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INTRODUCTION

Lung transplantation (LTx) is a treatment option for patients with terminal chronic respiratory failure. Improvements in surgical skills and progress in post-transplant management have led to a significantly better prognosis over the last decade [START_REF] Chambers | International Society for Heart and Lung Transplantation. The Registry of the International Society for Heart and Lung Transplantation: Thirty-fourth Adult Lung And Heart-Lung Transplantation Report-2017; Focus Theme: Allograft ischemic time[END_REF] . However, longterm survival remains limited with a median survival of about 6 to 8 years, mostly conditioned by chronic lung allograft dysfunction (CLAD). The most common CLAD phenotype is called bronchiolitis obliterans syndrome (BOS), characterized by small airway fibrosis with obstructive physiology and obliterative bronchiolitis (OB) pathology [START_REF] Shah | Update in Chronic Lung Allograft Dysfunction[END_REF] . This inflammatory state eventually results in multiple foci of partial or complete bronchiolar obliterations, due to granulation polyps and extracellular matrix (ECM) deposition [START_REF] Belperio | Chronic lung allograft rejection: mechanisms and therapy[END_REF][START_REF] Müller | Early extracellular matrix changes are associated with later development of bronchiolitis obliterans syndrome after lung transplantation[END_REF] .

Impaired bronchial epithelium repair following repeated injuries could play a major role in BOS development [START_REF] Meyer | An international ISHLT/ATS/ERS clinical practice guideline: diagnosis and management of bronchiolitis obliterans syndrome[END_REF] . One possible source of fibroblasts recruitment could consist of epithelial-mesenchymal transition (EMT) [START_REF] Pain | Tissue remodelling in chronic bronchial diseases: from the epithelial to mesenchymal phenotype[END_REF] , which takes place upon tissue fibrosis and wound healing [START_REF] Jolly | Epithelial-mesenchymal transition, a spectrum of states: Role in lung development, homeostasis, and disease[END_REF] . After LTx, repeated epithelial injuries could be responsible for EMT dysregulation.

In BOS patients, bronchial epithelial cells lose their epithelial properties and gain mesenchymal cells' morphology and phenotype, as characterized by cell migration and invasion, along with expression of ECM proteins like collagens and fibronectin [START_REF] Hodge | Posttransplant bronchiolitis obliterans syndrome is associated with bronchial epithelial to mesenchymal transition[END_REF][START_REF] Borthwick | Inflammation and epithelial to mesenchymal transition in lung transplant recipients: role in dysregulated epithelial wound repair[END_REF] . Several signaling pathways that may induce EMT are common findings following LTx, e.g., transforming growth factor-β (TGF-β) pathway, especially TGF-β1. High TGF-β1 levels have been detected in bronchio-alveolar lavage fluid (BALF) at 24 hours post-transplantation in patients who later developed BOS [START_REF] Magnan | Balance between alveolar macrophage IL-6 and TGF-b in lung-transplant recipients. Marseille and Montréal Lung Transplantation Group[END_REF] . Bortwick et al. [START_REF] Borthwick | Epithelial to mesenchymal transition (EMT) and airway remodelling after human lung transplantation[END_REF] demonstrated that treating bronchial epithelial cells with TGF-β1 reduced the expression of epithelial transmembrane proteins (Ecadherin) and increased that of mesenchymal proteins (vimentin and fibronectin), representing a shift towards a mesenchymal phenotype. In addition, TGF-β1 promoted MMP-9 production and likewise favored collagen-1 and fibronectin deposition [START_REF] Pain | T Cells Promote Bronchial Epithelial Cell Secretion of Matrix Metalloproteinase-9 via a C-C Chemokine Receptor Type 2 Pathway: Implications for Chronic Lung Allograft Dysfunction[END_REF] .

EMT dysregulation could be induced by cell-derived microparticles (MPs) [START_REF] Gopal | Extracellular vesicles: their role in cancer biology and epithelial-mesenchymal transition[END_REF] , namely cell fragments formed through the blebbing of cell plasma membrane and then released in biological fluids or tissues, following physiological or pathological cell stimulation [START_REF] Morel | Microparticles: a critical component in the nexus between inflammation, immunity, and thrombosis[END_REF] . These MPs can be distinguished from exosomes or apoptotic bodies by both their size (50-1000 nm) and way of production. MPs production is correlated to apoptosis and stress activity [START_REF] Aupeix | The significance of shed membrane particles during programmed cell death in vitro, and in vivo, in HIV-1 infection[END_REF] , and a bi-anionic phospholipid, phosphatidylserin (PhtdSer), is exposed on MPs' external surface [START_REF] Vallier | Microparticles and Fibrinolysis[END_REF] .

