agar 2% and then in paraffin wax. HBEC inserts were immunostained for β-tubulin (Sigma-Aldrich), MUC5AC (OriGene Technologies Inc.), E-cadherin (Dako), CK6 (LSBio, Seattle, WA, USA), Ki67 (Abcam, Cambridge, United Kingdom) and vimentin (Dako). As negative controls, we used corresponding control isotypes diluted at the same concentration as related primary antibody. Images were acquired with a SCN400 slide scanner (Leica Biosystems). Quantification of the staining relative area or the number of stained cells was performed with QuPath (University of Edinburg, United Kingdom) on intact sections, using the same threshold, which was adjusted using negative control. Results were expressed as the percentage of stained area or percentage of stained cells.  

Statistical analysis
GraphPad Prism 8.0.2 software (GraphPad Inc., San Diego, CA, USA) and SPSS (IBM) were used for statistical analysis. Normality of the distributions were first assessed. Comparisons between two groups were performed using a Mann-Whitney U-test (non-parametric data). Multiple group comparisons of paired, non-parametric data were performed with Friedman test. Comparisons were considered as significant if p-value was under 0.05.

Ethics statement
All patients received information and signed a written consent to the study protocol, which was approved by the local clinical Ethical committee (Ref. protocol “CLARA” 2005/22SEP/149 – update 29/11/2016 (UCLouvain) and Ref. S51577, S52174, S55877 (KULeuven)).


Results 

Altered airway epithelial specification in CF lungs
[bookmark: _Hlk75695692][bookmark: OLE_LINK1]The main epithelium cell types were first assessed by immunostaining on lung tissues from CF patients and controls. We observed increased MUC5AC staining – goblet cells – in the bronchial epithelium from CF patients, compared with controls (Figure 1A-B) and a decreased β-tubulin staining – ciliated cells (Figure 1C-D). As cigarette smoke has been shown to induce MUC5AC expression [19], we evaluated the impact of the smokers on MUC5AC measurements in our cohort. When excluding all the active and former smokers (n=8), MUC5AC stained area was still increased in CF patients, compared with controls (37.75%, 28.39-47.75% versus 17.36%, 8.680-29.05%; median, interquartile range, **p=0.0091). In contrast, p63-positive basal cells were not affected (Figure 1E-F). This altered specification defect was associated with EMT-related dedifferentiation, as evidenced by an increased number of vimentin-positive spindle-shaped cells in bronchial epithelium from CF patients, compared with controls (Figure 1G-H). This was associated with a thickening of the basement membrane, a trend of increased epithelial shedding and epithelium height (Figure S1).
[image: ]
[bookmark: _Hlk57317432][bookmark: _Hlk73997197]Figure 1. Airway epithelial differentiation is altered in the lung from patients with severe CF. (A) Epithelial MUC5AC immunostaining in a large airway from one representative control and one representative CF patient. (B) MUC5AC staining quantification in the bronchial epithelium from 20 CF patients, as compared with 24 controls (*p = 0.0040). (C) Epithelial β-tubulin IV immunostaining in a large airway from one representative control and one representative CF patient. (D) β-tubulin IV staining quantification in the bronchial epithelium from 20 CF patients, as compared with 22 controls (*p = 0.0251). (E) Epithelial p63 immunostaining in a large airway from one representative control and one representative CF patient. (F) Percentage of p63-positive cells in the bronchial epithelium from 19 CF patients, as compared with 24 controls (p = 0.1612). (G) Epithelial vimentin immunostaining in a large airway from one representative control and one representative CF patient. (H) Number of vimentin-positive cells per field in the bronchial epithelium from 20 CF patients, as compared with 21 controls (***p = 0.0005). P-values were determined by Mann-Whitney test. Bars indicate median and interquartile ranges. CF, cystic fibrosis; MUC5AC, mucin 5AC. Scale bar, 50 µm. 

