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Abstract  29 

S100 calcium-binding protein A9 (S100A9), is elevated in plasma and 30 

bronchoalveolar lavage fluid (BALF) of COPD patients and aging enhances 31 

S100A9 expression in several tissues. Currently, the direct impact of S100A9-32 

mediated signaling on lung function and within the aging lung is unknown. Here, 33 

we observed that elevated S100A9 levels in human BALF correlated with age. 34 

Elevated lung levels of S100A9 were higher in older mice compared to young 35 

animals and coincided with pulmonary function changes. Both acute and chronic 36 

exposure to cigarette smoke enhanced S100A9 levels in age-matched mice. To 37 

examine the direct role of S100A9 on the development of COPD, S100a9-/- mice 38 

or inhibited activity with paquinimod, and exposed the models to chronic cigarette 39 

smoke S100A9 depletion and inhibition attenuated loss of lung function, 40 

pressure-volume loops, airway inflammation, lung compliance, and FEV0.05/FVC, 41 

compared to age-matched wild type or vehicle administered animals. Loss of 42 

S100a9 signaling reduced cigarette smoke-induced airspace enlargement, 43 

alveolar remodeling, lung destruction, ERK and c-RAF phosphorylation, MMP-3, 44 

MMP-9, MCP-1, IL-6, and KC release into the airways. Paquinimod administered 45 

to non-smoked aged animals reduced age-associated loss of lung function. Since 46 

fibroblasts play a major role in the production and maintenance of extracellular 47 

matrix in emphysema, primary lung fibroblasts were treated with the ERK 48 

inhibitor, LY3214996, or the c-RAF inhibitor, GW5074, resulting in less S100A9-49 

induced MMP-3, MMP-9, MCP-1, IL-6, and IL-8. Silencing TLR4, RAGE or 50 

EMMPRIN prevented S100A9-induced phosphorylation of ERK and c-RAF. Our 51 
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data suggest that S100A9 signaling contributes to the progression of smoke and 52 

age-related COPD.  53 

 54 
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 69 

 70 

Introduction 71 

Chronic obstructive pulmonary disease (COPD)is the fourth leading cause of 72 

death in the US. The CDC attributes over 480,000 deaths annually or about 1 in 73 

5 deaths to cigarette smoke (61). Exposure to cigarette smoke is the primary 74 

environmental factor associated with the development of COPD in the developed 75 
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world. Cellular responses triggered by cigarette smoke cause the release of 76 

inflammatory and proteolytic mediators that contribute to the pathogenesis of 77 

COPD (21). There are several proposed mechanisms that lead to loss of lung 78 

function, including chronic inflammation (10), accumulation of secretions, 79 

protease responses (25), matrix remodeling, apoptosis (48), immunosenescence 80 

(43), and damage to airway mucosa (4). Importantly, COPD is regarded as an 81 

age-related disease, with the incidence rate rising with increasing age (78). 82 

During the normal aging process, pulmonary function begins to decline as a 83 

consequence of structural and physiological changes to the lung (44). There is 84 

also a strong association between smoke-induced diseases and damage-85 

associated molecular patterns (DAMPs) (24, 49). DAMPs are endogenous 86 

molecules released from damaged or dying cells and activate the innate immune 87 

system via pattern recognition receptors. Despite having important roles in 88 

immune responses, several DAMPs are associated with disease pathogenesis, 89 

including S100 calcium-binding protein A9 (S100A9) (24). However, apart from 90 

elevated levels of S100A9 observed in the serum of COPD patients during an 91 

exacerbation (50) and in the BALF of exacerbation-free COPD patients (24) and 92 

S100A9 expression in many tissues enhances  with age (68), we currently know 93 

little about its functional role in disease progression and the aging lung. 94 

There are additional studies linking S100A9 to other pulmonary and 95 

cardiovascular diseases, with plasma S100A8/A9 levels associated with pediatric 96 

obstructive sleep apnea and may reflect an increased risk for cardiovascular 97 

morbidity (37). S100A9 frequently forms a heterodimer with S100A8 and both 98 

play an important role in many biological processes (74) but S100A8 and S100A9 99 
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are not always co-expressed (40). S100A9 is expressed at low levels in healthy 100 

tissue but is frequently observed in diseased tissue (20), and infiltrating immune 101 

cells (6). Intracellularly, S100A9 is known to regulate NADPH oxidase activity (6), 102 

which is a major source of reactive oxygen species in neutrophils. Extracellularly, 103 

high concentrations of S100A9 are observed at tissues with elevated 104 

inflammation or in the serum of patients with inflammatory diseases (13). In 105 

cardiovascular disease, plasma S100A9 levels correlate with blood neutrophils 106 

counts and with the incidence of coronary events and cardiovascular mortality 107 

