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Abbreviations: 42 

AEBSF, 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride; AMP, antimicrobial 43 

peptide and protein; ASL, airway surface liquid ; BALF, bronchoalveolar lavage fluid ; BM, 44 

basement membrane; CA-074, N-(L-3-trans-propylcarbamoyloxirane-2-carbonyl)-L-45 

isoleucyl-L-proline; Cat, cathepsin; CF, cystic fibrosis; COPD, chronic obstructive pulmonary 46 

disease; CS, current smoker; CSE, cigarette smoke extract; ECM, extracellular matrix ; FEV, 47 

forced expiratory volume; FS, former smoker; GOLD, global initiative for chronic obstructive 48 

lung disease; hCAP, human cathelicidin antimicrobial peptide ; LHVS, morpholinourea-49 

leucinyl-homophenylalanine-vinyl-sulfone; MMP, matrix metallo-proteinase; MMTS, S-50 

methyl thiomethanesulfonate; NS, never-smoker; NSP, neutrophil serine proteases; pHBECs, 51 

primary human bronchial epithelial cells; PMSF, phenylmethylsulfonyl fluoride; ProCat, 52 

procathepsin. 53 
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Abstract: 55 

Cigarette smoking has marked effects on lung tissue, including induction of oxidative stress, 56 

inflammatory cell recruitment and a protease/anti-protease imbalance. These effects 57 

contribute to tissue remodeling and destruction resulting in loss of lung function in chronic 58 

obstructive pulmonary disease (COPD) patients. Cathepsin S (CatS) is a cysteine protease that 59 

is involved in the remodeling/degradation of connective tissue and basement membrane. 60 

Aberrant expression or activity of CatS has been implicated in a variety of diseases, including 61 

arthritis, cancer, cardiovascular and lung diseases. However, little is known about the effect of 62 

cigarette smoking on both CatS expression and activity, as well as its role in smoking-related 63 

lung diseases. Here, we evaluated the expression and activity of human CatS in lung tissues 64 

from never-smokers and smokers with or without COPD. Despite the presence of an oxidizing 65 

environment, CatS expression and activity were significantly higher in current smokers (both 66 

non-COPD and COPD) compared to never-smokers, and correlated positively with smoking 67 

history. Moreover, we found that the exposure of primary human bronchial epithelial cells to 68 

cigarette smoke extract triggered the activation of P2X7 receptors, which in turns drives CatS 69 

upregulation. The present data suggest that excessive CatS expression and activity contribute, 70 

beside other proteases, to the deleterious effects of cigarette smoke on pulmonary 71 

homeostasis. 72 

 73 

Keywords: cigarette smoke, COPD, cysteine protease, oxidation, smokers 74 
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Introduction: 77 

Over 7 million deaths per year worldwide were recorded in 2017 that could be attributed to 78 

past or current smoking, and trends indicate that this will increase to 8 million annually by 79 

2030 (63). Besides longtime smokers having a shorter life-expectancy (10 years) compared 80 

with never-smokers (www.cdc.gov/tobacco/data_statistics), long-term effects of cigarette 81 

smoking include the risk of cardiovascular disease, lung cancer and chronic obstructive 82 

pulmonary disease (COPD), which is characterized by progressive and irreversible airflow 83 

obstruction. Conversely, cigarette smoking cessation improves substantially longevity in men 84 

and women, irrespective of the age (27, 59). Cigarette smoke exposure contributes to chronic 85 

airway inflammation and pathological lung tissue remodeling and destruction by increasing 86 

the recruitment of inflammatory cells such as neutrophils and macrophages (23, 45). The 87 

burden of oxidative stress associated with cigarette smoke exposure enhances recurrent 88 

bacterial infections and leads to a protease/anti-protease imbalance (12, 36).  89 

The principal classes of proteases expressed in human lungs are serine proteases, matrix 90 

metalloproteases (MMP), and cysteine proteases (33). Lysosomal cysteine cathepsins are 91 

produced by a wide variety of cell types such as fibroblasts, macrophages, and epithelial cells, 92 

and these can be active outside lysosomes (secretory vesicles, cytosol, mitochondria, nucleus, 93 

and extracellular medium). Among them, cathepsins B, K, L, and S play important roles in 94 

diverse physiological events and are capable of degrading extracellular matrix (ECM) and 95 

basement membrane (BM) constituents as well as antimicrobial peptides (AMPs) (17). 96 

Besides MMPs and serine proteases, dysregulation of cysteine cathepsins expression may 97 

disrupt these normal biological processes and contribute to a number of diseases such as 98 

cancer, osteoporosis, arthritis, neurodegenerative and airway diseases (for review: (31, 43, 53, 99 

54)). In particular, cathepsin S (CatS), which is predominantly expressed in dendritic cells and 100 

macrophages (antigen-presenting cells, APCs), and epithelial cells, is thought to play a pivotal 101 

role in chronic inflammatory lung diseases including cystic fibrosis (CF) and COPD (6, 28, 102 

32, 56–58). Various studies have implicated CatS in extensive degradation of elastin fibers 103 

and collagens as well as in the cleavage and the inactivation of key antimicrobials in CF 104 

airways (for review: (17, 33)). Contrary to other related cathepsin family members that are 105 

rapidly inactivated at neutral pH, CatS remains stable, a property that enables it to be active 106 

extracellularly, particularly during ECM remodeling. Overexpression of CatS is observed in 107 

mouse models of experimental emphysema induced by IL-13 or IFN, and CatS inhibition by 108 

synthetic inhibitors reduces significantly the severity of emphysema and inflammation (18, 109 

40, 55, 61). These data are supported by the observation that exposure of macrophages to 110 
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bronchoalveolar lavage fluid (BALF) from patients with COPD markedly increased CatS 111 

secretion, which was inhibited by IFN- neutralizing antibodies (19). This finding is in line 112 

with the observation that IFN- stimulates CatS expression and activity in various cell types, 113 

including keratinocytes and monocytes (20, 49). Interestingly, cigarette smoke enhanced the 114 

production of IL-18 (an IFN- inducing factor), and induced the expression of immuno-115 

reactive CatS in lung macrophages of cigarette smoke-exposed mice as well as in lung tissues 116 

of patients with COPD (28).  117 

Despite increasing evidence for a role of CatS in COPD experimental animal models, very 118 

little is known in human. Especially, the relationship between smoking status (current and 119 

former smokers) and history (pack-years) and human CatS expression and activity in the 120 

lungs of (ex)-smokers with or without COPD remains unsolved. Furthermore, the active site 121 

cysteine residue (Cys25, papain numbering) of thiol-dependent cathepsins is highly sensitive 122 

to oxidative reagents. The fact that CatS remains active in animal models and in COPD 123 

patients, raises the question of its resistance to unfavorable conditions due to CS-induced 124 

oxidative stress. 125 

Therefore, in this report we compared both the protein levels and the enzymatic activity of 126 

human CatS in lung tissue from never-smokers, and current or ex-smokers with normal lung 127 

function or with various stages of COPD severity, according to the Global Initiative for 128 

Chronic Obstructive Lung Disease (GOLD) criteria (Gold I-III). Significantly higher levels of 129 

active CatS were detected in lung tissue from current smokers compared to never-smokers or 130 

former smokers. On the other hand, varying levels of CatS were detected in lung tissue from 131 

COPD patients that correlated with disease severity. To gain a better molecular understanding 132 

of the relationship between smoke exposure and CatS expression and activity, we used 133 

primary human bronchial epithelial cells (pHBECs) that were exposed to non-toxic doses of 134 

cigarette smoke extract (CSE). CSE increased the expression of CatS in pHBECs in a dose 135 

dependent-manner. Conversely, pharmacological inhibition of the purinergic P2X7 receptor, 136 

an ATP-gated cation channel, reduced CatS expression, which is in accordance with the fact 137 

that P2X7 plays a regulatory role in CatS expression as previously reported for human lung 138 

macrophages and mouse bone marrow-derived macrophages (35). Finally, even at high levels 139 

of CSE exposure, CatS activity was preserved suggesting that elastinolytic CatS may 140 

contribute in conjunction with other proteases to parenchymal destruction that is the hallmark 141 

of emphysema.  142 

143 
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Material and methods: 144 

