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METHODS  

Human epithelial cells, reagents and antibodies 

The human bronchial epithelial cell line BEAS-2B was obtained from the American Type 

Cell collection (Manassas, VA). Cells were mycoplasma-free, cultured with F-12K Medium 

(Gibco® by Life Technologies, Saint Aubin, France) supplemented with 10% fetal bovine 

serum (FBS), and were seeded for experimentation into 6-well culture plates (Multiwell
TM

, 

Becton Dickinson Labware, Le Pont de Claix, France) or T-25 flasks (Becton Dickinson).  

Cells were plated at 0.6 x 10
6
 cells per well, and were approximately at 10

6
 cells per well 24 

hours later. Fully differentiated human air-liquid-interface airways epithelial cell cultures 

(MucilAir
TM

) were purchased from Epithelix Sarl (Geneva, Switzerland). These cells 

originated from airways of 6 non-smokers, 3 healthy smokers, and 4 COPD donors. All cells 

were tested for sterility, mycoplasma, HIV 1/2, Hepatitis B and C.  

Reagents for SDS-PAGE were purchased from Biorad (Marnes-la-Coquette, France). 

Nitrocellulose membranes and ECL detection reagents were from GE Healthcare (Velizy-
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Villacoublay, France). Proteinase inhibitor cocktail was from Sigma Aldrich (Saint-Quentin 

Fallavier, France). PhosphoSafe™ Extraction Buffer was from Novagen® EMD Millipore 

Chemicals (Fontenay-sous-Bois, France). Bicinchoninic acid (BCA) protein assay for the 

colorimetric detection and quantitation of total protein was from Fisher Scientific (Illkirch, 

France). Human IL-6 and IL-8 concentrations in cell cultures supernatants were determined 

using DuoSet ELISA assay kits (R&D Systems, Abingdon, UK). Murine IL-6 and KC 

concentrations in BALs were also determined using DuoSet ELISA assay kits (R&D 

Systems). The human proteases neutrophil elastase (NE; EC 3.4.21.37) and cathepsin G (CG; 

EC 3.4.21.20), and protease inhibitors, α1-protease inhibitor (α1-Pi) and α1-antichymotrypsin 

(ACT), were from BioCentrum, (Krakow, Poland). The fluorescence resonance energy 

transfer substrates (FRET) of neutrophil serine proteases were synthesized by Genecust. 

Vivaspin membranes were from Sartorius. LPS from E.coli, serotype 055:B5, Poly (I:C), 

A23187, PMA and cytochalasin B were from Sigma Aldrich. Sterile phosphate-buffered 

saline (PBS) was from (Gibco®). Human recombinant IL-22 was from ImmunoTools GmbH 

(Friesoythe, Germany). The rabbit anti-IL-22Rα1 antibody used for western blotting was from 

Abcam (Paris, France). Anti-rabbit IgG-peroxidase and anti-β actin antibodies were from 

Sigma Alrich. Antibody for phospho-STAT3 (Tyr705) was from Cell Signaling Technology 

(Saint Quentin Yvelines, France). The mouse allophycocyanin(APC)-conjugated anti-IL-

22Rα1 and the mouse IgG1 control-APC  antibodies used for flow cytometry analysis were 

from R&D system (Lilles, France).  

Virus, bacteria and mice 

The pathogenic human-origin H3N2 Influenza A virus (IAV) strain Scotland/20/74 was 

previously described [1]. Viral stocks were stored in aliquots at -80 °C. P. aeruginosa mutant 

strain PAK ΔpscF was also described previously [2]. P. aeruginosa mutant strain ΔpscF 

(deletion on the gene encoding the major needle protein of the type III secretion system) was 

http://www.emdmillipore.com/chemicals;sid=gTaZiFI5yWiGiADzB4r03_r5BrWLeDieuRiH3uGUo0In69y3rdb6IlQHlm0UNXlAAUWJlFHgfA6wj9vwI7IsY_1zoMKAzJ7psqwhqeogE__8IK8BqDGy8dJK
http://www.emdmillipore.com/chemicals;sid=gTaZiFI5yWiGiADzB4r03_r5BrWLeDieuRiH3uGUo0In69y3rdb6IlQHlm0UNXlAAUWJlFHgfA6wj9vwI7IsY_1zoMKAzJ7psqwhqeogE__8IK8BqDGy8dJK
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preferred to wild-type clinical isolate to avoid immediate and major cell death. For epithelial 

cells challenges, bacteria were grown overnight in Luria broth, transferred to fresh medium 

and grown for 4–5 hours to mid–log phase. The cultures were centrifuged and bacteria pellets 

were washed twice with PBS and re-suspended in its original volume. The optical density was 

adjusted to give the approximate desired inoculum and verified by plate counts. BALB/c mice 