(14). Our group determined that enhanced S100A9 signaling coincides with lung 108 

damage during respiratory syncytial virus (RSV) infection in mice (24). We have 109 

also determined that S100A9 is enhanced by cigarette smoke exposure and 110 

further enhanced during viral exacerbations in mice and human primary lung 111 

cells (24). 112 

S100A9 is highly expressed in phagocytes, is elevated in COPD samples, 113 

and triggers degranulation of neutrophils releasing inflammatory and proteolytic 114 

enzymes (64). Therefore, we tested the hypothesis that S100A9 signaling in the 115 

lung contributes to age related changes in pulmonary function as well the 116 

development of COPD. We utilized animals genetically deficient for S100a9 and 117 

paquinimod, a chemical inhibitor of S100A9 to explore the impact of S100a9 118 

deficiency or inhibition on lung structure and function and signaling changes 119 

during chronic smoke exposure and in aged animals. We utilized BALF and 120 

human primary lung fibroblasts to correlate S100A9 levels to age and to allow 121 

modulation of S100A9 responses in vitro, respectively. Fibroblast were utilized as 122 

they expressed S100A9-mediated cytokines and proteases and fibroblasts play a 123 
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major role in the production and maintenance of extracellular matrix in 124 

emphysema (45, 69). DAMP-associated receptors, kinases, cytokines, and 125 

proteases were investigated in lung fibroblasts to further elucidate molecular 126 

mechanisms regulated by S100A9 in COPD.  127 

 128 

Methods 129 

Human Samples 130 

BALF was collected from healthy never smokers, smokers, and COPD patients 131 

free from exacerbations for 6-months (see Table 1 for demographics). Written 132 

informed consent was obtained from all study participants and was approved by 133 

the Institutional Review Board of the University of Miami and conformed to the 134 

Declaration of Helsinki.  135 

Animal models  136 

S100a9-/- mice (3), on a C57BL/6J background, were maintained in a specific 137 

pathogen-free facility at SUNY Downstate Medical Center. We chose to 138 

investigate the S100a9-/- as lung levels of S100a9 were similar in wild type and 139 

heterozygous animals (Supplemental Fig. S1 140 

(https://figshare.com/s/c1ff26d650bb24d1e954)). Both male and female mice, 8-141 

week-old, were used at the initiation point for the majority of experiments. Mice 142 

were whole-body exposed to cigarette smoke in a chamber (Teague Enterprises, 143 

Davis, CA, USA) for three hours a day, five days per week at a total particulate 144 

matter concentration of 80-120 mg/m3. Smoke exposure was continued for 6 145 

months. Marlboro cigarettes were used to generate cigarette smoke. A/J mice 146 
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were used for the paquinimod studies. Oral paquinimod (Active Biotech AB, 147 

Sweden) was daily administered to animals at a final concentration of 3.75 148 

mg/kg. Paquinimod is water-soluble, and control animals received water only as 149 

a vehicle. Mice received paquinimod (1) throughout the smoke study, or (2) 2-150 

months into a 4-month smoking study, or (3) daily for 2 months in aged animals 151 

without smoke exposure. A cohort of C57BL/6J animals were aged (18-months) 152 

to compare age-dependent changes in S100A9 levels and the impact of 153 

paquinimod on lung function. Equally, age-matched animals were exposed to 154 

acute (1-month) or chronic smoke (6-months) exposure. All animal experiments 155 

were performed with approval from SUNY Downstate Health Sciences 156 

University’s Institutional Animal Care and Use Committee. This study was 157 

performed in strict accordance with the recommendations in the Guide for the 158 

Care and Use of Laboratory Animals of the National Institutes of Health and 159 

Institutional Animal Care and Use Committee (IACUC) guidelines. 160 

Expiratory measurements 161 

Mice were anesthetized with an intraperitoneal (ip) injection of ketamine/xylazine 162 

hydrochloride solution (100/10 mg/kg; Millipore Sigma, Burlington, MA, USA). 163 

Animals were tracheostomized and connected via an endotracheal cannula to 164 

the SCIREQ flexiVent system (SCIREQ Inc., Montreal, Canada). After initiating 165 

mechanical ventilation, animals were paralyzed with 1 mg/kg pancuronium 166 

bromide (Millipore Sigma) via ip injection and several pulmonary function 167 

measurements (pressure-volume (PV) loops, lung compliance, compliance, and 168 

forced expiration extension (FEV) in the first 0.05 seconds of forced vital capacity 169 
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(FVC)) performed, as previously described (62). The area under the curve (AUC) 170 

of the PV loops was calculated for each animal. 171 

Histology and lung immune cell measurements 172 

Following euthanasia by cervical dislocation, the lungs underwent pressure-173 

fixation and morphometric analysis in accordance with our previously published 174 

protocol (23) and in accordance with the ATS/ERS issue statement on 175 

quantitative assessment of lung structure (35). Fixed step sections (4-μm in 176 

thickness) every 200 μm of paraffin-embedded lungs were H&E stained. The 177 

lung was imaged with high-throughput scanner, Leica AT2. Whole slide scans of 178 

several layers were cropped into multiple images (at least 40 images per animal) 179 

before performing histology analysis based on stereological principles. Mean 180 

linear intercept analysis was performed as previously described (22). Alveolar 181 

boundary size and ductal destructive measurements were performed on images 182 

of the H&E stained tissues, as previously described (77). Bronchoalveolar lavage 183 

fluid (BALF) and BALF cells were obtained from animals of each group. BALF 184 

cells were cyto-centrifuged onto slides to determine macrophage and neutrophil 185 

numbers. Cells were stained with Diff-Quik stain and at least 200 cells were 186 

examined per slide. Goat polyclonal anti-S100A9 antibody (Santa Cruz 187 

Biotechnologies) was utilized to stain sections for immunohistochemistry. Briefly, 188 

deparaffinized sections underwent antigen retrieval using tri-sodium citrate at pH 189 