Enzyme, substrates and inhibitors: 145 

Human cysteine cathepsin S was supplied by Calbiochem (VWR International S.A.S., France) 146 

and its active site titration was determined using L-3-carboxy-trans-2, 3-epoxy-147 

propionylleucylamide-(4-guanido)-butane (E-64) (Sigma-Aldrich, Saint-Quentin Fallavier, 148 

France). Unless stated, cathepsin activity assays were performed in acetate sodium buffer 100 149 

mM, pH 5.5, dithiothreitol (DTT) 5 mM, and Brij35 0.01%. Benzyloxycarbonyl-Phe-Arg-7-150 

amino-4-methyl coumarin (Z-Phe-Arg-AMC) and Benzyloxycarbonyl-Leu-Arg-7-amino-4-151 

methyl coumarin (Z-Leu-Arg-AMC) were purchased from R&D System (R&D System 152 

Europe, Abingdon, UK). Benzyloxycarbonyl-Val-Leu-Arg-7-amino-4-methyl coumarin (Z-153 

Val-Leu-Arg-AMC) was from AnaSpec (Eurogentec, Seraing, Belgium). DQ-elastin was 154 

purchased from Molecular Probes (Life Technologies, Saint Aubin, France). Pepstatin A, 155 

EDTA, AEBSF (Pefabloc), and S-methyl thiomethanesulfonate (MMTS) were from Sigma-156 

Aldrich (Saint Quentin Fallavier, France). Morpholinourea-leucinyl-homophenylalanine-157 

vinyl-sulfone phenyl inhibitor (LHVS) was a kind gift from Dr. J. H. McKerrow (Skaggs 158 

School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego, CA, 159 

USA). The P2X7 antagonist 3-[1-[[(3'-Nitro[1, 1'-biphenyl]-4-yl)oxy]methyl]-3-(4-160 

pyridinyl)propyl]-2, 4-thiazolidinedione (a.k.a. AZ 11645373) came from Tocris Bioscience 161 

(Bristol, UK). 162 

 163 

Ethic statement: This study was conducted in accordance with the ethical standards set out in 164 

the Helsinki Declaration and the local French bioethical committee of The University 165 

Hospital Center, Trousseau Hospital, Tours, France (approval No. DC-2008-308), and 166 

informed consent was obtained for each patient.  167 

 168 

Human lung tissue: Peripheral tumor-free lung tissue was collected from seventy-two patients 169 

who underwent surgery for non-small cell lung cancer between 2006 and 2011 (Trousseau 170 

Hospital, Tours, France), as previously described elsewhere (24). Clinical characteristics of 171 

these patients are described in Table 1. Non-tumor tissue was harvested at least 3 cm away 172 

from the tumor. The absence of carcinoma was checked histologically. Tissue samples were 173 

selected, reviewed for validation by the Department of Pathologic Anatomy and Cytology 174 

(The University Hospital Center, Tours, France). A diagnosis of COPD was made by the 175 

physician, based on smoking history (>20 pack-years) and forced expiratory volume in 1 s 176 

versus forced vital capacity (FEV1/FVC) ratio of <0.7 using spirometry tests. According to the 177 
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global initiative for chronic obstructive lung disease (GOLD) staging, we reported 17 patients 178 

as having GOLD stage I, 18 as GOLD stage II, and 7 as GOLD stage III. Smoking history 179 

was calculated in pack-years, defined as the number of packs of cigarettes smoked per day 180 

multiplied by the number of years the person has smoked. Subjects were considered former 181 

smokers after cessation of smoking for at least one year before surgery. Upon collection, 182 

samples were quickly frozen in liquid nitrogen and stored at -80 °C. Tissue samples were 183 

embedded in Tissue-Tek OCT (Sakura Finetek Europe, Alphen aan de Rijn, The Netherlands) 184 

and 4 µm section were prepared using a cryotome (Thermo Scientific Inc., Waltham, MA, 185 

USA). Tissue sections were incubated in PBS or in a lysis buffer (20 mM Tris-HCl pH 8.0, 186 

10% glycerol, 1% NP40, 2 mM EDTA, 137 mM NaCl) containing 200 mM sodium 187 

orthovanadate, a phosphatase inhibitor, and a cocktail of proteases inhibitors (10.4 mM 188 

AEBSF, 0.8 μM aprotinin, 40 µM bestatin, 140 µM E-64, 20 µM leupeptin, 15 µM pepstatin 189 

A). Incubation was made for 45 min at 4°C under agitation and then samples were centrifuged 190 

(21000xg) at 4°C for 20 min. Supernatants were harvested and frozen at -80°C until required. 191 

Protein quantification in supernatants was assessed with bicinchoninic acid assays (BCA 192 

protein assay kit, Interchim, Montluçon, France). Morphological analyses were performed 193 

using formalin-fixed paraffin-embedded lung tissues. The lung parenchyma and elastin fibers 194 

were stained with Hematoxilin-Eosin-Safran (HES) and with Orcein (Tissue-Tek Prisma, 195 

Sakura Finetek Europe), respectively. Prior to immunohistochemical staining, the paraffin 196 

wax was removed by xylene. Tissue sections were rehydrated by sequential washings with 197 

ethanol and with water, and next immersed in the Dako Target Retrieval solution (Dako 198 

France SAS, Les Ulis, France). Slides were heated (1 h at 56°C) then cooled according to the 199 

manufacturer’s instructions, and first washed with water and next with PBS containing 0.2% 200 

(v/v) Tween 20. Endogenous peroxidase activities were neutralized by addition of hydrogen 201 

peroxide 3% for 10 min. 202 

 203 

Immunohistochemical analysis of Cathepsin S in lung tissue 204 

After washing (PBS containing 0.2% Tween 20), tissue sections were incubated with the 205 

polyclonal goat anti-human CatS antibody (1:100, Abcam, France) diluted in the Real Dako 206 

Antibody Diluent for 1 h at room temperature. The secondary biotinylated anti-goat antibody 207 

(Dako) was used to reveal binding of anti-CatS. Specificity of the staining was controlled by 208 

omission of the primary antibody. Staining was performed by the high-sensitivity substrate-209 

chromogen system, Dako Liquid DAB (3, 3-diaminobenzidine tetrahydrachloride). In parallel, 210 

anti-cytokeratin 7 (a cytoplasmic marker that is confined to glandular and transitional 211 

Downloaded from www.physiology.org/journal/ajplung at Helmholtz Zentrum Muenchen (146.107.003.004) on September 27, 2019.



 

 8

epithelial cells, 1:200, Dako), anti-thyroid transcription factor 1 (a nuclear marker, which 212 

located primarily in the nucleus of type II pneumocytes and club cells, 1:50, Dako) and anti-213 

CD68 (a monocyte and macrophage marker, 1:200, Dako) were used as control. Hematoxylin 214 

was applied, and next the sample was dehydrated with alcohol. Finally, digital microscopic 215 

images were acquired (Nikon E600 optical microscope, magnification: x 400; Olympus DP70 216 

camera) and processed with the Olympus DP Controller software. IHC staining controls were 217 

performed under the same conditions.  218 

 219 

Western blotting and immunoassays: Goat polyclonal anti-human cathepsin S came from 220 

R&D System. The lack of cross reactivity with cathepsins B, K, L and H was checked as 221 

described elsewhere (46). Mouse monoclonal anti-β-actin was from Sigma-Aldrich. Anti-222 

phospho-p38 MAPK (Thr180/Tyr182) rabbit monoclonal antibody was from Cell Signaling 223 

(Ozyme, Saint Quentin Yvelines, France) and anti-phospho-cPLA2 (a.k.a. anti-phospho 224 