(female, 18-20 g) were purchased from Janvier (Saint-Berthevin, France). Animals were 

housed and handled according to the guidelines from the European Animal Care and Use 

Committee (Ethical Comity agreement CEEA VdL 2012-12-6). All animals were kept under a 

12:12 hours light-dark cycle, with food and water provided ad libitum. After the different 

challenge protocols (see “Animal Study” section), mice were euthanized by pentobarbital 

overdose. BAL fluids were collected after a double 0.5 mL wash. Lungs were perfused with 

10 mL of PBS for exsanguination. Tracheas and right lungs were used for gene expression 

assay and were first stabilized in RNA later (Qiagen); snap-frozen left lungs were used for 

protein expression assay. Blood samples, BAL, lungs and trachea were thereafter aliquoted, 

and frozen until use.  

RNA isolation, cDNA preparation, and RT-PCR. 

Frozen human lung tissues were embedded in Tissue-Tek OCT compound (Sakura Finetek 

Europe) and cut in 8µm-thick slides using a cryotome (Thermo SCIENTIFIC). Lung tissue 

sections (up to 50mg) were immediately placed in 430µL lysis buffer containing β-

mercaptoethanol (RLT Plus, Qiagen, Courtaboeuf, France) and vortexed thoroughly for 2 

minutes. Lysates were then centrifuged and supernatants were collected and stored at -80°C 

until use. Automated RNA purification was performed on a QIAsymphony SP workstation 

using the RNA CT 400 protocol (QIAsymphony RNA kit), including a step of genomic DNA 

digestion with DNAse I. Whole mice lungswerehomogenized using a tissue homogenizer 

(Tissue tearor model 985-370, Biospec Products, Inc., Racine WI) in lysis buffer containing 
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β-mercaptoethanol, while BEAS-2B cell culture was lysed directly in the cell-cultured vessel. 

Total RNA from cultured cells and mice lungs homogenates were extracted using the Qiagen 

RNeasy® kit (Qiagen), including a step of genomic DNA digestion with DNAse I. Total 

RNA was quantified using a nanodrop-2000c photometer (Fisher Scientific). RNA integrity 

was assessed using an Agilent 2100 bioanalyser (Agilent Technologies, Les Ulis, France). 

Only samples with a RIN (RNA Integrity Number) > 6 were considered for RT-qPCR 

analysis. Single-stranded cDNA was synthesized from total RNA using the High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems), according to the manufacturer’s 

instructions. The analysis of mRNA levels was made by quantitative real-time PCR in a 

LightCycler 480 (Roche Diagnostics GmbH, Meylan, France). We purchased gene-specific 

primers for human Il-6, Il-8, Il-22r1, Nqo1 and mice Cxcl1, Muc5ac, Il-22r1, from Eurofins 

MWG Operon (Ebersberg, Germany). Data were normalized to housekeeping genes 

expression (i.e. for cultured cells: Hprt1, for human lung tissues: Tbp and β-actin, for mouse 

lung tissues: Rplp0). The sequences of the primers used in this study were as follows:  

human β-actin 5’-GGC GGC ACC ACC ATG TAC CCT-3’and 5’-AGG GGC CGG ACT 

CGT CAT ACT-3’,  

human Hprt1 5’-CAT TAT GCT GAG GAT TTG GAA AGG-3’ and 5’-CTT GAG CAC 

ACA GAG GGC TAC A-3’,  

human Il-6 5’-AAT TCG GTA CAT CCT CGA CGG-3’ and 5’-TTG GAA GGT TCA GGT 

TGT TTT CT-3’,  

human Il-8 5’-GTG TGA AGG TGC AGT TTT GC-3’ and 5’-TCT GCA CCC AGT TTT 

CCT TG-3’,  

human Il-22r1 5’-GGT CAA CCG CAC CTA CCA AAT G-3’ and 5’-TGA TGG TGC CAA 

GGA ACT CTG TG-3’,  
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human Nqo1 5’-CGC AGA CCT TGT GAT ATT CCA G-3’ and 5’-CGT TTC TTC CAT 