6 for 30 minutes in a 98 oC water bath. After allowing the sections to cool, they 190 

were washed in PBS containing 0.05% Tween 20 (PBST) and blocked in 3% 191 

bovine serum albumin (BSA) in PBS for 1 hour at room temperature. Goat 192 

polyclonal anti-S100A9 antibody (Santa Cruz Biotechnologies) was added in 3% 193 
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BSA and incubated overnight at 4 oC on a rocking shaker. Sections were washed 194 

in PBS with tween 3 times for 10 minutes. Detection was by an avidin-biotin 195 

complex (ABC)–based method (Vector Laboratories, Burlingame, CA) using a 196 

biotinylated secondary antibody, which is linked to an ABC-enzyme complex, 197 

horseradish peroxidase. 3,3′ Diaminibenzidine (Vector Laboratories) was used as 198 

a substrate for peroxidase complexes yielding a brown reaction product at the 199 

site of the target antigen. Sections were counterstained with hematoxylin (blue). 200 

Isotype control goat IgG was used as a negative control. 201 

 202 

BALF analysis  203 

Mouse and human MMPs, cytokines, and S100 (A8 and A9) proteins were 204 

examined in BAL fluid using beads assays (MILLIPLEX MAP MMP Magnetic 205 

Bead and MILLIPLEX Cytokine Magnetic Bead Panels, Millipore Sigma, Billerica, 206 

MA, USA; R&D Systems Magnetic Luminex Assays) with the Bio-Rad Bio-Plex 207 

200 system. Mouse desmosine levels were measured in concentrated BALF 208 

using the Biorbyt Mouse Desmosine ELISA Kit, as recommended by 209 

manufacturers (Cat # orb409382, Biorbyt LLC, San Francisco, CA, USA). Human 210 

BALF data were standardized to total urea concentrations, as determined by a 211 

commercially available assay per manufacturers’ instructions (Abnova, Walnut, 212 

CA, USA). 213 

Western blot and RT-PCR 214 

Protein was collected from lung tissue by bead beater disruption 215 

(Minibeadbeater-16, BioSpec Products, Bartlesville, OK, USA). Tissue was 216 
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placed in radioimmunoprecipitation assay buffer with 50mg of 1 mm diameter 217 

Zirconia beads (BioSpec Products) and disrupted for 30 seconds in the bead 218 

beater. Fibroblasts were also lysed with the same buffer. Soluble proteins were 219 

collected following 10-minute centrifugation at 13,000 x g at 4oC. Immunoblots for 220 

ERK phosphorylation (Thr202/Tyr204 and total ERK1/2), c-RAF phosphorylation 221 

(Ser259 and total c-RAF), β-Actin and GAPDH (all antibodies from Cell Signaling 222 

Technologies, Beverly, MA, USA) were performed to confirm equal levels of 223 

protein were loaded per sample. Chemiluminescence detection was performed 224 

using the Bio-Rad Laboratories Molecular Imager ChemiDoc XRS+ imaging 225 

system. Densitometry was performed and represented as a ratio of pixel intensity 226 

of the phosphorylated ERK or c-RAF compared to total ERK or c-RAF, using Bio-227 

Rad Laboratories Image Lab software (version 4.0, build 16). This densitometry 228 

ratio was defined as densitometry units (DU).  229 

Gene expression was determined by qPCR using Taqman probes (Life 230 

Technologies/Applied Biosystems, Carlsbad, CA, USA). RNA was isolated using 231 

the Qiagen RNeasy kit following tissue or cell homogenization and mRNA was 232 

reverse transcribed using the Applied Biosystems high capacity cDNA kit (Life 233 

Technologies). qPCR was performed on the Bio-Rad CFX384 real-time system. 234 

All qPCR results are represented as relative quantification (RQ) compared to 235 

room air or nonsmoker controls and corrected to ACTB and GAPDH levels, using 236 

the ΔΔCt method. 237 

Cell cultures 238 
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Primary adult pulmonary fibroblasts expanded in cell culture from the lung tissues 239 

of healthy controls were purchased from PromoCell (Heidelberg, Germany). 240 

Fibroblasts were cultured in DMEM (Corning Cellgro, Manassas, VA) 241 

supplemented with 10% bovine calf serum (BCS; HyClone Laboratories, GE 242 

Healthcare Life Sciences, Logan, UT), 2 mM l-glutamine (Gemini Bio-Products, 243 

West Sacramento, CA), 1 mM sodium pyruvate, MEM nonessential amino acids 244 

solution, and antibiotic-antimycotic (10,000 units/ml penicillin, 10,000 μg/ml 245 

streptomycin, and 25 μg/ml amphotericin B), all from GIBCO Life Technologies 246 

(Thermo Fisher Scientific, Waltham, MA). Fibroblast cultures were maintained in 247 