With composition characteristic of their parental cell, such as RNAs, miRNAs, proteins, or cytoplasm, these MPs are involved in both cell-cell communication and information carrying [START_REF] Jia | Endothelial Cell-Derived Microparticles from Patients with Obstructive Sleep Apnea Hypoxia Syndrome and Coronary Artery Disease Increase Aortic Endothelial Cell Dysfunction[END_REF][START_REF] Constantinescu | Exocrine cell-derived microparticles in response to lipopolysaccharide promote endocrine dysfunction in cystic fibrosis[END_REF] . In the lungs, MPs are present in the pulmonary blood circulation [START_REF] Bakouboula | Procoagulant membrane microparticles correlate with the severity of pulmonary arterial hypertension[END_REF] and airways, primarily retrieved in the past from sputum [START_REF] Porro | Isolation and characterization of microparticles in sputum from cystic fibrosis patients[END_REF] and BALF [START_REF] Novelli | Procoagulant, tissue factor-bearing microparticles in bronchoalveolar lavage of interstitial lung disease patients: an observational study[END_REF] . Previous studies showed that MPs can play a role in the pathophysiology of pulmonary arterial hypertension [START_REF] Bakouboula | Procoagulant membrane microparticles correlate with the severity of pulmonary arterial hypertension[END_REF] , cystic fibrosis [START_REF] Porro | Isolation and characterization of microparticles in sputum from cystic fibrosis patients[END_REF] and lung interstitial diseases [START_REF] Novelli | Procoagulant, tissue factor-bearing microparticles in bronchoalveolar lavage of interstitial lung disease patients: an observational study[END_REF] .

So far, MPs have been mostly investigated in the setting of organ and tissue transplantations [START_REF] Bakouboula | Significance of membrane microparticles in solid graft and cellular transplantation[END_REF] . Concentration of circulating MPs was revealed increased in rejection cases, e.g., in the event of acute cardiac graft rejection [START_REF] Morel | Endothelial cell activation contributes to the release of procoagulant microparticles during acute cardiac allograft rejection[END_REF] , humoral or cellular rejection following pancreatic islet transplantation [START_REF] Toti | Studies of circulating microparticle release in peripheral blood after pancreatic islet transplantation[END_REF] , or acute liver rejection [START_REF] Morgul | The value of microparticles in detecting acute rejection episodes after liver transplantation[END_REF] .

Our study sought to confirm the impact of EMT on BOS development. Considering the previous findings about MPs and allograft rejection in other organ models [START_REF] Bakouboula | Significance of membrane microparticles in solid graft and cellular transplantation[END_REF][START_REF] Morel | Endothelial cell activation contributes to the release of procoagulant microparticles during acute cardiac allograft rejection[END_REF][START_REF] Toti | Studies of circulating microparticle release in peripheral blood after pancreatic islet transplantation[END_REF][START_REF] Morgul | The value of microparticles in detecting acute rejection episodes after liver transplantation[END_REF] , we hypothesized that MPs could contribute to EMT and play a role in BOS onset. Our objectives were:

-To confirm EMT to be present in OB lesions using immunohistochemistry (IHC) analysis in explanted lungs from patients re-transplanted for severe BOS; -To characterize and phenotype circulating MPs in transplanted patients, with or without BOS, in order to determine the possibility to use them as biomarkers; -To evaluate the potential role of leukocyte-derived MPs on EMT in human bronchial epithelial cells in vitro.

MATERIALS AND METHODS

Patients

Blood and tissue samples were obtained from patients at the Strasbourg University Hospital, participating to the multicenter COLT study (Cohort in Lung Transplantation, NCT00980967), after the study protocol had been approved by the ethical committee (Comité de Protection des Personnes Ouest 1-Tours, 2009-A00036-51).

Histological and IHC analysis of explanted lungs with OB

To confirm the presence of EMT in BOS, we performed a pathological evaluation of bronchial epithelium associated with an IHC analysis on explanted lungs.

Lung biopsy samples were taken from explanted lungs of 9 patients who had to undergo re-transplantation for severe BOS, with paraffin-embedded tissue blocks available.

Four-micrometer-thick sections were prepared and stained with hematoxylin eosin (HE).

Immunohistochemical staining was performed with ready-to-use antibodies and an automated IHC/ISH slide staining system (VENTANA medical systems, Tucson, AZ 85755 USA). We used the following epithelial or mesenchymal membrane antibodies: beta-catenin (clone 14, BD transduction, dilution at 1/200); E-cadherin (clone EP700Y, MM France, dilution at 1/200); vimentin (Clone V9, Dako, dilution at 1/400); alpha-smooth muscle actin (α-SMA) (clone 1A4, Dako, 1/500 dilution).

Immunophenotyping of circulating microparticles

To investigate the potential interest of MPs as biomarkers to detect BOS, we collected peripheral blood samples from lung transplant patients. Our goal was to confirm that it was possible to process circulating MPs, quantify them and to perform an immunophenotyping to determine their cellular origin.

We randomly selected 10 lung transplanted patients from our cohort, five with BOS and five without BOS. Microparticles were isolated from citrated fresh blood samples by double ultracentrifugation: the first one (13,000g, 5 min), to remove apoptotic bodies and cellular debris and the second one (13,000g, 1h, 4°C), to wash and concentrate them. Microparticles were then immediately stored at -80°C for further analysis. This procedure was previously validated as mainly yielding MPs while excluding larger apoptotic bodies [START_REF] Jy | Measuring circulating cell-derived microparticles[END_REF] . The MPs capture system uses the high affinity of annexin-5 (ann-5) for PhtdSer (Kd 10-10 M) and also streptavidine's affinity for biotin (Kd 10-14 M). Microparticles were captured at the bottom of wells covered with covently immobilized streptavidin (Roche, France) and passed by incubation of a human albumin solution (5g/l) in PBS buffer. The biotynilated ann-5 (600 ng/ml) was fixed after 1 hour of incubation at 37°C, followed by three washes using PBS.