Ser505-cPLA2) polyclonal rabbit antibody from Abcam (Paris, France). In order to prevent 225 

any bias associated with individual clinical specimen, tissue samples of each of the groups 226 

were equally pooled to deposit same amount of protein (30 µg) on 15% SDS-PAGE gels prior 227 

to be transferred onto nitrocellulose membranes (Hybond-ECL, Amersham Biosciences, 228 

Buckinghamshire, UK). The following groups were used: never-smokers, non-COPD current 229 

smokers, non-COPD former smokers, COPD current smokers at stages I, II and III, and 230 

COPD former smokers at stages I, II and III. Membranes were treated with antibodies (1:1000 231 

in PBS, 0.1% Tween 20, 5% powdered milk) using standard Western-blot techniques, then 232 

incubated with corresponding (anti-goat, anti-mouse or anti-rabbit) secondary IgG-233 

horseradish peroxidase conjugate (1:5000) for 1 h at room temperature prior to the detection 234 

using the ECL Plus Western Blotting (Amersham Biosciences). β-actin was used as an 235 

internal control of each protein sample, using β-actin antibody (1:2000) to ensure equal 236 

protein loading. Densitometric analysis of membranes was carried out using the ImageJ 237 

software (NIH, Bethesda, MD, USA). Data from tissue samples were normalized to β-actin 238 

signal. Assays were repeated at least three independent times. In addition, CatS concentrations 239 

were determined using sandwich ELISA DuoSet kit (R&D Systems) (measurement in 240 

triplicate). 241 

 242 

Measurement of total anti-oxidant (TAS) and oxidant (TOS) status in lung tissues: TAS and 243 

TOS levels in tissue sample (5 µg) were measured by Erel's methods (15, 16) according to the 244 

instructions of the manufacturer (Rel Assay Diagnostics; Mega Tip, Gaziantep, Turkey). 245 
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Briefly, TAS method depends on the ability of antioxidants present in the sample to inhibit 246 

ABTS+ radical cation formation from the oxidation of ABTS (2, 2′-azino-di-3-247 

ethylbenzthiazoline-6-sulfonic acid) by metmyoglobin and hydrogen peroxide. The assay is 248 

calibrated with a standard stable antioxidant solution of known concentration, referred to as 249 

Trolox equivalent (6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid; a soluble 250 

vitamin E analog). Values of TAS are expressed as μmol Trolox equivalent/liter (μmol Trolox 251 

eq./L). The TOS method is used to assess the total amount of oxidant molecules present in the 252 

sample and is based on the capacity of oxidants in the sample to oxidize the ferrous ion-253 

chelator complex to ferric ions, generating a colored complex with xylenol orange in an acidic 254 

medium (Abs = 530 nm). The TOS assay is calibrated with hydrogen peroxide (H2O2) and the 255 

results were expressed in μmol H2O2 eq./L.  256 

 257 

Active site titration of cathepsin S and elastinolytic activity in lung tissues: Active site 258 

titration of CatS as well as measurement of the total endopeptidase cysteine cathepsin activity 259 

in lung tissue samples was adapted from a previous report (42). As CatS is more stable than 260 

the other cathepsins at neutral pH, its specific activity was assayed under neutral condition. 261 

Tissue samples (5 µg of total protein) were incubated in 100 mM sodium-phosphate buffer pH 262 

7.4 for 1 h at 37°C to inactivate the other endopeptidase cathepsins. An aliquot was then 263 

removed, diluted with 100 mM sodium-acetate buffer pH 5.5, 10 mM DTT and Brij35 0.01% 264 

and used to measure the CatS activity at 37°C with Z-Val-Leu-Arg-AMC (20 µM) in the 265 

presence of increasing concentration of E-64 (0-500 nM). The CatS activity was monitored 266 

using excitation and emission wavelengths of 350 nm and 460 nm (Gemini 267 

spectrofluorimeter, Molecular Devices) in 96-well Nunc microtiter plates (ThermoFisher 268 

Scientific, Illkirch, France) under gentle agitation.  Measurement of CatS elastinolytic activity 269 

was made using DQ-elastin (25 µg) as substrate (excitation and emission wavelengths of 480 270 

nm and 530 nm, respectively). Controls were performed with the inhibitor LHVS (100 nM). 271 

 272 

 273 

Preparation of aqueous cigarette smoke extract (CSE): CSE was prepared using a protocol 274 

modified from (47). Mainstream smoke of three Research-grade cigarettes (3R4F) with filter 275 

(Kentucky Tobacco Research and Development Center at the University of Kentucky, 276 

Lexington, KY) was bubbled in 100 mM sodium acetate buffer, pH 5.5 (50 mL) or in 100 277 

mM HEPES buffer, pH 7.4 (50 mL) in a closed environment. The average burning time per 278 

cigarettes was about 8 min. The obtained solution was considered as 100% CSE and was 279 

Downloaded from www.physiology.org/journal/ajplung at Helmholtz Zentrum Muenchen (146.107.003.004) on September 27, 2019.



 

 10

aliquoted and stored at -80°C until required. CSE preparation was standardized by measuring 280 

the absorbance at 320 nm (corresponding to the absorbance of polycyclic compounds, e.g. 281 

quinic acid or nicotine) with a Cary 100 UV visible spectrophotometer (Agilent Technologies, 282 

Courtaboeuf, France). CSE (100%) designed for cell culture was generated in BEBM media 283 

(Lonza, Workingham, UK) and sterile-filtered through a 0.2 µm filter, as previously described 284 

((47)). 285 

 286 
Oxidative potential of CSE: The oxidative potential of CSE was determined by the redox 287 

conversion of reduced (non-fluorescent) dihydro-rhodamine-123 to oxidized (fluorescent) 288 

rhodamine-123 (Sigma-Aldrich) (21). Briefly, CSE (0 to 40%) was incubated in 100 mM 289 

sodium acetate buffer, pH 5.5 with dihydro-rhodamine-123 (50 µM) protected from light for 1 290 

h at room temperature. Since CatS is stable and active at neutral pH, similar assays were 291 

performed in 100 mM HEPES buffer, pH 7.4. Released fluorescence was then measured using 292 

a Cary Eclipse spectrofluorimeter (Agilent Technologies, Les Ulis, France; excitation 293 

wavelength: 490 nm, emission wavelength: 530 nm), and quantified using a calibration curve 294 

of rhodamine-123 (0 to 200 nM). 295 

 296 

Treatment of primary human bronchial epithelial cells (pHBECs) by CSE and cytoxicity 297 

assays: Normal primary human bronchial epithelial cells (pHBECs, Lonza) from three 298 

different donors were seeded at passage 3 in 60 mm dishes at a density of 10000 cells/cm² in 299 

BEGM medium (Lonza) with supplements and antibiotics, and allowed to reach confluence 300 

(~7 days). Then cells were treated with CSE (0-50%) for 2 h and 24 h in a total amount of 5 301 

mL media. The viability of CSE treated cells was assessed by lactacte deshydrogenase (LDH) 302 

assay as reported elsewhere (47). Briefly, the activity of released LDH in cell culture 303 

supernatant was assessed with the cytotoxicity detection kit (LDH) (Roche, Mannheim, 304 

Germany) following the manufacturer’s instructions and cell viability calculated accordingly. 305 

Also, a control experiment was carried out by measuring the increase of cytochrome P450 1 306 

A1 (CYP1A1), in the presence of CSE. Real-time quantitative PCR analysis of CYP1A1 307 

mRNA was performed as previously reported (48, 51). Oxidative stress within the cells (104 308 

cells/cm²) was measured using MitoSOX Red mitochondrial superoxide indicator (Molecular 309 

Probes, Invitrogen, Karlsruhe, Germany). Medium was aspirated from the cell layer and 5 310 

µM MitoSOX master mix, prepared in BEGM medium, was added onto the cells followed by 311 

30 min incubation at 37°C. The cell layer was washed three times with 0.5 mL of HBSS 312 

buffer (Lonza) (37°C) and the cells trypsinized with 0.3 mL trypsin (Lonza) followed by 313 
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addition of trypsin inhibitor TNS (Lonza) when cells were detached. Cells were pelleted, 314 

washed once with HBSS and resuspended in 0.4 mL fluorescence-activated cell sorting 315 