T75 culture flasks (Nest Biotechnology, Rahway, NJ) in a humidified atmosphere 248 

with 5% CO2 at 37°C. For experiments, fibroblast cultures were incubated with 249 

DMEM medium containing the same supplements and 0.5% BCS for at least 12 250 

hours before testing. Fibroblasts were passaged by washing with filtered PBS, 251 

trypsinizing with 2–5 ml 0.25% trypsin-EDTA (GIBCO Life Technologies), and 252 

reconstituting cells in DMEM with 10% BCS before transfer to new T75 flasks, 253 

dishes, or six-well plates. In all experiments, fibroblast cell cultures were tested in 254 

passages four to seven. The ERK inhibitor, LY3214996, or the c-RAF inhibitor, 255 

GW5074 (both purchased from Selleckchem.com, Houston, TX, USA) were 256 

added to the media of the cultures and incubated for 24 hours at 37 °C, 5% CO2. 257 

Cells were also transfected with siRNA specific for TLR4, AGER, BSG and 258 

scrambled control (QIAGEN) prior to treatment with recombinant human 1 μg/ml 259 

S100A9 protein (Novus Biologicals, Centennial, CO). Cells were collected for 260 

protein or RNA analysis.  261 

Statistical analyses 262 
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The majority of the data are expressed as dot plots with the means ± S.E.M 263 

highlighted. Normality testing (D'Agostino & Pearson omnibus normality test) was 264 

performed on all data sets. A comparison of groups was performed by Student’s 265 

t-test (two-tailed) when data passed the normality test and by Mann Whitney test 266 

if data did not pass normality testing. Experiments with more than 2 groups were 267 

analyzed by 2-way ANOVA with Bonferroni posttests analysis. p values for 268 

significance were set at 0.05 and all significant changes were noted with the 269 

exact p value. All analyses were performed using GraphPad Prism Software 270 

(Version 6.0h for Mac OS X). 271 

 272 

Results 273 

Age and cigarette smoke exposure enhances lung S100A9 levels. 274 

Previously, we demonstrated that S100A9 levels are elevated in COPD BALF 275 

samples (24). Here, we investigated whether age, smoking and disease status 276 

correlate with lung S100A9 levels. Within the subject cohort, S100A9 levels were 277 

significantly elevated in COPD subjects compared to nonsmoker controls (Fig. 278 

1A). S100A9 concentration within BALF from nonsmokers (R2=0.53 and 279 

P=0.011), smokers (R2=0.19 and P=0.020), and COPD (R2=0.17 and P<0.001) 280 

subjects correlated with age (Fig. 1B). As a binding partner and signaling 281 

modulator of S100A9, S100A8 levels were measured in the same cohort. 282 

However, no significant changes in BALF S100A8 levels were observed 283 

(Supplemental Fig. S2A-B (https://figshare.com/s/32b82a1f167002ff343b)).  284 

In order to understand the role for S100A9 during the processes of aging 285 

and the development of COPD, we analyzed murine models to confirm our 286 

Downloaded from journals.physiology.org/journal/ajplung at Cornell Univ (132.174.252.179) on September 27, 2020.



 

 14

results in the patient cohort.  As the development of chronic lung diseases are 287 

associated with aging, we examined gene expression and BALF levels of 288 

S100A9 in young (7-weeks old) and old (18-months old) C57BL/6J (Fig. 2A) 289 

mice. Older mice expressed and secreted higher levels of S100A9 than young 290 

mice (Fig. 2A). This was also true for S100A8 (Supplemental Fig. S2B-C 291 

(https://figshare.com/s/32b82a1f167002ff343b)). To examine whether S100a9 292 

expression correlated with age-mediated changes in lung function and 293 

morphometry, we analyzed pressure volume loops, lung compliance, 294 

FEV0.05/FVC, and mean linear intercept (MLI) in the same young and old mice. 295 

Aged mice showed changes in both physiology and histology parameters 296 

consistent with the development of emphysema (Fig. 2B). Equally, elevated IL-6 297 

and KC were observed in the BALF of aged animals (Fig. 2C).  298 

Next, we sought to determine whether cigarette smoke exposure affected 299 

the expression of S100A9. Age-matched mice were exposed to room air, 1 300 

(acute) or 6 (chronic) months of cigarette smoke and analyzed at 8-months of 301 

age (Fig. 2D). Both acute and chronic exposure to cigarette smoke enhanced 302 

S100A9 expression and secretion in C57BL/6J mice (Fig. 2D). BALF S100A8 303 

was also increased (Supplemental Fig. S2C-D 304 

(https://figshare.com/s/32b82a1f167002ff343b)). Immunohistochemistry 305 

demonstrated that S100A9 is localized to infiltrating immune cells as well as 306 

airway epithelial cells (Fig. 2E). We also identified that airway epithelium and 307 

immune cells are a source of S100A9. Therefore, both age and smoke exposure 308 

influence S100A9 levels in the murine models, recapitulating our patient cohort 309 

data.  310 
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S100a9 deficiency reduces cigarette smoke-induced loss of lung function. 311 