Altered airway epithelial differentiation in cultured CF cells
[bookmark: _Hlk75110537][bookmark: _Hlk75111754][bookmark: _Hlk75111702][bookmark: _Hlk73903907][bookmark: _Hlk74081095]We used ALI cultures derived from FACS-sorted basal cells of CF and control patients, enabling us to study the lower airway epithelium from CF patients whilst avoiding culture infections [20]. We evaluated whether alterations in the (multi)ciliated lineage, the junctional properties and EMT features were maintained ex vivo. We focused our work on ciliated cells since goblet cells hyperplasia has already been widely studied [9, 10] and, after 2 weeks in ALI culture, CF-derived epithelium displayed decreased β-tubulin protein expression, as compared with controls (Figure 2A-B), while SPDEF tended to increase (Figure 2C) and MUC5AC stained area did not differ in CF reconstituted epithelium (Figure S2A-D). In addition, expression of genes related to multiciliated cell lineage (MCIDAS, MYB and FOXJ1) were affected in reconstituted CF epithelium, compared with control cells (Figure 2D-F). Gene expression of the dynein complex of respiratory cilia (DNAI1 and DNAI2) also tended to decrease in CF cells, compared with control cells (Figure 2G-H). As observed at 2 weeks in ALI culture, β-tubulin expression was decreased until 4 weeks in bronchial cells derived from CF patients, compared with controls (Figure 2I-J). This decrease disappeared after 6 weeks of ALI culture (Figure 2K-L). Similarly, proportion of β-tubulin-stained cells decreases in CF cells, compared with control cells (Figure 2M-N) at 2 weeks in ALI culture, while no difference is observed after 6 weeks of ALI culture (Figure 2O-P). Cilia were distinguished only in 3 out of 10 control HBEC at 2 weeks in ALI culture versus 1 out of 9 CF culture and noted in 2 out of 4 control cells culture versus 2 out of 7 CF HBEC at 6 weeks.
[image: ]
[bookmark: _Hlk57317779][bookmark: _Hlk73996525][bookmark: _Hlk73997279]Figure 2. Epithelial specification is altered in the cultured CF epithelium. (A) Representative western blot for ciliated cells marker β-tubulin in CF HBEC, compared with control HBEC in ALI culture for 2 weeks. (B) β-tubulin protein expression in 8 CF HBEC, compared with 5 control HBEC in ALI culture for 2 weeks (*p = 0.0295). (C) SPDEF (p = 0.0631), (D) MCIDAS (*p = 0.0304), (E) MYB (**p = 0.0019), (F) FOXJ1 (*p = 0.0343), (G) DNAI1 (p = 0.1925), (H) DNAI2 (p = 0.0635) mRNA expression (corrected for housekeeping genes) in 13 CF HBEC, compared with 9 control HBEC in ALI culture for 2 weeks. (I) Representative western blot for ciliated marker β-tubulin in CF HBEC, compared with control HBEC in ALI culture for 4 weeks. (J) β-tubulin protein expression in 7 CF HBEC, compared with 5 control HBEC in ALI culture for 4 weeks (*p = 0.0101). (K) Representative western blot for ciliated marker β-tubulin in CF HBEC, compared with control HBEC in ALI culture for 6 weeks. (L) β-tubulin protein expression in 7 CF HBEC, compared with 5 control HBEC in ALI culture for 6 weeks (p = 0.5301). (M) β-tubulin IV immunostaining in HBEC from one representative control and one representative CF patient at 2 weeks in ALI culture. (N) β-tubulin IV staining quantification in HBEC from 9 CF patients, as compared with 10 controls, in ALI culture for 2 weeks (*p = 0.0547). (O) β-tubulin IV immunostaining in HBEC from one representative control and one representative CF patient at 6 weeks in ALI culture. (P) β-tubulin IV staining quantification in HBEC from 7 CF patients, as compared with 4 controls, in ALI culture for 6 weeks (p = 0.9999). P-values were determined by Mann-Whitney test. Bars indicate median and interquartile ranges. CF, cystic fibrosis; HBEC, human bronchial epithelial cells; ALI, air-liquid interface; SPDEF, sterile α motif-pointed domain containing ETS transcription factor; MCIDAS, multiciliate differentiation and DNA synthesis associated cell cycle protein; FoxJ1, forkhead box J1; DNAI, dynein axonemal intermediate chain; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Scale bar, 50 µm.