Samples containing MPs were deposited (100 µl/well) and incubated for 30 minutes at 37°C. The quantification of captured MPs was performed using a functional prothrombinase assay where concentrations of purified clotting factors (Factor Xa, Factor Va, and prothrombin) and calcium were determined in an effort to ensure PhtdSer was the rate-limiting parameter of thrombin generation from prothrombin [START_REF] Jy | Measuring circulating cell-derived microparticles[END_REF][START_REF] Hugel | Measuring circulating cell-derived microparticles[END_REF] . Thrombin generation is dependent on PhtdSer content, which proves to be proportional to the quantity of immobilized MPs. Results have been expressed as nanomolar PhtdSer equivalent (nM PhtsSer Eq) by reference to a standard curve constructed with liposomes of known PhtdSer concentrations [START_REF] Hugel | Measuring circulating cell-derived microparticles[END_REF] . MPs were then isolated using monoclonal antibodies (mAbs) (mAb against CD217, CD105, CD66b, and E-cadherin) for lymphocytes, endothelial cells, neutrophils, and epithelial cells, respectively. We selected CD217 and CD66b to highlight some type of leukocyte-derived MPs. Bakouboula et al [START_REF] Bakouboula | Procoagulant membrane microparticles correlate with the severity of pulmonary arterial hypertension[END_REF] showed that MPs bearing CD105 were increased in pulmonary arterial blood compared with venous blood in patients with PAH, confirming their pulmonary origin. E-cadherin is an epithelial protein, which is involved in EMT.

Concerning the capture using mAbs, background values obtained with irrelevant immunoglobulins G (IgGs) of corresponding isotypes were subtracted from those measured with specific mAbs.

Cell cultures

In order to investigate the potential role of leukocytes-derived MPs on bronchial epithelial cells, we used an in vitro model with BEAS-2B cells (ATCC, Manassas, VA), a cell line derived from normal human bronchial epithelium, in order to treat them with MPs and cytokines.

BEAS-2B cells were grown in functionalized culture boxes for adherent cells in RPMI 1640 (biowhittaker, Walkerville, MD, USA) containing 2mM glutamine, 4.5g/L glucose, nonessential amino acids, 1% penicillin/streptomycin (10.000U penicillin/mL and 10.000U streptomycin/mL), gentamycin, and 10% fetal bovine serum (FBS). The optimal seeding rate was determined at 25 000 cells/cm 2 , and a 90% confluence was reached within 3 days.

To produce leukocyte-derived MPs, we used human monocytes THP-1 (ATCC, Manassas, VA), grown in culture medium RPMI 1640 containing 2.5g/L glucose and 2mM glutamine, supplemented with 1% penicillin/streptomycin, 0.2% ß-mercaptoethanol (20µL/mL), and 10% FBS. These cells were added with a concentration of 200 000 cells/mL.

Production and determination of monocyte-derived microparticles

We stimulated THP-1 monocytes for 24 hours (h) with P. Aeruginosa LPS in order to imitate the kind of infectious stress happening after a LTx, at a concentration of 10µg/ml so as to produce THP-1-derived MPs (MPLPS). The MPs emitted in the supernatant were collected by doing two successive ultracentrifugations (13000g for 5 minutes and 13000g for 1h, 4°C).

They were then stored in a culture media without FBS, under sterile conditions, at 4° C for a maximum of 5 weeks. MPs derived from non-stimulated THP-1 monocytes were isolated in the same manner as controls (MPCTL). The MP concentration was measured by prothrombinase assay, as described above.

Treatment of BEAS-2B cells

The treatments of BEAS-2B cells were initiated at 20-30% confluence during 24 h, 48 h, or 72 h. The agents used were as follows: MPLPS (30nM), MPCTL (30nM), TGF-β1 (10ng/mL), TNF-α (20ng/mL), TGF-β1+TNF-α, or actinomycin D (0.5µg/mL). Stimulation with TGF-β1 was used as positive control to induce EMT. In reference to previous study data [START_REF] Borthwick | Inflammation and epithelial to mesenchymal transition in lung transplant recipients: role in dysregulated epithelial wound repair[END_REF] , we determined the optimum concentrations and durations of stimulation by either TGF-β1 or combined TGF-β1+TNF-α. Given these different stimulation conditions, we assessed morphological changes, EMT specific membrane protein expression, and functional abilities.

For each test, a population of un-stimulated cells was observed as negative control.

Membrane protein expression analysis using Western blot

EMT is responsible for a transformation of epithelial cells into mesenchymal cells, including a major modification of membrane proteins expression. To investigate these changes, we performed Western Blot analysis on some proteins involved in EMT.

Following stimulation, BEAS-2B cells were washed twice in PBS and proteins were extracted in a specific lysis buffer, in the presence of protease inhibitors (Complete ® Roche) and N-ethylonaleimide 20. Proteins (20µg deposited for each experimental condition) were separated by size with a 10% polyacrylamide gel electrophoresis at 100V for 2 h and then transferred to nitrocellulose membranes (Amersham) at 100V for 2 h. Non-specific link sites were saturated using an ambient-temperature blocking solution. The membranes were then incubated with primary mAbs specifically directed against E-cadherin (1/1000; Abcam), an epithelial protein and vimentin (1/1000; Abcam), a mesenchymal protein. After several washes with PBS-Tween buffer, the membranes were incubated with the corresponding secondary antibody for 1h at room temperature and then washed prior to detection by means of enhanced chemiluminescence (Amersham, GE Healthcare). Density analysis was performed using ImageQuant LAS 4000 imager (GE Healthcare). In addition, we assessed the level of inflammation upon stimulation with cytokines and MPs by measuring the expression of iκB protein. Western Blot was done in total protein. For each stimulation condition, the results corresponded to the ratio between the target protein and maintenance protein (βtubulin).