Since increased levels of S100A9 expression and release into the BALF were 312 

correlated to loss of lung function, the significance of S100A9 signaling was 313 

assessed by genetic knock-out. We used the Scireq flexivent system to 314 

determine pulmonary function in wild type and S100a9-/- mice following room air 315 

or 6 months exposure to cigarette smoke. Knockout of S100A9 was confirmed by 316 

analysis of lung and BALF (Supplemental Fig. S1 317 

(https://figshare.com/s/c1ff26d650bb24d1e954)). As expected, chronic smoke 318 

exposure altered lung compliance, FEV0.05/FVC, and pressure-volume loops in 319 

wild type animals (Fig. 3A-B). However, S100a9 deficient animals were less 320 

susceptible to functional changes as a result of smoke exposure (Fig. 3A-B). 321 

Similarly, analysis of histology demonstrated that S100a9 deficiency significantly 322 

attenuated airspace enlargements, the number of alveolar airspaces and 323 

ductal/destructive fraction compared to wild type smoke-exposed animals (Fig. 324 

3C-D). This data demonstrates that S100A9 contributes to structural and 325 

physiological changes to the lung.  326 

S100a9 deficient animals have reduced immune cell infiltration and 327 

associated cytokine and protease signaling following smoke exposure. 328 

Inhibition of S100A9, in an arthritis animal model, preserved the structural 329 

integrity of bone and collagen and reduced inflammation (11). Therefore, we 330 

examined the impact of S100A9 on inflammation and protease production in 331 

S100a9-/- mice. S100a9 deficiency reduced cigarette smoke-induced immune cell 332 

infiltration (Fig. 4A), and MCP-1, IL-6, and KC secretion into the airways (Fig. 333 

4B). No S100A9-mediated changes were observed for IL-5, IL-9, IL-13, IL-17, 334 
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and Eotaxin (Supplemental Fig. S3A 335 

(https://figshare.com/s/6e206effdb27b4690bd0)). In human osteoarthritis 336 

synovium, the S100A9 inhibitor paquinimod blocks MMP-1 and MMP-3 secretion 337 

(58), which could impact on COPD (15). Therefore, we examined the expression 338 

of several MMPs in all animal groups. Loss of S100a9 expression resulted in 339 

reduced MMP-3 and MMP-9 in the BALF of smoke-exposed mice (Fig. 4C). No 340 

S100A9-mediated changes were observed for MMP-2, MMP-8, and MMP-12 341 

(Supplemental Fig. S3B (https://figshare.com/s/6e206effdb27b4690bd0)). 342 

Smoke-exposed S100a9-/- mice had reduced desmosine in their BALF compared 343 

to wild type mice (Fig. 4C), suggesting less elastin degradation within the lungs. 344 

We evaluated possible pathways that could be responsible for these S100A9-345 

mediated signaling downstream effects and determined that loss of S100A9 346 

influenced ERK and c-RAF phosphorylation (Fig. 4D). No S100A9-mediated 347 

changes were observed for Src, JNK, and p38 (Supplemental Fig. S4 348 

(https://figshare.com/s/ac481e9a2b58d580526d)). Therefore, S100A9 mediates 349 

several cytokines, proteases, and kinases during smoke exposure possibly via 350 

ERK and c-RAF. 351 

Early administration of paquinimod prevents smoke-induced COPD in 352 

mice. To determine whether the S100A9 inhibitor, paquinimod, could prevent the 353 

loss of lung function observed in COPD subjects, we performed a series of 354 

exposure studies in mice. First, to determine whether long-term administration of 355 

paquinimod exhibited any notable toxicity, animal weight and liver to body weight 356 

ratios were determined in mice receiving daily doses of paquinimod for 2 months. 357 
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No significant changes in animal weight or liver to body weight ratios were 358 

observed (Fig. 5A). Since long term paquinimod treatment had little to no 359 

negative effects in mice, paquinimod was first administered to mice at the same 360 

time as smoke exposure. This approach determined whether extracellular 361 

S100A9 was contributing to lung disease initiation. Similar to S100a9 deficiency, 362 

treatment with paquinimod prevented loss of lung function in wild type mice 363 

determined by Flexivent measurements of FEV0.05/FVC, lung compliance and 364 

pressure-volume loops (Fig. 5B-C). Equally, when quantifying histology changes 365 

to lung tissue, paquinimod reduced smoke-induced airspace enlargement, 366 

alveolar remodeling, and destruction (Fig. 5D-E). Early administration of 367 

paquinimod also reduced smoke-induced inflammation in the airways (Fig. 6A), 368 

the release of MCP-1, IL-6, KC (Fig. 6B), MMP-3, MMP-9 and desmosine into the 369 