[bookmark: _Hlk75110983][bookmark: _Hlk73901632]In order to further assess epithelial integrity, junctional proteins and EMT markers were investigated. After 2 weeks in ALI culture, whereas expression of junctional proteins and TJP1 gene were maintained (Figure 3A-D, Figure S2E-F), we observed a decreased TEER in CF-derived epithelium compared to control culture (Figure 3E). E-cadherin and occludin expression, as well as barrier function (through TEER), were reduced in cells after 4 weeks (Figure 3F-I) and restored at 6 weeks in ALI culture (Figure 3J-M, Figure S2G-H). 
[image: ]
[bookmark: _Hlk57317977]Figure 3. Junctional properties are altered in the cultured CF epithelium. (A) Representative western blot for junction proteins in CF HBEC, compared with control HBEC in ALI culture for 2 weeks. (B) E-cadherin (p = 0.5237) and (C) occludin (p = 0.3543) protein expression in 8 CF HBEC, compared with 5 control HBEC in ALI culture for 2 weeks. (D) TJP1 (p = 0.7938) mRNA expression (corrected for housekeeping genes) in 13 CF HBEC, compared with 9 control HBEC in ALI culture for 2 weeks. (E) TEER in 8 CF HBEC, compared with 7 control HBEC in ALI culture for 2 weeks (**p = 0.0012). (F) Representative western blot for junction proteins in CF HBEC, compared with control HBEC in ALI culture for 4 weeks. (G) E-cadherin (**p = 0.0016) and (H) occludin (**p = 0.0051) protein expression in 7 CF HBEC, compared with 5 control HBEC in ALI culture for 4 weeks. (I) TEER in 8 CF HBEC, compared with 7 control HBEC in ALI culture for 4 weeks (*p = 0.0293). (J) Representative western blot for junction proteins in CF HBEC, compared with control HBEC in ALI culture for 6 weeks. (K) E-cadherin (p = 0.7551) and (L) occludin (p = 0.4318) protein expression in 7 CF HBEC, compared with 5 control HBEC in ALI culture for 6 weeks. (M) TEER in 8 CF HBEC, compared with 7 control HBEC in ALI culture for 6 weeks (p = 0.0813). P-values were determined by Mann-Whitney test. Bars indicate median and interquartile ranges. CF, cystic fibrosis; HBEC, human bronchial epithelial cells; ALI, air-liquid interface; TJP1, tight junction protein 1; TEER, transepithelial electrical resistance; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

[bookmark: _Hlk75111212][bookmark: _Hlk73901742][bookmark: _Hlk73900142][bookmark: _Hlk75110727]Concerning EMT, increased fibronectin release and VIM mRNA expression were measured at 2 weeks in ALI culture (Figure 4A-E). Fibronectin expression and release tended to be higher at 4 weeks with a significant difference persisting at 6 weeks in ALI culture (Figure 4F-H, J-L), while increased vimentin seen at mRNA level at 2 weeks was not found at protein level at 4 and 6 weeks in ALI culture (Figure 4I, M). Similarly, vimentin-stained area increased in CF cells, compared with control cells (Figure 4N-O) at 2 weeks in ALI culture, while no difference is observed after 6 weeks of ALI culture (Figure 4P-Q). Ki67 stained cells highlighted cell proliferation and CK6 early stage of squamous metaplasia, but no difference was measured between CF-derived cells and controls at 2 and 6 weeks in ALI culture (Figure S2I-P). However, CF epithelium displayed spindle-shaped cells and was thinner than control epithelium (Figure S2Q-R).