(FACS) buffer (PBS, 2% FBS, 20 µM EDTA). Data acquisition was performed in a BD LSR 316 

II flow cytometer (BD Bioscience, San Jose, CA, USA). Cells were gated for singlets and 317 

superoxide production measured as mean MitoSOX fluorescence. As positive control, 318 

antimycin A (70 µM) was added to the untreated sample after the FACS measurement and 319 

measured after 10 min. Quantification of mean fluorescence was performed in BD FACSDiva 320 

8.0 software (BD Bioscience). 321 

 322 

Preparation of pHBECs extracts: Culture media were then harvested and treated immediately 323 

with 100 mM sodium acetate, pH 5.0, 0.5 mM PMSF, 0.5 mM EDTA, 40 μM pepstatin A, 1 324 

mM MMTS (preservative buffer). Cell debris were removed by centrifugation (1000xg, 8 325 

min, 4°C). Supernatant was concentrated by centrifugal ultrafiltration (Vivaspin 4, Sartorius, 326 

Dourdan, France) and next stored at -80°C pending analysis. Alternatively, plated cells were 327 

washed twice with ice-cold PBS and scraped in the preservative buffer. Total cell extracts 328 

were obtained by a series of three freeze/thaw cycles. Cell lysates were centrifuged (5000xg at 329 

4°C for 10 min), and cell lysate supernatants were collected and frozen at -80 °C. Protein 330 

quantification was assessed by Bradford assay (Biorad). Titration of the endopeptidase 331 

cysteine cathepsin activity was performed with E-64 as previously described (42). Cell-lysate 332 

supernatants (5 µg of total protein) were subjected to 15% SDS-PAGE under reducing 333 

conditions and immunoblotted as described above using anti-CatS, anti-phospho-p38 MAPK 334 

and anti-phospho-cPLA2 antibodies (1:1000).  335 

 336 

Hydrolysis of LL-37 by pHBECs: Synthetic LL-37 (20 ng, GeneCust Europe, Dudelange, 337 

Luxembourg) was incubated with cell-lysate supernatants from pHBECs, (0.2 µg of total 338 

protein) treated or not with 10% CSE, in 100 mM sodium acetate buffer pH 5.5 for 0-24 h at 339 

37°C, in the presence or absence of E-64 (10 μM) or LHVS (100 nM). Cell-lysate 340 

supernatants were subjected to 15% SDS-PAGE under reducing conditions and 341 

immunoblotted as described above using a rabbit polyclonal anti-LL-37 antibody (1:10000, 342 

Innovagen, Lund, Sweden).  343 

 344 

Treament of pHBECs with P2X7 antagonist: Confluent pHBECs were pre-incubated with AZ 345 

11645373, a highly specific P2X7 antagonist (1 µM, Tocris Bioscience) or mock (DMSO) for 346 

1 h, before exposure for 2 h to 2.5 % CSE. Culture media were then harvested and treated as 347 
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reported in the previous paragraph. Titration of cathepsins was performed with E-64. Cell-348 

lysate supernatants were subjected to 15% SDS-PAGE under reducing conditions and 349 

immunoblotted using anti-CatS antibody (R&D system, 1:1000).  350 

 351 

Modulation of the enzymatic activity of CatS by CSE: The activity of CatS (1 nM) was 352 

measured in vitro at 37 °C in the presence of increasing amounts of CSE (0-40%) in 100 mM 353 

sodium acetate buffer, pH 5.5, 0.01% Brij35, 15 µM DTT, using Z-Leu-Arg-AMC (20 µM) 354 

as substrate. Experiments were performed in 96-well microtitration plates (Nunc, microtiter 355 

plates, ThermoFisher Scientific, France) and fluorescence release was monitored using a 356 

Spectramax Gemini spectrofluorimeter (excitation wavelength: 350 nm, emission wavelength: 357 

460 nm). Under these experimental conditions, the substrate consumption was less than 5%. 358 

The same assays were repeated in 100 mM HEPES buffer, pH 7.4, 0.01% Brij35, 15 µM DTT 359 

in the presence of CSE (0-40%). All kinetic measurements were performed in triplicates and 360 

repeated twice.  361 

 362 

Statistical analysis: Data were expressed as mean  SD unless indicated. Statistical 363 

significance between the different values was analyzed by non-parametric Mann-Whitney U 364 

test and groups comparison were performed with non-parametric Kruskal-Wallis test (Dunn’s 365 

multiple comparisons). Statistical analysis was performed using GraphPad Prism 7 (GraphPad 366 

software, San Diego, CA, USA). Differences at a p-value < 0.05 were considered significant. 367 

  368 
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Results  369 

Clinical data of patients undergoing lung resection 370 

Seventy-two patients were enrolled for this study and divided into nine groups based on their 371 

smoking status. Their clinical characteristics are summarized in Table 1. There were no 372 

significant differences in mean age between groups, except between non-COPD current 373 

smokers (CS) and never-smokers (NS) group (p=0.004). The number of pack-years was 374 

similar (no statistically significant difference) in all groups of smokers (including CS and 375 

former smokers (FS) with or without COPD) with a median of 40 pack-years smoking. The 376 

GOLD system categorizes airflow limitation into stages: GOLD I is mild with a FEV1 (forced 377 

expiratory volume in one second, % predicted) ≥ 80%, GOLD II is moderate (50% ≤FEV1 378 

<80% predicted) and Gold III is severe (30% ≤FEV1 <50% predicted). Here, FEV1 in GOLD 379 

stage II and III patients was significantly lower compared to non-COPD patients and GOLD 380 

stage I patients (p<0.05). 381 

 382 

Detection of cathepsin S by IHC in lung tissue of smokers 383 

To ascertain CatS expression, immunohistochemistry (IHC) was performed on formalin-fixed, 384 

paraffin-embedded lung tissue sections from selected patients of the cohort (NS, non-COPD 385 

CS, and CS with COPD) (Fig. 1A). Modest levels of immunoreactive CatS was observed in 386 

the lungs of NS, while higher expression of CatS was readily detected in non-COPD CS and 387 

CS with COPD. Highest expression of CatS was observed in the bronchial epithelial layer, 388 

type II pneumocytes and alveolar macrophages. CatS immunoreactivity was also detected in 389 

submucosal glands, while non-ciliated club cells of the bronchiolar epithelium were weakly 390 

stained. The degradation of the lung interstitium by elastinolytic proteases including CatS is a 391 

critical factor in the pathogenesis of cigarette smoke-induced emphysema. Accordingly, more 392 

areas with interruption and fragmentation of elastin fibers in lung tissue from non-COPD CS 393 

and CS with COPD compared with NS were observed.  394 

 395 

Cathepsin S levels in lung tissue of never-smokers and smokers 396 

Then, we expanded previous observations by comparing CatS levels in a cohort of 72 397 

patients, including NS (n=10), smokers (n=62, including CS and FS with and without COPD). 398 

Western-blot analysis confirmed a higher CatS protein expression in selected samples of non-399 

COPD and COPD smokers versus NS (Fig. 1B). While the mature form of CatS (25 kDa) was 400 

strongly stained, staining of its proform was fainter. Moreover, levels of immunoreactive CatS 401 
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determined by ELISA was significantly ~2.5-fold higher in lung tissue lysates from the 402 

cohort of cigarette smokers compared to NS (p=0.0033) (Fig. 1C).  403 

 404 

Active smoking is associated with increased pulmonary cathepsin S expression  405 

To evaluate whether CatS expression might be correlated with the smoking status and history, 406 

we compared specifically the levels of CatS by ELISA in lung tissue samples from each NS, 407 