airways (Fig. 6C). Paquinimod also prevented phosphorylation of ERK and c-370 

RAF (Fig. 6D). Similar to S100a9 deficiency, paquinimod had no impact on 371 

Eotaxin, IL-5, IL-9, IL-13, IL-17, MMP-2, MMP-8, MMP-12, p38, JNK, and c-Src 372 

(Supplemental Fig. S5 (https://figshare.com/s/cb18e8b7c6ac5dd6ff86)). 373 

Therefore, paquinimod treatment mimics the profile of S100a9 deficiency, by 374 

modulating kinase, cytokine, and protease responses. 375 

Paquinimod treatment slows the progression of already established 376 

smoke-induced COPD and age-related in mice. To confirm that paquinimod 377 

could be used to treat already established COPD, paquinimod was administered 378 

to mice following 2-months of cigarette smoke exposure. The animals were 379 

exposed for an additional 2 months with daily paquinimod intervention (Fig. 7). 380 
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Similar to the S100a9-/- mouse and early treatment with paquinimod, delayed 381 

paquinimod treatment prevented smoke-induced ERK and c-RAF 382 

phosphorylation (Fig. 7A), loss of lung function, airspace enlargements and 383 

tissue destruction (Fig. 7B-C), immune cell infiltration (Fig. 7D), MCP1, IL6 and 384 

KC (Fig. 7E) and MMP-3, MMP-9 and desmosine release (Fig. 7F).  Therefore, 385 

paquinimod treatment successfully attenuated several key factors associated 386 

with COPD progression. 387 

 Lung function declines with advancing age (60) and S100A9 levels 388 

increase with age (68). Therefore, we examined whether administering 389 

paquinimod to aged animals could influence of lung function in the absence of 390 

cigarette smoke exposures. Paquinimod was administered to 18-month-old mice 391 

for 2-months (Fig. 8). Treatment reduced loss of lung function, airspace 392 

enlargements (Fig. 8A-B), IL6, KC, and MMP-3 release (Fig. 8C). Therefore, age-393 

dependent S100A9 signaling contributes to loss of lung function and can be 394 

modulated by treatment with paquinimod. 395 

ERK/c-RAF regulates S100A9-mediated cytokine and protease responses in 396 

human pulmonary fibroblasts. We previously demonstrated that S100A9 397 

protein induces TLR4 signaling, ERK phosphorylation, secretion of MCP1 and 398 

IL8 in human primary small airway epithelial cells (24). However, to investigate 399 

MMP-3 changes we utilized human primary fibroblasts as they appear to be the 400 

only pulmonary cells expressing MMP-3 when utilizing the single-cell sequencing 401 

tool outlined by Reyfman et al (52). We treated fibroblasts with ERK (LY3214996) 402 

and c-RAF (GW5074) inhibitors prior to S100A9 stimulation. Fibroblasts were 403 
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treated with combined concentrations that induced no cell death, determined by 404 

LDH release assays (Fig. 9A). Inhibition of ERK or c-RAF prevented S100A9 405 

induction of MCP-1, IL6, IL8, MMP-3, and MMP-9 gene expression (Fig. 9A).  406 

S100A9 promotes fibroblast growth and activation to secrete cytokines 407 

and collagen production, via RAGE, ERK, MAPK and NF-κB pathways (79). 408 

Therefore, we examine whether TLR4, RAGE (AGER) or EMMPRIN (BSG) were 409 

required to regulate S100A9-dependent ERK and c-RAF phosphorylation. 410 

Utilizing siRNA (Supplemental Fig. S6 411 

(https://figshare.com/s/6c700ca1c3e055ee3aef)), we observed that S100A9 can 412 

induce ERK and c-RAF phosphorylation via all three receptors (Fig. 9B). 413 

Therefore, we cannot rule out any of these receptors in the regulation of ERK 414 

and c-RAF in S100A9-mediated signaling in fibroblasts. 415 

 416 

Discussion 417 

Here, we demonstrate that age and cigarette smoke exposure enhance lung 418 

levels of S100A9 and utilizing animal models of cigarette smoke-induced COPD, 419 

we confirm that S100A9 contributes to smoke-induced loss of lung function. Our 420 

findings demonstrate that targeting S100A9 signaling with an inhibitor, such as 421 

paquinimod, could slow the progression of cigarette smoke-associated COPD 422 

and age-associated loss of tissue function. Knock-out or inhibition of S100A9 423 

attenuated loss of lung function, airspace enlargement, protease and cytokine 424 

release into the airways, elastin degradation and ERK/c-RAF phosphorylation. 425 

Changes in inflammation, kinase and protease responses could contribute to the 426 

protection of the lung to smoke inhalation in mice. Our data also confirms that 427 
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S100A9 triggers ERK and c-RAF phosphorylation through its receptors TLR4, 428 