Scratch test

After EMT, cells develop mesenchymal characteristics and are not attached to the basal membrane anymore, which is responsible for an increased mobility. In order to investigate functional changes in BEAS-2B cells and in their ability to fill a gap in a confluent cell layer, we performed wound healing assay.

The BEAS-2B cells were inoculated to 2.10 5 cells/cm 2 under standard culture conditions. After 24 h, with the help of a rigid non-swivel scraper, uniform breaches were performed through the cell layer. The cells were then washed with culture medium RPMI 1640 and incubated in the same culture media, depending on the different stimulation conditions (MPCTL, MPLPS or TNF-α + TGF-β1), within a final volume of 1mL. Pictures were taken every 24h over 72h, with the total surface of the breach measured using the ImageJ software. The percentage of gap filling was then calculated by reporting the gap size at different times in relation to the size at T0, for each stimulation condition.

Statistical analysis

The set of manipulation sequences was duplicated at least three times (n ≥ 3). The data have been expressed as mean ± standard error (SEM). The Student's t-test was employed for quantitative tests. The ANOVA test with repeated measures was applied for statistical comparison between groups with paired values. Difference was considered statistically significant at p <0.05. The software for statistical analysis used was GraphPad Prism 5.0. In the graphic representations, a star means (*) p <0.05, two stars (**) mean p <0.01, and three stars (***) p <0.001.

Supplemental method 1: Interaction between MPs and BEAS-2B cells

In this study, we wanted to investigate the abilities of our MPs to be incorporated into BEAS-2B cells membrane. MPs were labeled using the PKH26 lipid probe (Kit SIGMA-ALDRICH), centrifuged (14000g, 1 h, 4° C) in 1mL of DPSS, and then incubated in the dark for 5 minutes at room temperature. The reaction was stopped by adding 1mL of FBS and 500μL of DPSS. MPs were centrifuged (14000g, 45 min, twice), suspended in RPMI, and incubated (37° C, 5% CO2) at a concentration of 10nM Phtdser with BEAS-2B cells for 6 h, 24 h or 48 h. Following stimulation, the cells were observed by fluorescence microscopy. The fluorescence intensity was evaluated using flow cytometry (FACSCalibur, Becton Dickinson). The cells ratio labeled by PKH26 was the percentage of cells with incorporated MPs, calculated on 10000 events.

RESULTS

Immunohistochemistry analysis in explanted lung tissue from BOS patients

The aim of this study was to confirm the presence of EMT in BOS. We included nine patients who underwent a second LTx for treatment of severe BOS. The main patient characteristics have been summarized in Table 1. The mean time between first LTx and BOS diagnosis was 3.5 ± 0.8 years, and the mean time between BOS diagnosis and second LTx was 2.1 ± 0.9 years. As BOS-free control lung tissue, we employed samples from donor lung lobes, removed during the transplantation procedure for size matching.

In the controls, the bronchial epithelium appeared to be normal as expected and the bronchial epithelial cells staining for E-cadherin and β-catenin were proven strong, especially on apical and lateral membranes (Figures 1A and1B). There was no staining for either vimentin or α-SMA on the bronchial epithelium (Figure 1C).

When considering BOS patients, the extent and severity of bronchiolar lesions were variable.

We observed "early" OB lesions where the HE examination revealed epithelial cell hyperplasia with squamous metaplasia and increase of height and cell crowding (Figure 2A).

E-cadherin and β-catenin staining intensities were less pronounced except at the cell apical pole (Figure 2B). In the most inflammatory areas, vimentin staining demonstrated significant changes along with basal intra-cytoplasmic signals in epithelial cells (Figure 2C).

We also observed bronchioles with more pronounced OB lesions. Epithelium showed substantial loss of organization, with some scaling or even fragmentation, loss of cylindrical appearance, and increased nucleus sizes, whereas both E-cadherin and β-catenin stainings were significantly decreased (Figures 3A and3B). The previously described intra-cytoplasmic vimentin signaling was present within a larger number of epithelial cells and in myofibroblasts (Figure 3C).

In addition, we observed completely obstructed bronchioles as stigmas of terminal OB (Figure 4A). The epithelium of the bronchioles affected by OB displayed a desquamative aspect, suggestive of metaplasia, with a loss of cell support on the basal membrane, along with the vanishing of the cells' cubic appearance and "basal-apical" polarity. The epithelial stainings had completely disappeared (Figure 4B). Mostly myofibroblasts expressing vimentin and α-SMA were still present (Figure 4C).

Quantification and immunophenotyping of circulating microparticles

In this study, we wanted to characterize circulating MPs in LTx patients. We included 10 patients with a prior lung transplantation in our center between 2008 and 2013, five with severe BOS (BO Group) and five with stable lung function as controls. Our analysis focused on quantifying and identifying the origin of circulating MPs from blood samples. Patient characteristics have been summarized in proved to be similar between both groups (Table 3).

BEAS-2B cell cultures and in vitro analysis

With this in vitro study, we wanted to assess the effect of monocytes-derived MPs on a human bronchial epithelial cell line and to induce EMT features in these cells after stimulation.