CS and FS with or without COPD (Fig. 2). Levels of CatS were significantly higher (4-fold) 408 

in lung tissue from non-COPD CS and COPD CS than those from NS, while FS expressed 409 

lower levels (1.5-fold) of CatS (Fig. 2A). Interestingly, a 2-fold decrease of CatS 410 

expression was measured in non-COPD FS and COPD FS compared with CS (p<0.05 for 411 

each comparison). Pack-years of cigarette smoking correlated positively with lung CatS 412 

expression (rs = 0.468, p = 0.012, Fig. 2B) in the cohort that encompasses NS and CS with and 413 

without COPD, while CatS expression correlated negatively with FEV1 (% predicted) (rs = ‐414 

0.5337, p = 0.0041, Fig. 2C). However, no significant relationship between CatS expression 415 

and the number of pack-years or FEV1 was found with non-COPD FS and FS with COPD. 416 

Nevertheless, the number of pack-years correlated negatively with FEV1 (%) in the cohort of 417 

72 patients (rs = ‐0.429, p = 0.0002) (Fig. 2D). This suggests that overexpression of CatS in 418 

CS is mostly associated with the number of pack-years smoking and is inversely related to a 419 

decline in lung function.  420 

 421 

Cathepsin S expression and COPD severity 422 

To extend our analysis of the relationship between COPD severity and CatS expression, we 423 

further subdivided FS and CS with COPD into three groups based on their GOLD stages (I: 424 

mild, II: moderate and III: severe) and investigated expression of CatS by Western-blot and 425 

densitometry analysis (Fig. 2E). Mature CatS from pooled samples from CS with COPD was 426 

significantly higher (3-fold for GOLD I, II and 5-fold for GOLD III), compared to NS 427 

(p<0.05), while its expression was lower in FS with COPD. This result was further confirmed 428 

by ELISA, which was performed for each lung tissue sample (Fig. 2F, 2G). There was a 429 

tendency toward an increase of CatS levels depending on the severity of COPD in CS, but not 430 

in FS with COPD. Interestingly the negative correlation between CatS expression and FEV1 431 

was significantly higher in CS with GOLD I, II and III subgroups (rs = ‐0.5428, p = 0.0061), 432 

and even more when analysis was focused on CS with moderate and severe stages of COPD 433 
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(i.e. GOLD II and III) (rs = ‐0.6043, p = 0.0079). No significant correlation was found between 434 

FEV1 and the cohort that encompasses NS and CS without COPD.  435 

 436 

Oxidative state in lung tissues of smokers 437 

Based on the induction of oxidative stress by cigarette smoke (11) and our observation that 438 

CatS expression was higher in current smokers, we next investigated total oxidant status 439 

(TOS) and total antioxidant status (TAS) in lung tissue samples (Table 2). The values of TOS 440 

and oxidative stress index (OSI = TOS/TAS) in both non-COPD CS and CS with COPD 441 

groups were significantly higher than that in NS group (p<0.05; p<0.0001, respectively). In 442 

contrast, values of TAS were significantly lower in both non-COPD CS and CS with COPD 443 

compared to NS (p<0.05).   444 

 445 

Active smoking is associated with increased cathepsin S activity in lung tissue of smokers 446 

Consistent with immunoassays (ELISA and Western-blot data), CatS peptidase activity was 447 

significantly higher in non-COPD CS (p=0.0016) and CS with COPD (p=0.0025) compared 448 

to NS, while FS expressed significant lower levels of active CatS (Fig. 3A). Measurement of 449 

CatS activity supported that there was also a trend for an increase of CatS levels that is 450 

specifically associated to the severity of COPD only in CS patients (Fig. 3B, 3C). Especially, 451 

a significant 4-fold higher of CatS activity was found in GOLD III CS compared to NS 452 

(p<0.05). Concomitantly, a significant increase of the elastinolytic activity of CatS was 453 

observed in smokers (including CS, FS without and with COPD) compared to NS (p=0.0002), 454 

using a fluorescein-labeled elastin (DQ-elastin) (Fig. 3D). Hydrolysis of DQ-elastin was 455 

impaired by morpholinourea-leucinyl-homophenylalanine-vinyl-sulfone (LHVS), a selective 456 

inhibitor of CatS, supporting that overexpressed CatS may contribute to matrix remodeling in 457 

smokers. Finally, levels of CatS peptidase activity in both non-COPD CS and CS with COPD 458 

correlated positively with the number of pack-years (rs = 0.419, p = 0.0063) (Fig. 3E) and 459 

negatively with FEV1 (% predicted) (rs = ‐0.381, p = 0.046, Fig 3F). No significant correlation 460 

was observed between CatS activity and FEV1 in the subgroups of CS or FS without COPD, 461 

contrary to CS with COPD (Gold I, II, III) cohorts (rs = ‐0.3981, p = 0.048).  462 

 463 

Cigarette smoke-induced cathepsin S expression and activity in primary human bronchial 464 

epithelial cells 465 
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CatS has a restricted tissue distribution with a major expression in antigen presenting cells (i.e. 466 

dendritic cells, macrophages) but also in airway epithelial cells (52, 56). Accordingly, we 467 

investigated whether CSE could induce overproduction of active CatS in primary human 468 

bronchial epithelial cells (pHBECs) (Figure 4). To pinpoint non-toxic doses of CSE, we 469 

treated pHBECs with a range of CSE concentrations (0%, 5%, 10%, 25%, and 50%) for up to 470 

24 h and assessed cell viability by LDH assay (Fig. 4A) and cell morphology (Fig. 4B). No 471 

signs of toxicity were observed even in high dose of CSE-exposed pHBECs compared to 472 

untreated cells after 2 h, since only 50% CSE treatment exerted a significant lethal effect on 473 

cells after 24 h treatment (Fig. 4A). Inverted microscopy confirmed that pHBEC cell 474 

morphology was not changed after 2 h and 24 h of CSE stimulation, except for 50% CSE-475 

exposed cells for 24 h, which were rounded up and were detached from the culture plates (Fig. 476 

4B). Therefore, a concentration range of CSE (2.5-20%) was used in all subsequent 477 

experiments for a time period of 2 h incubation. In addition, a control experiment was carried 478 

out beforehand to check the effectiveness of the exposure of pHBECs to CSE by measuring 479 

the increase of cytochrome P450 1 A1 (CYP1A1), which is associated with oxidative stress 480 

response (26). This preliminary analysis confirmed that CYP1A1 mRNA expression was ~4-481 

fold upregulated in pHBECs after 2 h treatment with CSE (2.5%, 5%, 10%, and 20%) 482 

compared to untreated cells. Next, to ascertain that CSE induced oxidative stress in pHBECs, 483 

we evaluated mitochondrial reactive oxygen species (mtROS) levels using MitoSOX-based 484 

flow cytometry. As shown in Figure 4C, CSE induced mtROS production in pHBECs, which 485 

was significant (2-fold increase, p=0.0094) in 20% CSE exposed-cells compared to 486 

untreated cells, supporting that the different CSE preparations used were active on pHBECs 487 

even during a short period of exposure. After 2 h of CSE exposure, we observed by 488 

immunochemical techniques (Western-blot and ELISA) a dose-dependent increase of 489 

intracellular CatS (Fig. 5A, B). E-64 titration demonstrated that the concentration of active 490 

cysteine cathepsins was significantly higher in 20% CSE-exposed cells (32.8 ± 4.2 nmol/mg 491 

of total protein) compared to untreated cells (22.0 ± 3.6 nmol/mg of total protein) (p<0.01), 492 

although we failed to determine the specific concentration of active CatS. Accordingly, we 493 

measured a dose-dependent spread of the overall peptidase activity of cathepsins toward Z-494 

Phe-Arg-AMC in pHBECs lysates (r2=0.81, p<0.05) (Fig. 5C). In a previous report, we 495 

demonstrated that CatS cleaved and inactivated in a specific manner the antimicrobial peptide 496 