RAGE, and EMMPRIN. Equally, inhibition of ERK and c-RAF activity with 429 

chemical inhibitors prevents S100A9-induced expression of MCP1, IL6, IL8, 430 

MMP-3, and MMP-9 in pulmonary fibroblasts. There is a robust change in 431 

S100A9 expression during aging, which coincided with changes in lung structure 432 

and physiology. Since COPD is regarded as an age-related disease, targeting 433 

S100A9 signaling may counter several elements of lung aging. Therefore, smoke 434 

and age-related induction of S100A9 contributes to elevated kinases, protease 435 

and cytokine responses that could collectively alter lung function (see Fig. 9C for 436 

the proposed mechanism scheme). 437 

S100A9 expression is associated with aging, particularly in the central 438 

nervous system (68). Interestingly, C57BL/6 mice do not have changes in 439 

S100A9 expression in their lungs due to aging (68). However, this was reported 440 

to be strain-dependent as the same group showed significant age-dependent 441 

changes in S100A9 expression in CB6F1 mice (68). Here we observe changes in 442 

S100A9 expression in both C57BL/6J and A/J mice when comparing young and 443 

old animals, both in lung expression and secretion into the airways. We also see 444 

a correlation with age and S100A9 BALF concentration in human samples. 445 

Elevated age-related S100A9 expression in mice is partially due to the E26 446 

transformation-specific (ETS) transcription factor SPI1/PU.1 (68). PU.1 is 447 

upregulated in fibroblasts of various fibrotic diseases and regulate fibrosis (76). 448 

There is evidence to suggest that PU.1 plays a role in COPD, with increased 449 

transcriptional activity in mice susceptible to cigarette smoke-induced COPD (9). 450 

Interestingly, vitamin D receptor (VDR) deficient mice develop emphysema 451 
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possibly due to the interaction of the VDR with PU.1 (36). PU.1 can also 452 

modulate T cell receptor expression levels in CD4+ T cells via regulating the 453 

DNA-binding activity of GATA-3 and subsequentially regulating Th2 development 454 

(12). PU.1 also helps macrophage maintain identity through controlling the miR-455 

424-dependent translational repression of the nuclear factor 1 A-type protein 456 

(54). S100A9 expression is also sensitive to the Src kinase inhibitor PP2 (65) and 457 

STAT3 expression (39). We have previously identified that protein tyrosine 458 

phosphatase 1B (PTP1B) is a major negative regulator of S100A9 expression 459 

(24). Long-term exposure to cigarette smoke desensitizes PTP1B, resulting in 460 

persistent inflammatory signaling (24, 30) and exposing Ptp1b-/- mice to cigarette 461 

smoke exaggerates immune cell infiltration in the BALF and increased air space 462 

enlargement (24). The DEAD-box RNA helicase, DDX21, can also interact with 463 

TRIF to mediate S100A9 signaling (70). Therefore, evidence suggests that 464 

S100A9 and signaling that regulates its expression are altered due to aging or 465 

exposure to cigarette smoke. S100A9 induces senescence in mesenchymal 466 

stromal cells, which triggers inflammasome responses (63). Further studies are 467 

required whether S100A9 is inducing senescence in COPD. It is also noteworthy 468 

to highlight that there are posttranslational changes that occur to S100A9 that 469 

could influence its responses. Relatively few proteins are targets of S-470 

nitrosylation but both S100A8 and S100A9 can undergo S-nitrosylation by nitric 471 

oxide (NO) donors, which alters their immune modulation responses, including 472 

leukocyte-endothelial cell interactions (41). Equally, the phosphorylated form of 473 

S100A9 is a potent inducer of cytokines (59) but little is known about the impact 474 

of cigarette smoke on S100A9 phosphorylation and subsequent binding to 475 
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S100A8. Finally, S100A9 directly interacts with S100A8 and forms hetero-476 

tetramers and dimers. Therefore, the relationship of S100A9 with S100A8 also 477 

requires addressing in COPD. 478 

S100A9 is highly expressed in early infiltrating phagocytes (2) but S100A9 479 

also influences leukocyte recruitment (56). We observe strong staining for 480 

S100A9 in immune cells within the lung but also positive staining in the 481 

epithelium. Profiling S100A9 positive cells within the lung would be of interest. 482 

Equally, examining the significance of neutrophil S100A9 in cell specific animal 483 

models would further increase our knowledge of S100A9 in COPD. S100A9 484 

stimulates the shedding of L-selectin, up-regulates and activates Mac-1/CD11b, 485 

and induces neutrophil adhesion to fibrinogen (56). This is important in COPD, as 486 

L-selectin plays a major role in leukocyte recruitment (31) and leukocytes are 487 

elevated in COPD airways and their intracellular components, notably proteases, 488 

modulate extracellular matrix remodeling (75). S100A8 increases protease 489 

expression and activation in vivo, including MMP-2, -3, -9, -13, ADAMS -4 and -5 490 

(71). However, little is known about S100A9 induction of proteases in the lungs. 491 