Morphological changes in BEAS-2B cells after stimulation

We observed the growth of BEAS-2B cells at 24 h, 48 h, and 72 h using reverse microscopy (10x magnification). When BEAS-2B cells were incubated with actinomycin D (0.5µg/mL), they lost adhesion to each other, with increased cell fragments observed in supernatants (figure 5A). Stimulation by TGF-β1 (10 ng/ml) or TNF-α (20 ng/ml) alone did not induce any morphological changes after 72 h (figure 5B). Combining the two cytokines induced a change in the spindle-shaped aspect of BEAS-2B cells and in the boundaries between them, without loss of adhesion (figure 5C). Stimulation by MPLPS was quite similar and induced significant morphological changes, with BEAS-2B cells appearing more stretched and displaying less identifiable cell edges without loss of adherence, looking more like stromal cells (figure 5D). Stimulation by MPCTL did not induce any morphological changes (figure 5E).

In this study, the cell stimulation with MPLPS or TGF-β1+TNF-α seemed to induce morphological EMT features.

Membrane proteins expression

We measured E-cadherin expression in order to characterize the epithelial phenotype of BEAS-2B cells, and vimentin expression in order to define the transition to a mesenchymal phenotype. The effects of monocyte-derived MPs (MPLPS and MPCTL) at 30nM and those of TGF-β1 (10ng/mL) and of TNF-α (20ng/mL) were evaluated after 72h of stimulation. The cytokinic stimulation was employed as positive control.

We observed a significant decrease in E-cadherin expression (n = 4) after 72h of stimulation with MPLPS (30 nM) (1.00 ± 0.0001 vs 0.50 ± 0.04, p= 0.0002) and after 72h of stimulation with TGF-β1 and TNF-α, whereas MPCTL showed no significant changes (1.00 ± 0.0001 vs 1.13 ± 0.47, p = 0.79) (Figure 6A).

The vimentin expression level (n = 3) increased after 72h of stimulation with MPLPS (30nM)

(1.00 ± 0.007 vs 1.433 ± 0.17, p= 0.06) and after 72h of stimulation with TGF-β1 and TNF-α (Figure 6A). Stimulation by MPCTL was not associated with any significant changes (1.00 ± 0.007 vs 1.13 ± 0.47, p = 0.67).

The total IkB protein expression (n = 4) decreased following 72h of stimulation by MPLPS (30nM) (1.00 ± 0.002 vs. 0.7 ± 0.18, (p= 0.13) whereas it remained stable following stimulation by MPCTL (1.00 ± 0.002 vs 1.02 ± 0.15, p= 0.9) (Figure 6B).

In conclusion, after 72h of stimulation with monocyte-derived MPLPS, we observed a significant decreased expression of the epithelial protein and an increase of the mesenchymal protein expression.

Evaluation of BEAS-2B cells' functional capabilities

To investigate BEAS-2B cells' ability to fill a breach on a confluent cell layer, scratch tests were performed. Non-stimulated BEAS-2B cells covered 40% of the gap after 72h. They were, however, able to cover 70% of the gap after 72h of stimulation by THP-1 MPLPS (30 nM). This breach was filled by approximately 55% after stimulation with TNF-α (20ng/mL) and TGF-β1 (10ng/mL). Stimulation by THP-1 MPCTL (30 nM) only allowed the gap to be filled by about 20% (ANOVA test with repeated measures, p=0.06) (Figures 7A and7B).

We observed an increase of mobility in BEAS-2B cells stimulated with monocytes-derived MPLPS after 72h compared to non-stimulated cells.

Supplemental results 1: MPs integration by BEAS-B cells

The BEAS-2B cells were incubated with MPLPS marked with PKH26 lipid probe. The proportion of BEAS-2B cells that absorbed monocyte-derived MPLPS or MPCTL increased over time. Six hours after stimulation, 30% MPs were integrated into cell membranes (31.23% ± for MPCTL and 29.37% ± for MPLPS, ns). The integration process increased 24 h after the stimulation (77.75% for MPCTL and 75.84% for MPLPS, ns). After 48h, more than 85% MPs were integrated, without any significant progression observed between 24 h and 48 h (Supplemental figures 1A and 1B).

DISCUSSION

Evolution of EMT stigma on BOS patients' bronchial epithelium

We observed an association between OB and a balance between destruction of the epithelium and replacement by myofibroblasts obstructing the bronchioles' lumen. We confirmed the presence of EMT in bronchial epithelium affected by OB. We hypothesize that EMT on OB could be a sequential phenomenon with a chronology that is difficult to determine precisely. In the same patient, we found OB lesions of variable severity, often associated with undamaged bronchioles, depending of the locally occurring inflammation process. Using a minor-mismatched orthotopic mouse lung transplantation model, Martinu et al [START_REF] Martinu | Spectrum of chronic lung allograft pathology in a mouse minor-mismatched orthotopic lung transplant model[END_REF] observed that OB exhibits a spectrum of severity from mild to severe, with a patchy aspect, sparing large areas of the lung. Our findings are in line with these results.

The IHC analysis confirmed EMT features to be closely related to ongoing OB injuries. E-cadherin and β-catenin staining were shown drastically decreased, while even disappearing in the bronchiolar areas most affected by OB. In these areas, intense intracytoplasmic vimentin signaling was demonstrated to occur near the epithelial cells' basal part, typically where inflammatory cells were abundant, reinforcing the hypothetical major role of inflammation in ongoing EMT on OB.