LL-37 (1). We therefore incubated exogenous LL-37 with 10% CSE-exposed pHBECs lysates 497 

for 6 and 24 h to provide further evidence of CatS activity in pHBECs. A time-dependent loss 498 

of immunoreactive LL-37 was observed (Fig. 5D). Conversely addition of LHVS (100 nM) 499 
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prevented hydrolysis of LL-37 by pHBECs lysates, supporting that LL-37 degradation relied 500 

on the overexpression of CatS triggered by exposure to 10% CSE. 501 

 502 

Cigarette smoke-induced increase in cathepsin S is mediated by the P2X7 receptor in primary 503 

human bronchial epithelial cells 504 

According to previous reports (5, 13), we hypothesized that CSE could drive the calcium-505 

dependent cPLA2-induced lysosomal secretion of CatS, via the activation of the P2X7 506 

receptor. Thus, pHBECs were treated with 2.5% CSE for 2 h in the presence or absence of a 507 

P2X7 receptor antagonist (AZ 11645373). Subsequent Western-blot densitometric analysis 508 

indicated that P2X7 antagonist significantly reduced (p<0.05) by approximately 7-fold the 509 

level of CatS (Fig. 5E). Likewise, a quantitative analysis by ELISA reinforced that the level 510 

of immunoreactive CatS was below the experimental limit of detection (<15.6 pg/mL) in 511 

P2X7 antagonist-treated pHBECs (data not shown) compared to that measured in 2.5% CSE-512 

exposed pHBECs (37.8515 pg/mL). Additionally, previous reports demonstrated that the 513 

exposure to cigarette smoke induces a compelling increase of phosphorylation of p38 MAPK 514 

and cPLA2 (10, 62). Consistent with these findings, we observed that CSE triggered the 515 

phosphorylation of both p38 MPAK and cPLA2 expression in dose-dependent manner in 516 

pHBECs (Fig. 5F). Taken together with previous reports, our data support that the CSE-517 

induced upregulation of CatS is partly mediated by the MAPK signaling pathway, through 518 

P2X7 receptor activation in pHBECs (Fig. 6). 519 

 520 

Partial inactivation of cathepsin S by cigarette smoke extract 521 

Due to its low pKa, the active-site thiol of cysteine cathepsins is highly sensitive to redox 522 

modifications, resulting in a decreased proteolytic activity (21). Nevertheless, active CatS is 523 

still found in lung tissue of smokers and CSE-exposed pHBECs despite an unfavorable 524 

oxidizing environment. Given these apparently contrasting observations, we studied the effect 525 

of increasing amounts of CSE on activity of CatS at pH 5.5 and 7.4 in vitro. First, CSE 526 

solutions (2.5-40%) were quantified and calibrated by measurement of their absorbance (320 527 

nm) and by assessment of their capacity to oxidize dihydrorhodamine-123 (non-fluorescent) 528 

into rhodamine-123 (λexc: 490 nm, λem: 530 nm) (39), as described in the experimental section 529 

(Fig. 7A and 7B). CSE partially inactivated CatS in a time- and concentration-dependent 530 

manner (Fig. 7C). Nevertheless, CatS was less sensitive to inactivation by CSE at pH 7.4 than 531 

pH 5.5 (Fig. 7D), likely due to a 2-fold decrease of CSE oxidative potential at pH 7.4 (Fig. 532 

7B). Although neutral pH and oxidative stress are believed to be a major drawback for the 533 
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extracellular activity of cysteine cathepsins, present results confirm that CatS exposed to 534 

oxidizing CS may partly retain its enzymatic activity. 535 

 536 

Discussion 537 

In the present study, we examined the expression and activity of CatS in lung tissue of 72 538 

patients including never-smokers, smokers with or without COPD, and related this to their 539 

smoking status and history, and lung function. Increased levels of active CatS were measured 540 

in cancer-free parenchymal lung tissue samples from smokers compared to never-smokers. 541 

CatS increase was prominent comparing CS vs NS, nevertheless FS displayed markedly lower 542 

levels of CatS than CS, which is in line with the hypothesis that active smoking may drive 543 

CatS expression in lung tissue.   544 

To our knowledge, this is the first report that establishes a comprehensive relationship 545 

between both CatS expression and activity in human lungs, and cigarette smoking. We 546 

highlighted a specific increase of CatS in lung tissue samples from current smokers, 547 

suggesting that CatS levels correlate to smoking history and may contribute to smoking-548 

induced lung injury. Also results are consistent with a former study, using a semi-quantitative 549 

IHC approach, which reported that CatS protein levels in lung tissues differ between current 550 

and former smokers (28). Although the present cohort of patients was not suited to determine 551 

the minimal exposure time to cigarette smoke leading to the enhancement of CatS expression 552 

in the lungs of smokers, we found that CatS overexpression correlates positively with 553 

cumulative cigarette exposure (pack-years) in current smokers, but not former smokers. 554 

Conversely no significant differences in CatS levels were observed between non-COPD and 555 

COPD smokers. This most likely reflects that besides upregulation of CatS activity during 556 

COPD, additional proinflammatory mediators (e.g. cytokines, chemokines, growth factors, 557 

oxidants and lipid mediators) secreted by inflammatory cells (i.e. alveolar macrophages, 558 

neutrophils, and T lymphocytes) and also by epithelial and endothelial cells and fibroblasts 559 

from lung airway are involved in orchestrating the progressive airflow limitation and alveolar 560 

destruction (emphysema) in patients with COPD (for review: (3)). Nevertheless, variations in 561 

CatS protein and activity levels that related to GOLD stages were observed only in current 562 

smokers. Moreover, both CatS protein and activity levels were markedly elevated in severe 563 

(stage III) COPD patients compared to NS. Present results must be interpreted with caution 564 

and will deserve further investigations with a larger cohort of COPD patients with different 565 

Gold stages (I-IV). Though, this finding is in line with a previous study showing that mature 566 

CatS levels are higher in bronchoalveolar lavage fluid from COPD patients compared with 567 
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healthy volunteers (19). Likewise, plasma CatS level was also higher in severe COPD patients 568 

compared with healthy smokers (CS) and never-smokers (41). Nevertheless, plasma CatS 569 

level did not correlate with the severity of the disease among the COPD patients, probably 570 

due to the presence of former smokers among COPD patients enrolled in the study. Finally, a 571 

crucial remaining issue is to establish whether active CatS up-regulation may be associated 572 

with emphysema severity during COPD.  573 

One concern is that all the resected samples for the study came from patients who all 574 

underwent surgery for primary lung cancer. Under these circumstances, the present analysis 575 

was restricted to tumor-free lung tissues in order to restrain potential biases due to tumoral 576 

environment. On the other hand, we observed a statistically significant correlation between 577 

the severity of airflow obstruction (FEV1) and CatS expression/activity in lung tissues from 578 

current smokers with COPD. Accordingly, an elegant study has demonstrated that the 579 

increase of both CatS activity and protein levels in BALF from patients with cystic fibrosis 580 

(CF) is associated with lower lung function (56). Hence, one could speculate that, besides 581 

development and progression of COPD in smokers, upregulation of CatS may also be linked 582 

to other chronic airway inflammatory disorders. About 40% of “heavy” smokers (>1 pack of 583 

cigarettes per day) develop emphysema (25), and increased CatS may contribute to extensive 584 

breakdown of parenchymal lung tissue. Although cessation of smoking produces a 585 

considerable decrease in COPD mortality, there is growing evidence that the rate of decline of 586 

lung function continues, suggesting that irreversible changes occur with long-lasting effects. 587 

Despite lower active CatS levels were found in former smoker (non-COPD and COPD) 588 

compared to current smokers (non-COPD and COPD), they were still higher than in never-589 

smokers, which may contribute to persistent inflammation and to some extent to lung 590 

parenchyma destruction with reduced lung function for some individuals. A number of studies 591 

have investigated elastin degradation in vitro by lysosomal cysteine cathepsins, and showed 592 

that the elastinolytic activities of CatS and CatK, and to a less extent of CatL, are comparable 593 

or higher than those of neutrophil elastase and MMPs, strengthening their pivotal role in 594 

matrix degradation and remodeling (7–9, 22, 38). Also, among cysteine proteases expressed 595 

in lungs, CatS has the unique property to efficiently degrade elastin fibers at both pH 5.5 and 596 