[image: ] 
[bookmark: _Hlk57318307]Figure 4. Epithelial dedifferentiation is observed in the cultured CF epithelium. (A) Representative western blot for EMT markers in CF HBEC, compared with control HBEC in ALI culture for 2 weeks. (B) Fibronectin expression in 8 CF HBEC, compared with 5 control HBEC (p = 0.2222) and (C) fibronectin release in basolateral medium of 13 CF ALI-HBEC, compared with 8 control HBEC in ALI culture for 2 weeks (*p = 0.0198). (D) Vimentin expression in 8 CF HBEC, compared with 5 control HBEC (p = 0.0932) and (E) VIM mRNA expression (corrected for housekeeping genes) in 13 CF HBEC, compared with 9 control HBEC in ALI culture for 2 weeks (*p = 0.0304). (F) Representative western blot for EMT markers in CF HBEC, compared with control HBEC in ALI culture for 4 weeks. (G) Fibronectin in 7 CF HBEC, compared with 5 control HBEC (p = 0.2020) and (E) fibronectin release in basolateral medium of 8 CF ALI-HBEC, compared with 6 control HBEC in ALI culture for 4 weeks (p = 0.8916). (I) Vimentin expression in 7 CF HBEC, compared with 5 control HBEC in ALI culture for 4 weeks (p = 0.2020). (J) Representative western blot for EMT markers in CF HBEC, compared with control HBEC in ALI culture for 6 weeks. (K) Fibronectin expression in 7 CF HBEC, compared with 5 control HBEC (*p = 0.0480) and (L) fibronectin release in basolateral medium of 8 CF ALI-HBEC, compared with 6 control HBEC in ALI culture for 6 weeks (***p = 0.0032). (M) Vimentin expression in 7 CF HBEC, compared with 5 control HBEC in ALI culture for 6 weeks (p = 0.1061). (N) Vimentin immunostaining in HBEC from one representative control and one representative CF patient at 2 weeks in ALI culture. (O) Vimentin staining quantification in HBEC from 9 CF patients, as compared with 10 controls, in ALI culture for 2 weeks (*p = 0.0400). (P) Vimentin immunostaining in HBEC from one representative control and one representative CF patient at 6 weeks in ALI culture. (Q) Vimentin staining quantification in HBEC from 7 CF patients, as compared with 4 controls, in ALI culture for 6 weeks (p = 0.5273). P-values were determined by Mann-Whitney test. Bars indicate median and interquartile ranges. CF, cystic fibrosis; EMT, epithelia-to-mesenchymal transition; HBEC, human bronchial epithelial cells; ALI, air-liquid interface; VIM, vimentin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Scale bar, 50 µm. 

Airway epithelial differentiation and EMT are not directly related to CFTR dysfunction or Pseudomonas infection 
As some aspects of EMT-related dedifferentiation were maintained in vitro, we wondered whether these defects could be reproduced upon CFTR inhibition in control cultures. We measured no difference in the expression of genes related to multiciliated cell lineage and of the dynein complex of cilia, while CFTR function was repressed in control HBEC by three different inhibitors (Figure 5A-D). Moreover, we could not reproduce EMT features observed in CF-derived HBEC (Figure 5E-F). 
[bookmark: _Hlk41313741]Finally, we assessed the ability of virulent PAO1 to drive EMT-related dedifferentiation. We observed no difference in the expression of genes related to multiciliated cell phenotype in HBEC, 48 h after exposition to virulent PAO1 (Figure 5G-J). Despite a trend for increased fibronectin release, VIM mRNA levels did not differ after virulent PAO1 exposure (Figure 5K-L). 
[image: ]
[bookmark: _Hlk57318496]Figure 5. Airway epithelial differentiation and EMT are not related to CFTR dysfunction or Pseudomonas infection. (A) MCIDAS, (B) MYB, (C) FOXJ1, (D) DNAI1 and (E) VIM mRNA expression (corrected for housekeeping genes) in 3 control ALI-HBEC, treated during 48 h with 10 µM of CFTRinh172, GlyH-101 or PPQ-102. (F) Fibronectin release in basolateral medium of 3 control ALI-HBEC, treated during 48 h with 10 µM of CFTRinh172, GlyH-101 or PPQ-102. (G) MCIDAS, (H) MYB, (I) FOXJ1, (J) DNAI1 and (K) VIM mRNA expression (corrected for housekeeping genes) in 5 control ALI-HBEC, stimulated during 48 h with vPAO1. (L) Fibronectin release in basolateral medium of 6 control ALI-HBEC, stimulated during 48 h with vPAO1 (p = 0.0932). P-values were determined by Wilcoxon test. Bars indicate median and interquartile ranges. CFTR, cystic fibrosis transmembrane regulator; HBEC, human bronchial epithelial cells; ALI, air-liquid interface; MCIDAS, multiciliate differentiation and DNA synthesis associated cell cycle protein; FoxJ1, forkhead box J1; DNAI, dynein axonemal intermediate chain; vPAO1, virulent PAO1; VIM, vimentin; CF, cystic fibrosis. 