Study of circulating MPs in patients with and without BOS

The concentration of MPs carrying E-cadherin was significantly lower in patients affected by BOS, compared to our control group. One explanation for this result could be that the quantity of MPs produced by epithelial cells decreased in BOS patients. Another reason could be that the epithelial cells responsible for their release already started to transform into mesenchymal cells, inducing a decrease of E-cadherin+ MPs concentration. This finding could be an argument in favor of our hypothesis, namely the decreased expression of epithelial proteins during BOS induced by EMT, likewise involving the proteins carried by MPs. We did not observe any significant difference between our controls and those affected by BOS as for the MPs produced by other selected cell categories. This may be accounted for by the lack of statistical power due to small patient sample for this part of our research.

Another limit of this study is that the measure was made at a single time point, and at least one year after CLAD onset. It would be interesting to do the same analyses in patients within the first year after LTx, before CLAD onset or even symptoms, in order to show the interest of MPs as early biomarkers for CLAD diagnosis. These results are preliminary and must thus be confirmed by a study with a larger patient sample, including the analysis of several In the light of these results, we confirmed that it was possible to quantify MPs from peripheral blood samples in LTx patients and to perform an immunophenotyping on them. We strongly believe that MPs could represent novel non-invasive biomarkers enabling the diagnosis of BOS, maybe before symptoms onset.

Analysis in vitro of EMT features in BEAS-2B cells

In our cell model, monocyte stimulation with P. Aeruginosa LPS was intended to reproduce the infectious conditions that possibly occur following lung transplantation in order to generate MPs carrying pro-inflammatory signals. We confirmed that MPs rapidly incorporated into BEAS-2B cell membranes using PKH26 lipid probe (supplemental results).

MPs can act like bio-effectors under certain cellular stress situations. Cerri and coll. [START_REF] Cerri | Monocyte/macrophage-derived microparticles up-regulate inflammatory mediator synthesis by human airway epithelial cells[END_REF] demonstrated that monocyte/macrophage-derived MPs were able to upregulate the production of inflammatory cytokines (IL-8, MCP-1, and ICAM-1) by bronchial and alveolar epithelial cells. Monocytes derived microparticles can also induce apoptotic effects on endothelial cells [START_REF] Tamari | Monocyte-derived microparticles and exosomes induce procoagulant and apoptotic effects on endothelial cells[END_REF] . Platelet-and monocyte-derived MPs induce emission of pro-inflammatory cytokines from endothelial cells (IL-6 and MCP-1) and monocytes (Il-1β, TNFα, and Il-8), increasing inflammation following cellular stress, such as observed in sepsis. The role of proinflammatory MPs in CLAD and maybe EMT onset is a relevant issue.

EMT occurrence within bronchial epithelial cells is responsible for a complete change in the cells' phenotype [START_REF] Pain | Tissue remodelling in chronic bronchial diseases: from the epithelial to mesenchymal phenotype[END_REF][START_REF] Jolly | Epithelial-mesenchymal transition, a spectrum of states: Role in lung development, homeostasis, and disease[END_REF][START_REF] Hodge | Posttransplant bronchiolitis obliterans syndrome is associated with bronchial epithelial to mesenchymal transition[END_REF][START_REF] Borthwick | Inflammation and epithelial to mesenchymal transition in lung transplant recipients: role in dysregulated epithelial wound repair[END_REF][START_REF] Borthwick | Epithelial to mesenchymal transition (EMT) and airway remodelling after human lung transplantation[END_REF] . Our Western blot results and our other observations in vitro seem to be in line with these data. All our observations were essentially made after 72-hour stimulation and could thus be the consequence of early-stage mesenchymal cell proliferation, one cause of the bronchiolar obstruction observed in BOS.

Epithelial cells' stimulation by MPLPS also increased BEAS-2B migration capacities which filled more scratch space than with the other types of stimulation. This observation points towards a loss of adhesion to the basal membrane with increased mobility, namely specific features typical of mesenchymal cells.

Monocyte-derived MPLPS induced mesenchymal morphological and functional characteristics within the BEAS-B cells, whereas MPCTL did not induce any significant change. The nature and the impact of MPs appears, therefore, directly linked to the stimulation type, as well as the parental cell responsible of its emission.

Total IkB markers were likewise studied. Nf-kB is a transcription marker involved in proinflammatory pathway. An inflammatory environment may contribute to EMT dysregulation in OB. Therefore, we wanted to determine whether monocytes-derived MPs could participate in the maintenance of this pro-inflammatory state in addition to promoting EMT. We observed a decrease in IkB marker expression following MPLPS stimulation in favor of a release of Nf-kB and therefore a maintenance of the pro-inflammatory state. These results are in favor of an involvement of BEAS-2B cells' pro-inflammatory pathway following stimulation by MPLPS. In a next study, it will be interesting to evaluate other proteins involved in this pathway like MyD88.

Leukocyte-derived MPs induced after an infectious stress could act like an inflammatory trigger on both the onset and dysregulation of EMT in OB. However, the activation and differentiation of macrophages is known to release several pro-inflammatory cytokines but no TGF-β1. Even if the stimulation of our BEAS-2B cells by TNF-α only didn't induce any changes in favor of EMT, our results could imply that EMT could be induced by proinflammatory cytokines only, not only TGF-β1. To clarify this, a complementary exploration of the monocytes-derived MPs would be interesting to see if they carry significant amount of TGF-β1.

Our results noticeably add supplementary evidence to a growing literature in favor of EMT's major impact in BOS development. We propose the pathophysiological concept that monocytes-derived MPs could act as intercellular effectors and play a crucial role in cell signaling and in EMT onset. However, MPs' exact role in this biological process remains to be further elucidated in future studies. It should be interesting to complement our findings by further investigating the expression of other epithelial proteins (CCSP, MUC-1, β-catenin)

and mesenchymal proteins (fibronectin, MMP-9).