7.4 (50), and in vivo studies demonstrated the capacity of CatS to cause airspace enlargement 597 

in mice (55, 60). Here we demonstrated that the specific CatS-mediated elastinolytic activity 598 

was critically increased in lung extracts of smokers compared to never-smokers. Similar 599 

findings showing an increased activity of CatS associated to smoke-exposure were found 600 

using rodent experimental models of smoke-exposed guinea pigs and mice (22, 28). Cigarette 601 
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smoke-exposed animals developed emphysema with a significantly extensive decrease of 602 

ECM content (collagen and elastin) (22). Of note, no CT scanning and/or diffusion lung 603 

capacity for carbon monoxide (DLCO) were performed in this study to evaluate emphysema 604 

in the cohort of patients. 605 

Concordantly, a fragment of decorin, one of the most abundant proteoglycans of the ECM, 606 

was identified in the serum of patients with COPD or fibrotic lung disorders (29). This 607 

decorin-derived peptide that is specifically released by CatS was proposed as a valuable 608 

serum biomarker for these lung disorders (29).  609 

Despite the fact that CatS has a restricted cellular distribution with a prevalent expression in 610 

APCs, there is evidence that other lung cells also produce CatS (30, 52, 56). Present IHC 611 

studies revealed that the increased immunoreactivity of CatS in peripheral lung tissue of 612 

current smokers is also assigned to type II pneumocytes and bronchial epithelial cells. We 613 

demonstrated that exposure of primary human bronchial epithelial cells (pHBECs) to CSE 614 

rapidly induced a dose-dependent increase of CatS expression. It was shown that CSE 615 

exposure triggers the release of ATP from pHBECs via the sequential activation of transient 616 

receptor potential cation channels of the vanilloid subtype (TRPV) 1 and 4 and pannexin-1 617 

channel pore, respectively (5). Likewise, ATP acts on the purinergic receptor P2X7, that plays 618 

a pivotal role in cigarette smoke-induced lung inflammation and emphysema (5, 37). 619 

Interestingly, lipopolysaccharide combined with high concentration of ATP (millimolar 620 

concentrations) promotes rapidly (<4 h) the release of active CatS from microglial lysosomes, 621 

via P2X7 receptor activation as well as the downstream activation of p38 MAPK and 622 

cytosolic phospholipase A2 (cPLA2) (13). Furthermore, it has been reported that the levels of 623 

extracellular ATP, proinflammatory cytokines including IL-18, and P2X7 receptor are 624 

increased in the airways of both non-COPD and COPD smokers and may contribute to the 625 

pathogenesis of smoking-related lung diseases (14, 34, 44). Interestingly, extracellular ATP 626 

rapidly enhanced the expression of active CatS from microglia, a process that involved P2X7 627 

receptor activation and downstream activation of p38 MAPK and cPLA2, which plays a 628 

crucial role in membrane fusion during lysosome exocytosis (2, 13). Consequently, data 629 

presented herein suggest a crucial role for P2X7 receptor, also implying p38 MAPK and 630 

cPLA2 signaling pathways, in the release of CatS in pHBECs in response to CSE exposure 631 

(Fig. 6). The present study supports that cigarette smoke-activation of P2X7 receptor may 632 

contribute to lung tissue damage through the release of CatS.  633 

A number of studies have investigated the potential benefits of P2X7 blockade in rodent 634 

models of inflammatory disorders, including neurologic inflammation, rheumatoid arthritis, 635 
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bone cancer and COPD (for review: (4)). It can be speculated that treatment with specific 636 

P2X7 antagonists may reduce the release of CatS and could account for the reduction of lung 637 

symptoms in heavy smokers with or without COPD. Alternatively, the potentially harmful 638 

actions of CatS in autoimmune and inflammatory chronic diseases is well established, 639 

suggesting its inhibition by selective and specific drugs may be crucial for patient outcome. 640 

Several studies have validated the safety and clinical efficacy of such inhibitors in preclinical 641 

models and clinical studies for the treatment of rheumatoid arthritis, skin diseases and 642 

neuropathic pain (for review: (57)). The emerging role of CatS deregulation in smoking-643 

related lung diseases may pave the way for the development of further CatS inhibitors, which 644 

hopefully may represent a modulatory strategy for treating in part emphysema by limiting 645 

elastic fiber destruction. 646 
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Table 1: Patient characteristics 863 

 
non-COPD COPD 

 GOLD I GOLD II GOLD III 
Smoking status NS CS FS CS FS CS FS CS FS 
No. of subjects  10 10 10 7 10 9 9 2 5 
Sex, M/F 2/8 9/1 9/1 5/2 9/1 6/3 9/0 2/0 5/0 

Age, years (SD) 73(7) 54*(11)  62(9) 62(6) 66(12) 60(9) 63(8) 61(10) 68(5) 

Pack-years (SD) 0 28(13) 40(15) 54(26) 32(15) 64(26) 54(24) 49(24) 55(13) 

FEV1,  
% predicted (SD) 

99(19) 92(19) 83(11) 92(6) 99(14) 69*(9) 69*(8) 34*(3) 43*(3) 

 864 
Smoking status is noted as: NS, never-smoker; CS, current smoker; FS, former smoker. Data 865 
are presented as n or mean with standard deviation (SD), unless otherwise stated. FEV1: forced 866 
expiratory volume in one second. Mean age of each group was compared using Kruskal-Wallis 867 
test (*: p<0.05 compared with NS). FEV1 data were compared using Kruskal-Wallis test (*: 868 
p<0.05 versus non-COPD (NS, CS and FS) patients and GOLD I (CS, FS) patients).  869 

  870 
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 871 
Table 2: Median levels of TAS, TOS and OSI in never-smokers, non-COPD and COPD 872 
current smokers  873 
 874 
 875 
 NS 

(n=10) 
Non-COPD CS 

(n=10) 
COPD CS 

(n=18) 
TAS (mM Trolox eq./µg protein) 529(149) 373*(112) 385*(123) 
TOS (µM H2O2 eq./ µg protein) 314(40) 355*(60) 362*(186) 
OSI 0.59(0.1) 0.95****(0.1) 0.94****(0.2) 
 876 
 877 
TAS: Total Antioxidant Status, TOS: Total Oxidant Status, OSI Oxidative Stress Index. 878 
Results are expressed as median with standard deviation (SD). Data from non-COPD CS and 879 
COPD CS were compared with NS, using Mann-Whitney U test (*: p<0.05; ****: p<0.0001). 880 
 881 
 882 

  883 
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Legends to Figures 884 

 885 

Figure 1: Cathepsin S protein expression in peripheral lung tissue of never-smokers and 886 

smokers. 887 

A) Lung tissue was obtained from never-smokers (NS), non-COPD current smokers (CS) and 888 

CS with COPD. Representative histological sections (original magnification: 400 x) of 889 

bronchiolar and alveolar epithelium are shown to illustrate the difference between NS, non-890 

COPD CS (middle) and COPD CS (Gold III) (right) (Bars, 100 µm). The lung parenchyma 891 

and elastin fibers were respectively stained with hematoxylin-phloxine-saffron (HPS) and 892 

orcein. Elastin fibers are highlighted with arrows. Expression of CatS was visualized by 893 

immunohistochemistry (IHC) using primary antibody against CatS (1:100) and an anti-CD68 894 

antibody (1:200) was used to highlight the alveolar macrophages. B) Representative Western-895 

blot of mature CatS in peripheral lung tissue lysates (30 µg/well) of five NS, five non-COPD 896 

CS and five CS with COPD. Patient ID numbers are shown on top. C) Total CatS expression 897 

was evaluated by ELISA in lung tissue lysates from NS patients (n=10) and smokers (n=62, 898 

including non-COPD CS, FS, and COPD CS, FS) and the concentration (pg/mL) normalised 899 

to total tissue homogenate protein content (pg/µg of total protein). Bars represent mean 900 

valuesSD. Statistical significance was assessed using Mann-Whitney U test (*: p<0.05). 901 

 902 

Figure 2: Cathepsin S protein levels are higher in current smokers with or without 903 