Discussion 
[bookmark: _Hlk57059298]This study provides new evidence that epithelial cell differentiation is altered in the bronchi of a large cohort of CF patients. Increased MUC5AC and decreased β-tubulin expression are observed in CF lower airways, associated with increased number of vimentin-positive cells. In addition, a methodology enables to reconstitute the airway epithelium from CF lungs following basal cell isolation where these features can be recapitulated ex vivo, indicating an ‘imprinting’ of the CF epithelium for several indices of impaired integrity. This is not reproduced upon CFTR inhibition or virulent PAO1 infection on HBEC, suggesting that the underlying mechanism is independent from CFTR dysfunction as well as from Pseudomonas aeruginosa infection alone. Interestingly, the altered specification for ciliated cells, higher permeability as well as mesenchymal phenotype that were observed at 2 and/or 4 weeks in CF cultures as compared with controls, are no longer observed at 6 weeks, except for fibronectin secretion. This indicates that these epithelial changes are not genetically imprinted.
[bookmark: _Hlk75110481][bookmark: _Hlk73897208][bookmark: _Hlk73899819][bookmark: _Hlk73999950][bookmark: _Hlk73999976][bookmark: _Hlk74000020]Pulmonary epithelial changes in CF are suggested for decades [4], but systematic phenotypic studies in lung tissues or in vitro models using primary culture lack. We first confirm, in a large cohort of patients, a goblet cells hyperplasia witnessed by an increased MUC5AC expression in CF epithelium [4-6]. This was also demonstrated by Burgel et al. on lung explants [10]. Moreover, Henderson et al. reported the presence of mucus plugs and intracellular MUC5AC and MUC5B in CF lungs [21], although no difference in MUC5AC volume of epithelial staining was observed in bronchial biopsies in a smaller CF population [9]. In addition to goblet cells, basal cells hyperplasia and squamous metaplasia have been described [4, 22]. In our cohort however, we observe no difference in p63+ basal cells proportion between CF and control bronchi, in line with Dupuit et al. study, describing no basal cells hyperplasia in nasal polyps [23]. However, in our study, only intact epithelium is analysed to avoid bias caused by the incidence of the cutting. Proliferative areas have been already described in CF lung [7], associated with surface epithelium shedding [23]. In addition, we observed a RBM thickening, which was reported by different studies, in contrast with Durieu et al. that described thinning [24-26]. These contradictory results might be respectively explained by temporal difference between repair processes and proteolytic degradation [26], thus highlighting different stages of the epithelial remodelling. 
[bookmark: _Hlk75110854][bookmark: _Hlk74082758][bookmark: _Hlk75110237][bookmark: _Hlk75097310]Decreased β-tubulin expression suggests cilia and/or ciliated cells defect. Loss of cilia was noticed in autopsies from young CF patients [4]. We confirm these data both in lung tissues and in primary HBEC, but this alteration is maintained in CF epithelial culture after 2 and 4 weeks in ALI only. While cilia were distinguished in a higher proportion of control HBEC versus CF HBEC until 6 weeks, the potential loss of specific CF phenotype at 6 weeks could relate on an epigenetic mechanism, that can be modulated by the in vivo environment, rather than on a direct link to CFTR dysfunction or infection, as Pseudomonas aeruginosa stimulation and CFTR inhibition do not influence the expression of the studied proteins. At 2 weeks of ALI culture, decreased expression of genes related to ciliated lineage (MCIDAS, MYB and FOXJ1) suggests that the ciliated cell defect is imprinted, since it is also observed in the epithelium derived from basal/stem cells and cultured in vitro up to 4 weeks, as previously shown in CF nasal epithelial cells [11]. Conversely, no difference in ciliogenesis was measured in coculture of CF nasal epithelium and fibroblasts [27] and during regeneration of CF nasal polyps grafted in rat trachea [28]. In addition, no cilia beating impairment was observed under basal conditions in pig trachea [29]. This discrepancy could be related to the use of models with various complexity:  contrary to surface epithelial cells isolated from CF patients and redifferentiated in vitro, cells grafted in trachea or trachea removed from piglets (including submucosal glands) did not display ciliogenesis or cilia beating defects. Altered ciliated cells generation is a feature that has been demonstrated in asthma [30] and in COPD, which shares other characteristics with CF like goblet cells hyperplasia and squamous metaplasia [31]. In this last study, the authors observed changes in cell types proportion related partly with TGF-β. This cytokine is known to be increased in COPD [15] and in lung tissue of CF patients [14], and is largely implicated into EMT process. 