Our work displays several limitations we wish to highlight. The IHC study and MPs' immunephenotyping were conducted on small numbers of randomly-selected patients and our results must be considered as preliminary. Our data obtained thus need to be confirmed by larger studies involving more patients. In our IHC study on explanted graft lungs, we only performed a description of the observed EMT features, without any quantitative analysis of the EMT markers expression. Another study limitation is that we applied cell lines instead of primary cells. There is also a lack of significance in some of our results especially our Western Blot, we must then remain careful about their interpretation. The study of our cell model could be complemented by further investigating other molecules contained within the MPs using Western blot analysis. ELISA assays are scheduled to be carried out in the near future to measure the concentrations of different molecules (IL-8, MMP9, collagen 1, TGF-β1) in MPs-stimulated epithelial cell supernatants. This is aimed to look for changes in the secretory capacities of BEAS-2B. Another open issue would be to further investigate the specific role of MPs produced by the bronchial epithelial cells themselves.

We thus concluded that in our knowledge, this pilot study is the first work establishing a direct connection between MPs, EMT and BOS. Our data confirmed previous knowledge about the impact of EMT on BOS onset in LTx setting, meaning ex vivo on explanted lungs.

We demonstrated that membrane microparticles play a significant role in paracrine cellular signaling, between immune cells and bronchial epithelial cells. These interactions could therefore significantly contribute towards bronchial epithelial cells' EMT within an inflammatory environment characteristic of infectious episodes and rejection occurring postlung transplantation. ) at 0 h (D), 24 h (E) and 48 h (F); cells stimulated with monocyte-derived MPs produced with LPS (MPLPS ; 30nM) at 0 h (G), 24 h (H), and 48 h (I), and cells stimulated with TNF-α (20ng/mL) and TGF-β1 (10ng/mL) at 0 h (J), 24 h (K) and 48 h (L). B: Graphic representation (n = 3). The surface of the breccia was calculated using an image analysis program (ImageJ), with the values represented as a mean of the independent experiments. Unstimulated BEAS-2B bronchial epithelial cells covered 40% of the gap after 72 h. The cells were able to cover 70% of the gap after 72 h of stimulation with the THP-1 MPLPS (30nM) and 55% after stimulation with TNF-α (20ng/mL) and TGF-β1 (10ng/mL)

FIGURE LEGENDS

Supplemental figure 1: Measurement of the integration of monocyte-derived MPCTL and MPLPS into BEAS-2B cells. A:

The MPs marked by the PKH26 probe are applied to the BEAS-2B cells at 10nM concentration for varying durations (6 h, 24 h, and 48 h). Integration is quantified by measuring the percentage of cells expressing the PKH26 probe. After 6 h of stimulation, about 30% of MPs were integrated (31.23% for MPCTL and 29.37% for MPLPS).

After 48 h of incubation, more than 85% of MPs were integrated. There was no significance difference observed after 24 h or 48 h of stimulation. The integration of MPCTL and MPLPS was similar. B: Observation in optical microscopy: a) CTL: unstimulated BEAS-2b cells, (b) after 6 h incubation, (c) after 24 h incubation, (d) after 48 h incubation. 

  mesenchymal makers (Vimentin, MMP-9, fibronectin). It would also be interesting to measure in vitro the concentration of MPs carrying E-cadherin in the culture media from BEAS-2B cells treated with or without EMT stimulation. Our findings are in line with those from Gunasekaran et al 29 who compared circulating exosomes from LTx patients with BOS to stable LTx patients. They observed that lung-associated self-antigens (Sag), MHC class II molecules, transcription factors class II MHC trans-activator, NF-κB, MyD88 were only presents in exosomes from BOS patients, which would play a role in alloantigen-and Sagspecific immunity leading to CLAD.

Figure 1 :

 1 Figure 1: Optical microscope examination of a bronchiole cross-section from a control lung, free of bronchiolitis obliterans. Analysis in IHC. Photo after coloration in HE (A). The E-cadherin staining (brown coloration) is essentially visible at the lateral wall of the epithelial cells (B). The vimentin staining within the epithelium corresponds to the infiltration of inflammatory cells (black arrow) (C). 40x magnification, scale bar: 100 µm.

Figure 2 :

 2 Figure2: Optical microscope examination of a bronchiole cross-section with early OB lesions. Analysis in IHC. Photo after coloration in HE: epithelial cell hyperplasia with squamous metaplasia and increase of height and cell crowding (A). The E-cadherin staining is much less intense at the lateral walls of the epithelial cells but persists at the apical pole (black arrow) (B). Vimentin staining reveals intra-cytoplasmic signaling at the basal pole of several epithelial cells (black star) (C). 40x magnification, scale bar: 100 µm.

Figure 3 :

 3 Figure3: Optical microscope examination of a bronchiole cross-section with advanced OB lesions. Analysis in IHC. Photo after coloration in HE: important alterations of the epithelium structure (A). The E-cadherin staining has completely disappeared on this fragment (B). Vimentin staining is still present at the basal pole of the few epithelial cells remaining (black arrow) and strongly expressed in the proliferating myofibroblasts (black star) (C). 20x magnification, scale bar: 100 µm.