CCT TCC AGG-3’,  

human Tbp 5’-TGT ATC CAC AGT GAA TCT TGG TTG-3’and 5’-GGT TCG TGG CTC 

TCT TAT CCT C-3’;  

human β-defensin 2 (recommended name β-defensin 4A) 5’-ATA GGC GAT CCT GTT ACC 

TGC C-3’ and 3’-CAT CAG CCA CAG CAG CTT CTT G-5’ 

mouse Cxcl1 5’-ACA GGG GCG CCT ATC GCC AA-3’ and 5’-CAA GGC AAG CCT CGC 

GAC CAT-3’,  

mouse Il-22r1 5’-GCG CCT CAG GTA GCC TCG GA -3’ and 5’-GCG GGT CAT AGG 

TGG CAG GC -3’,  

mouse Muc5ac 5’-CCA TGC AGA GTC CTC AGA ACA A-3’ and 5’-TTA CTG GAA AGG 

CCC AAG CA-3’,  

mouse Rplp0 5’-ATG GGT ACA AGC GCG TCC TG-3’and 5’-GCC TTG ACC TTT TCA 

GTA AG-3’.  

PCR reactions were carried out using 20 ng of cDNA as template, 0.2µM of forward and 

reverse primers and 5 µL SYBR® Premix Ex Taq™ (Takara - Onzyme, Saint-Quentin-en-

Yveline, France) in a final volume of 10 µL. Each reaction was performed in triplicate in 

white 384-well plates. Each PCR run always included a no-template control and a calibrator 

AV090211 (consisting in a large pool of cDNA from lung tumours) that enabled the 

comparison between different experiments. For quantification analyses, serial dilutions of the 

AV090211 calibrator (from 80 ng cDNA to 1.25 ng cDNA) were used to create standard 

curve for each gene. These standard curves were constructed by plotting the crossing points 

(Cp) values against the initial quantity of the AV090211 calibrator. The Cp of a sample, 

defined as the point where the sample’s fluorescence curve rose above the background 

fluorescence, was calculated according to the second derivative maximum method by the 
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LightCycler 480 software. Thus, for each gene, knowing both the PCR efficiency and the 

initial amount of calibrator AV090211 within the run, the software converted Cp data from 

the samples into concentrations. 

Flow cytometry analysis 

Adherent epithelial cells were removed from their substrate by treatment with PBS-citrate 

buffer at 4°C. Cells were re-suspended in staining buffer (50 mM EDTA, 5% FCS, 5% Fc 

Block in PBS), dispensed into round bottomed 96-well plastic plates (Falcon® by Dutscher, 

Brumath, France), and then were centrifuged at 300 g at 4 °C for 5 min. Cells were washed 

with staining buffer. A saturating concentration of APC-conjugated anti-IL-22Rα1 (1:5) or 

mouse IgG1 Control-APC (1:200) antibodies was added. The samples were incubated for 40 

min at 4 °C. Flow cytometry data was acquired on a MACSQuant® Analyser (Miltenyi 

Biotec, Paris, France) and VenturiOne software. Debris were eliminated by gating based on 

SCC-H and FSC-H parameters. Binding of the anti-IL-22Rα1 antibody to its specific epitope 

on the surface of epithelial cells was expressed as median fluorescence intensity (MFI) after 

subtraction of the background binding measured with the control isotype antibody. 

Measurement and inhibition of protease activities 

Proteinase activity was measured in low-binding 96-wells plates as described in [3], with 13 

μM (final concentration) of the specific FRET substrates of human NE, and CG: Abz-

APEEIMRRQ-EDDnp, and Abz-TPFSGQ-EDDnp respectively. The 1-Pi was used to 

inhibit NE, while ACT was used to inhibit CG. Addition of both inhibitors was used to inhibit 

proteases in supernatants of activated PMNs. Both proteases were incubated with their 

respective inhibitor for 30 min at room temperature. ACT-treated CG and 1-Pi-treated NE 

were shown to be proteolytically inactive by testing the lack of hydrolysis of previously 
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described substrates. 150 µL of BAL were used to measure resting CG activity for mouse 

experiments. 