COPD.  904 

A) Total CatS levels in tissue lysates from never-smokers (NS) and smokers with different 905 

status including current smokers (CS), former smokers (FS) w/o COPD, and CS and FS with 906 

COPD (Gold I-III) were quantified by ELISA. Statistical significance was assessed using 907 

Kruskal-Wallis test (Dunn’s multiple comparisons) (*: p<0.05; **: p<0.01). B) Correlation 908 

between CatS levels and smoking history (packs/year), and C) the lung function evaluated as 909 

forced expiratory volume in 1 s (FEV1) in samples from NS and CS (non-COPD and COPD). 910 

Correlations were determined by linear regression and indicated by the Spearman coefficient 911 

(rs) and levels of significance (p). D) Correlation between the lung function evaluated as 912 

forced expiratory volume in 1 s (FEV1, % predicted) and smoking history (packs/year). 913 

Correlation was determined by linear regression and indicated by the Spearman coefficient 914 

(rs) and levels of significance (p). E) Representative Western-blot of CatS expression (white 915 

arrow: proform, black arrow: mature form) in tissue lysates from different groups; NS, non-916 

COPD CS and FS, CS and FS with different stages of COPD severity (GOLD I, mild; GOLD 917 
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II, moderate; GOLD III, severe, total protein amount: 30 µg of protein pooled from equal 918 

amount of samples from each group). β-actin normalized densitometric analysis of mature 919 

CatS immunoreactive bands was performed using the ImageJ softwareand data are 920 

represented as mean±SD. G) Total CatS levels in tissue lysate from NS and CS with COPD 921 

and H) from NS and FS with COPD were quantified by ELISA. Concentration of CatS 922 

assessed by ELISA (pg/mL) were normalised to total tissue homogenate protein content 923 

(pg/µg of total protein). Statistical analyses of CatS levels were performed for each category 924 

of smokers using Mann-Whitney U test and values were compared with NS (*: p<0.05). 925 

 926 

Figure 3: Cathepsin S activity is higher in lung tissue lysates of current smokers. 927 

A) Titration of active CatS in tissue lysates. Detection of active-site titration of CatS in tissue 928 

lysate (10 µg of total protein) of each patient. Titration was performed with E-64 (0-20 nM) 929 

before adding Z-Leu-Arg-AMC (50 µM). B) Titration of CatS in tissue lysates from never-930 

smokers (NS) and current smokers (CS) with COPD and C) from NS and former smokers 931 

(FS) with COPD. Values were normalized to the respective loading control and data are 932 

represented as mean±SD. Statistical analyses of CatS activity were performed using Kruskal-933 

Wallis test (Dunn’s multiple comparisons) (*: p<0.05; **: p<0.01). D) Elastinolytic activity 934 

of CatS in tissue lysates from NS and all smokers, using DQ-elastin as a substrate. Controls 935 

were performed using the CatS inhibitor (LHVS, 100 nM). Statistical analyses of CatS 936 

activity were performed using Mann−Whitney U test (***: p<0.001). E) Correlation between 937 

active site titration of CatS and smoking history (packs/year), and F) FEV1 (% predicted) in 938 

samples from NS and CS (non-COPD and COPD). Correlations were determined by linear 939 

regression and indicated by the Spearman coefficient (rs) and levels of significance (p). 940 

 941 

Figure 4: Effects of cigarette smoke extract (CSE) on pHBECs viability and 942 

mitochondrial oxidative stress induction. 943 

A) LDH assay performed with confluent pHBECs treated with 0 to 50% CSE for 2 and 24 h. 944 

Data were normalized to time-matched controls and represent mean ± SD of three 945 

independent experiments. B) Cell morphology of pHBECs treated with indicated 946 

concentrations of CSE for 2 and 24 h. Representative bright field images are shown (original 947 

magnification: x100; insets: x200). C) Quantification of MitoSOX by flow cytometry. Cells 948 

were treated for 2 h with CSE (0%, 2.5%, 5%, 10%, and 20%). Data were normalized to 949 

control (dashed lane) and represent mean ± SD of three independent experiments. For 950 

statistical analysis, Kruskal-Wallis test was used (*: p<0.05; **: p<0.01 vs control).  951 
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 952 

Figure 5: Effects of cigarette smoke extract (CSE) on cathepsin S expression in 953 

pHBECs. 954 

Cultures of pHBECs were treated with 0%, 2.5%, 5%, 10%, or 20% cigarette smoke extract 955 

(CSE) for 2 h. A) Representative Western-blot of CatS in pHBECs whole-cell lysates (total 956 

protein amount: 5 μg/ lane) using an anti-CatS polyclonal antibody. Anti-β-actin polyclonal 957 

antibody was used as a loading control. B) Protein levels of CatS were determined by ELISA. 958 

Bars represent mean values  SD from three independent pHBEC donors (duplicate). 959 

Statistical analyses of CatS levels were performed for each dose of CSE using Mann-Whitney 960 

U test and values were compared to control (*: p<0.05). C) Total cathepsin activity in whole-961 

cell lysates of pHBECs (total protein amount: 100 ng) was measured using Z-Phe-Arg-AMC 962 

(50 μM) in 100 mM sodium acetate buffer, pH 5.5, 5 mM DTT, and 0.01% Brij35. D) 963 

Western-blot analysis of LL-37 hydrolysis by pHBEC cell free lysates (treated or not with 10 964 

% CSE) for 0-24 h. Controls were performed with E-64 and LHVS. Representative blot using 965 

an anti-LL-37 antibody is shown. E) Representative Western-blot of CatS (upper panel) in 966 

whole-cell lysates of pHBECs (total protein amount: 5 μg/ lane) exposed or not to CSE for 2 967 

h (2.5%). Cells were pre-treated 1 h with P2X7 receptor antagonist (1 µM), or mock (DMSO). 968 

Respective CatS densitometry (lower panel). Statistical analyses were performed using Mann-969 

Whitney U test (*: p<0.05).  F) Representative Western-blot showing expression of 970 

phosphorylated-p38 MAPK (Thr180/Tyr182) and phosphorylated-cPLA2 (Ser505) in CSE-971 

exposed pHBECs.  972 

 973 

Figure 6: Proposed mechanism of the induction of cathepsin S expression by cigarette 974 

smoke exposure of pHBECs.  975 

Schematic overview of the existing literature on cigarette smoke exposure causes an increase 976 

in ATP from primary human bronchial epithelial cells, via the activation of TRPV1, TRPV4 977 

and pannexin-1 channels (5). ATP activates P2X7 receptors leading to efflux of K+ and influx 978 

of Ca2+ (13). Increase of cytosolic Ca2+ levels stimulate p38 MAPK phosphorylation leading 979 

to an increase of phospholipase A2 (cPLA2) expression, leading to the release of lysosomal 980 

CatS. In bold are depicted the results of the present study. 981 

 982 

Figure 7: Effect of cigarette smoke extract (CSE) on cathepsin S activity.  983 

A) CSE preparation was standardized by measuring the absorbance at 320 nm at pH 5.5 984 

(filled black diamond) and 7.4 (empty circle). B) The oxidant potential of each CSE 985 
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preparation was measured by its ability to convert non-fluorescent dihydrorhodamine-123 to 986 

oxidized fluorescent rhodamine-123 (λexc: 490 nm, λem: 530 nm) at pH 5.5 (filled black 987 

diamond) and 7.4 (empty circle). C) Inhibition of CatS activity by CSE. CatS (1 nM) activity 988 

(relative fluorescence unit, RFU) was measured continuously (0-60 min) at 37°C in the 989 

presence or absence of CSE (2.5-40 %) at pH 5.5 and 7.4, using Z-Leu-Arg-AMC (20 µM) as 990 

a substrate. D) CatS (1 nM) was preincubated at 37°C for 10 min in the presence or absence 991 

of CSE (2.5-40 %) at pH 5.5 (filled black diamond) and 7.4 (empty circle), and residual 992 

activity was monitored at 37°C using Z-Leu-Arg-AMC (20 µM).  993 
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