Figure 4 :

 4 Figure 4: Optical microscope examination of a bronchiole cross-section with terminal OB lesions. Analysis in IHC. Photo after coloration in HE: the epithelial cells completely disappeared, replaced by mesenchymal cells (A). The E-cadherin staining has completely disappeared (B). Vimentin staining is strongly expressed inside the proliferating myofibroblasts (black star) (C). 20x magnification, scale bar: 100 µm.

Figure 5 :

 5 Figure 5: Morphological changes in BEAS-2B cells after stimulation.Observation of the growth of BEAS-2B cells after 72h of different type of stimulations, using reverse microscopy (10x magnification). A: When BEAS-2B cells were treated with actinomycin D (0.5µg/mL), they lost adhesion to each other, with increased cell fragments observed in supernatants. B: Stimulation with TGF-β1 (10 ng/ml) alone did not induce any morphological changes compared to unstimulated cells. C: Co-stimulation with TGF-β1 (10 ng/ml) and TNF-α (20 ng/ml) induced a change in the spindle-shaped aspect of BEAS-2B cells and in the boundaries between them, without loss of adhesion. D: Stimulation by MPLPS induced significant morphological changes, BEAS-2B cells appearing more stretched and displaying less identifiable cell edges without loss of adherence. E: Stimulation by MPCTL did not induce any morphological changes.

Figure 6 :Figure 7 :

 67 Figure 6: Study of the BEAS-2B cells' expression of membrane proteins and iκB in Western blot. A:Expression of E-cadherin (n= 4) and vimentin (n= 3) on unstimulated BEAS-2B cells (Ctrl), and after 72h stimulation by TNF-α (20ng/mL) and TGF-β1 (10ng/mL) (TNF-α + TGF-β1) as positive control: significant decrease of E-cadherin expression and significant increase of Vimentin expression after cytokine stimulation. Results after 72h stimulation by monocyte THP-1-derived control MPs (MPCtrl, 30 nM) and MPs produced with LPS (MPLPS, 30 nM): significant decrease in E-cadherin expression and increase in vimentin expression after stimulation with MPLPS. B: Observation on unstimulated BEAS-2B cells (Ctrl) and after 72-hour stimulation with TNF-α (20ng/mL) and TGF-β1 (10ng/mL) (TNF-α + TGF-β1), after stimulation by monocyte-derived control MPs (MPCtrl, 30 nM) and MPs produced with LPS (MPLPS, 30 nM). There was a non-significant decrease in iκB expression after stimulation with MPLPS. Results expressed according to the ratio with the maintenance protein (β-tubulin). (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ns: not significant)

Figure 1 :

 1 Figure 1: Optical microscope examination of a bronchiole cross-section from a control lung, free of bronchiolitis obliterans.

Figure 2 :

 2 Figure 2: Optical microscope examination of a bronchiole cross section with early OB lesions.

Figure 3 :

 3 Figure 3: Optical microscope examination of a bronchiole cross-section with advanced OB lesions.

Figure 4 :

 4 Figure 4: Optical microscope examination of a bronchiole cross-section with terminal OB lesions.

Figure 5 :

 5 Figure 5: Morphological changes in BEAS-2B cells after stimulation.

Figure 6 :

 6 Figure 6: Study of the BEAS-2B cells' expression of membrane proteins and iκB in Western blot.

Figure 7 :

 7 Figure 7: Study of BEAS-2b cells' capacity to fill a gap by scratch test. A: Optical microscope observation, 4x magnification. B: graphic representation (n = 3).

Table 2 .

 2 All the samples were collected in 2014. The total MPs concentration measured in the BO group was 5.46 ± 1.2nM PhtdSer compared to 8.34 ± 1.6 nM PhtdSer in the control group (ns). The concentration of MPs carrying E-

cadherin in the BO group was significantly lower (0.02 ± 0.02nM PhtdSer) compared to the control group (0.12 ± 0.02nM PhtdSer) (p = 0.007). The concentration of other specific MPs

Table 1 : Data from patients who underwent second lung transplantation for terminal BOS 3

 1 . M: male, F: female, T1: first transplantation, T2: second transplantation, U: unilateral LTx, B: bilateral LTx, L+ IL: combined lung and islets of Langerhans transplantation, L + H: combined heart and lung transplantation, BOS year: BOS diagnosis. COPD: Chronic obstructive pulmonary disease. PHT: pulmonary hypertension.

Table 2 : Data from pulmonary transplant patients whose circulating MPs were quantified and phenotyped

 2 . M: male, F: female, Tx year: year of transplantation, Emph.

	Def: emphysema on alpha 1-antitrypsin deficiency, Pn K: diffuse cystic pneumonia, COPD:
	Chronic obstructive pulmonary disease. PHT: pulmonary hypertension. U: unilateral LTx, B:
	bilateral LTx, L+Li: combined lung and liver transplantation, L+ IL: combined lung and islets
	of Langerhans transplantation, Death: Y: yes, N: no, BOS year: BOS diagnosis.

Table 3 : Phenotyping of circulating MPs in lung transplant patients with or without BOS.

 3 Annexin 5: amount of total circulating MPs. Nature of the cells which produced the

	MPs: CD 217-: T regulator lymphocytes; CD105-: activated endothelial cells; CD66b +:
	polynuclear neutrophils; E-cadherin: membrane protein of the epithelial phenotype carried by
	MPs. We observed a significant difference between BO and control groups for the MPs
	carrying E-cadherin (p: 0.007) (**: p < 0.01).
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