 

Neutrophil activation 

Human blood neutrophils were purified as described previously [4]. Freshly isolated 

neutrophils were placed in low binding microtubes and activated by incubation with 20 μM 

A23187, 5 mM MgCl2 and 5 mM CaCl2 for 30 min at 37°C.  The protease activities in 

suspensions of quiescent and activated PMNs as well as in the supernatants of activated 

PMNs were measured as described in [3]. 

 

SDS-PAGE and immunoblotting  

Protein lysates were prepared using a lysis buffer (150 mM sodium chloride, 50 mM Tris-

HCl, 1 mM ethylenediaminetetraacetic acid, 1% Triton100, 1% sodium deoxycholic acid, 

0.1% sodium dodecyl sulphate) and a protease inhibitor cocktail (diluted 1/200). SDS-PAGE 

was thereafter performed using 100 µg of total proteins loaded per well on 4/12 % acrylamide 

gels. Proteins were subsequently transferred to nitrocellulose membranes, probed with anti-

IL-22Rα1 antibody diluted 1/2000, and bound antibodies were revealed with an anti-rabbit 

IgG (HRP linked) diluted 1/15000 and ECL detection reagents. The automated imaging 

system (MF ChemiBis 3.2, DNR BioImaging Systems) was used for detection, and the FUJI 

FILM MultiGauge software was subsequently used. To evaluate the phosphorylation of 

STAT3, cell lysates were prepared with PhosphoSafe™ Extraction Buffer (plus protease 

inhibitor cocktail) to preserve the phosphorylation state of the proteins. Immunoblotting was 

performed as previously described using an anti-phospho-STAT3 (Tyr705) antibody. 
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Preparation of Cigarette Smoke Extract (CSE) 

The smoke of research cigarettes (3R4F, Tobacco Health Research, University of Kentucky, 

KY, USA) was generated by a manual pump and was bubbled into F12-K Nutrient medium at 

37°C. The smoke of two cigarettes was bubbled in 10 mL of medium and the resulting CSE 

solution was considered to be “100% CSE”. The CSE solution was further sterilized by 

filtration through a 0.22-μm cellulose acetate sterilizing system (Corning, NY) and was used 

for experiments within 30 min of preparation. Control was made by room air (RA) bubbled in 

medium under the same experimental conditions. 

 

In vitro study design  

Challenge of bronchial epithelial BEAS-2B cells with viral or microbial triggers. BEAS-2B 

cells were seeded into 6-well culture plates and incubated 24 hours at 37°C and 5% CO2. To 

investigate the effects of IAV infection, cells were incubated with or without H3N2/IAV at 

multiplicity of infection (MOI) of 1, for 20 hours in F-12K medium. To investigate the effects 

of Poly(I:C) or LPS, cells were incubated with or without Poly(I:C) at 5µg/mL or LPS at 10 

µg/mL, for 20 hours in F-12K medium supplemented with 10% FBS. To investigate the 

effects of P. aeruginosa, cells were incubated 4 hours with the bacteria (MOI =1), the 

medium with bacteria was then removed and epithelial cells washed with PBS. Medium with 

gentamycin (25µg/mL) was further added for 16 hours. 

Challenge of bronchial epithelial BEAS-2B cells with cigarette smoke extract. Immediately 

after CSE or RA preparation, BEAS-2B cells were exposed to 5% CSE or 5% RA for 6 hours. 

Challenge of bronchial epithelial BEAS-2B cells with proteases. BEAS-2B cells were 

incubated with 1 µM protease for 30 min at 37°C. Next, cells were washed with PBS and 
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reactions were stopped by addition of a protease inhibitor cocktail. Also, to inhibit actin 

filament polymerization, cells were incubated with cytochalasin B 10 min at 5µg/mL.  