During EMT, a well-differentiated polarised epithelium de-differentiates into mesenchymal cells, characterised among others by their spindle shape, vimentin expression and fibronectin secretion [12]. In our study, altered cell specification is associated with increased vimentin-positive cells, suggesting EMT-related remodelling in CF lung. Upregulated vimentin expression is maintained when progenitor/stem basal cells differentiated in vitro, although only increased fibronectin secretion remains up to 6 weeks of ALI culture in CF cells, suggesting as the most persistent feature. If EMT process has been suggested in CF cell lines in the literature, it is the first time that it is shown in lung tissue or on primary HBEC. Indeed, previous studies focused on CF nasal epithelium [28] and a CF cell line [13]. We demonstrate that EMT markers and ciliated cells defect disappear after 6 weeks of ALI culture and could not be induced in control HBEC by CFTR inhibition. This supports that CF bronchial cells are intrinsically abnormal, although not arguing for a CFTR direct consequence. Similar memory of EMT features at first and reversibility over time were shown in COPD-derived HBEC [15, 32]. In mechanistic studies, chronic inflammation was associated with epigenetic changes able to activate EMT features [33]. In addition, it remains possible that the in vitro environment (e.g. retinoic acid or other supplements to the culture medium) could be responsible for epithelial changes by affecting epigenetic modifications [34] and thereby suppress the CF epithelial changes following long-term culture, almost completely abolished in our study at 6 weeks. 
Finally, Pseudomonas aeruginosa infection alone could not reproduce in vitro epithelial abnormalities. In line with this, only an indirect effect was demonstrated through activated alveolar macrophages cell lines by Pseudomonas [35].
[bookmark: _Hlk75111361]Finally, recent studies have highlighted basal cells subsets. Clonogenic variants of stem cells in COPD airways were observed, able to commit to metaplastic lesions that, in turn, promote the fibrotic and inflammatory processes observed in COPD [36]. Carraro et al. have shown different subsets of basal cells, one of them that could not be maintained in vitro, and measured differences in gene expression networks in CF cells, notably reduced expression of cell division-related genes in proliferating basal cells as well as metabolism or immune function related-genes [37]. While we did not observe difference in terms of p63-positive cells and proliferation, a deeper characterisation of CF basal cells would be of interest since some features observed in COPD are shared in CF and that differential expression was observed in CF basal cells subsets.
[bookmark: _Hlk66551452]One limitation of our study relates to the end-stage status of CF patients and smoking status of controls recruited for tissue samples (lung explants and cell cultures), while ethical issues preclude the access to early-diseased tissue or healthy patients. In addition, cell cultures in ALI condition display some features observed in vivo in CF (and in other respiratory diseases) but do not recapitulate the complexity of the airways and display difference in terms of cell populations (notably basal cell subtypes), compared to in vivo. Therefore, an animal model of CF lung disease could help to further study the molecular mechanism of the changes acquired in the airway epithelium of CF patients, but currently mouse models mostly fail to reproduce intrinsic, CFTR-related lung disease [38]. 
In conclusion, we show for the first time a ciliated cell defect and several signatures of impairment of the airway epithelium integrity, including EMT, in a large cohort of CF patients. Cultures of bronchial basal cells re-differentiated in vitro highlight that some features of this phenotype can be recapitulated in the CF lung, likely through an epigenetic mechanism that is reversible (in long-term culture) and that we could not relate to CFTR dysfunction, although external issues (e.g. inflammatory environment, submucosal glands cells) might also have an important role. 
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