In vivo Study design  

Mice exposure to cigarette-smoke. Mice were exposed to smoke of 18 3R4F reference 

cigarettes without filter twice daily, 5 days/week, for 8 to 16 weeks using a whole-body 

smoke exposure system (SIU-24; Promech Lab AB, Vintrie, Sweden). Age-matched control 

animals were exposed to room air only (6 to 10 mice per group). Survival rate secondary to 

cigarette smoke exposure was 100% in all groups. To evaluate the consequences of 8 to 16 

weeks cigarette smoke exposure: body weight was monitored weekly while neutrophil 

recruitment (analysed in BALs by flow cytometry) and CxCl1 and Muc5ac expression in lung 

tissues (assessed by RT-PCR) were determined at specific time points. To evaluate the 

emphysema induction, histological analysis was performed on lungs of mice exposed to 

cigarette smoke for 8 weeks.  Computer-generated shapes were obtained from images of 

haematoxylin and eosin-stained lung tissue sections fixed in formalin with a microscope 

imaging software (NIS-Elements Advanced Research, Nikon). Alveolar airspace enlargement 

was quantified on the digitized images with a fully automated technique more sensitive and 

specific than mean linear intercept method [5].  

Mice infection by IAV. Animals were maintained in a biosafety level 2 facility. They were 

anesthetized by intraperitoneal injection of ketamine and xylazine, and were intranasally 

infected with H3N2 IAV in sterile PBS in a total volume of 40 µL through one nostril. For 

sub-lethal infection, 3000 plaque-forming units (PFU) of H3N2 IAV were instilled and mice 

were studied at day 2 and 6 post-infection (p.i.). For lethal infection, 0.5 10
5
 PFU were 

instilled and mice were studied at day 1 p.i. Mock challenge were carried out using sterile 

PBS without the virus.  
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Administration of cathepsin G into mouse lungs. CG (0.2 µM), ACT-treated CG (0.2µM) or 

PBS alone was administered to the mice airways by nasal instillation in a final volume of 

40µL. Mice were euthanized and BAL performed two hours after instillation. No spontaneous 

animal mortality was observed at this time point.  

 

Human samples 

Neutrophils were isolated from healthy volunteers’ blood (collected at EFS (Etablissement 

Francais du Sang) of the Centre Hospitalier Régional Universitaire, Tours, France).  

Human lung tissues from non-smokers (n=14), smokers (n=53) and patients with COPD 

(n=62) was obtained from patients undergoing surgery for lung carcinoma at the Trousseau 

Hospital in Tours (France), between 2006 and 2011. COPD patients were diagnosed 

according to the GOLD guidelines [6]. Samples of nonmalignant distal lungs, located at least 

3 cm away from the edge of the tumour, were chosen for the study and were immediately 

frozen in liquid nitrogen, and stored at −80 °C. The absence of carcinoma was checked 

histologically.  

Sputum were prospectively collected from COPD or acute exacerbated (AE) -COPD patients. 

Inclusion criteria for COPD patients were: age between 50 – 70 years old, current or ex-

smoker (patients who had smoked at least 5 pack-years), FEV/FVC ratio < 70%, no acute 

exacerbation reported in the last three month. Inclusion criteria for AE-COPD patients were: 

COPD patients with increased respiratory symptoms requiring antibiotic therapy and/or 

bronchodilatator, suggestive of an exacerbation episode [7]. Spontaneously expectorated 

samples of sputum were processed within the next 30 minutes or no more than two hours, 

with the sample always kept in ice. The sputum were weighed, then diluted in PBS with 5 

mM of dithiothreitol and homogenized during 15 minutes at 4°C.  Sputum samples were then 
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centrifuged at 10000 g for 10 minutes at 4°C and the supernatant stored at -80°C. The cell 

pellet was resuspended with PBS for cell counting. Sputum cytospin slides were stained using 

May Grunwald Giemsa for differential cell count. Our study was approved by French 

bioethical authorities and was conducted in accordance with the ethical standards of the 

Declaration of Helsinki. Informed written consent was obtained from each participant. 

Statistical analysis 

Results are expressed as means ± SEM for the indicated number of experiments performed 

independently. Statistical significance between the different values was analysed by Man-

Whitney test or Kruskal-Wallis test (and Dunn's test for post-hoc comparisons) according to 

the number of groups to analyse. Statistical analysis was performed using GraphPad Prism5
®
. 

A p value of < 0.05 was considered significant.  
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