S100A9 binds to EMMPRIN, an inducer of matrix metalloproteinase synthesis, to 492 

regulate MMP1 expression in a melanoma cell model (34). In human 493 

osteoarthritis synovium, paquinimod treatment blocked MMP-1 and MMP-3 494 

secretion (58). Here we observed that MMP-3 and MMP-9 are sensitive to 495 

S100A9 signaling during smoke exposure. MMP-1 is not expressed by mice but 496 

could also be mediated by S100A9 as TLR4 regulates its expression (28). MMP-497 

9 is well documented to potentially play a role in COPD development (22). 498 

However, less is known about MMP-3 in COPD. MMP3 polymorphisms are 499 
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associated with cancer development in COPD patients (8). We observed reduced 500 

desmosine in the BALF of S100a9-/- and paquinimod treated animals. Changes in 501 

MMP-9 levels could contribute to this but other proteases may also contribute to 502 

the degradation of elastin. S100 proteins also activates neutrophils (18) and 503 

S100A9 directly binds p67phox and p47phox (18) to potentate NADPH oxidase 504 

activation in neutrophils. Therefore, inhibition of S100A9 could also prevent 505 

neutrophil-associated inflammation in COPD lungs in addition to preventing 506 

immune cell recruitment, and expression of tissue-damaging cytokines and 507 

proteases. 508 

S100A9 signaling is associated with multiple diseases but it has a high 509 

affinity for lung localization, as B16F10 melanoma cells preferentially metastasize 510 

to the lungs and overexpress S100A8 and S100A9 in uteroglobin knockout mice 511 

and S100A9 is expressed highest in the lungs of uteroglobin knockout mice and 512 

are sensitized to RAGE signaling (57). Importantly, we previously demonstrated 513 

that RSV-infected human bronchial epithelial (HBE) cells, isolated from COPD 514 

donors, and fully differentiated and cultured in air-liquid interface secreted more 515 

S100A9 into the apical surface compared to cells from nonsmokers (24). Equally, 516 

exposing HBE cells isolated from COPD donors to S100A9 protein resulted in 517 

greater G-CSF and MCP-1 secretion than cells from smokers and non-smokers 518 

(24). Equally, cigarette smoke extract causes nitric oxide (NO) synthesis changes 519 

with CSE causing an irreversible inhibition of eNOS activity observed in 520 

pulmonary artery endothelial cells (67). S100A9 also promotes inflammation via 521 

the activation of TLR4 (72), RAGE (33) and CD147/ EMMPRIN (46). Cigarette 522 

smoke is known to modulate signaling of TLR4 (28), RAGE (53) and EMMPRIN 523 
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(7). Therefore, not only does smoke increase S100A9 expression, but it also 524 

enhances the responses of known S100A9 receptors. S100A9 mediates ERK 525 

and c-Raf signaling that could influence many downstream responses, including 526 

ribosomal S6 kinases (27), cell cycle proteins, and mRNA translation mediated 527 

proteins (55). ERK1/2 is closely associated with cell aging due to its regulation of 528 

proliferation, senescence and mitochondria fate (80). Uniquely here we observe 529 

that S100A9 did not influence c-Src, p38 or JNK responses. Most stimuli that 530 

activate p38 also activate JNK (38). We previously observed that smoke induced 531 

c-Src via PKC-α responses (29), which appear to be independent of S100A9 532 

despite ERK being sensitive to c-Src activity. 533 

Paquinimod, the S100A9 inhibitor used in this study, effectively treats 534 

experimental lupus and encephalomyelitis (32) and is well tolerated in patients 535 

with systemic lupus erythematosus (5). Paquinimod can influence macrophage 536 

populations (66), T cell proliferation (32) and prevent S100A9 from being a 537 

chemoattractant (56). Paquinimod prevents S100A9 binding to these receptors 538 

(73). Paquinimod also reduces activation of disease-promoting transgenic natural 539 

killer T-II cells and CD115+ Ly6Chi monocytes and CD11b+ F4/80+ CD206+ 540 

macrophages, which coincided with reduced liver fibrosis in an animal model 541 

(26). Our paquinimod data suggest that paquinimod may be a good candidate for 542 

treating COPD and due to its role in fibrosis, and it could possibly be utilized in 543 

pulmonary fibrosis (79). However, it should also be noted that the role of S100A9 544 

in bacterial pathogen clearance needs to be investigated in the context of COPD 545 

exacerbations. S100A9 is linked to disease severity in sepsis shock (1, 19), 546 

effect on neutrophil recruitment in Streptococcus pneumoniae (51), and 547 
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Salmonella infection (17) without impacting the bacterial load. However, S100a9-548 

/- mice infected intranasally with pneumococci rapidly have elevated mortality 549 

(16). Equally, S100A9 protects from CD4+ T-helper type 2 cell hyperinflammation 550 

in response to Alternaria alternata (47). Therefore, additional studies on 551 

paquinimod during infection are required. Finally, S100A8 was recently shown to 552 

protect type II pneumonocytes from smoke-induced cell death (42). Whether 553 

S100A9 plays a similar role is unknown, and despite both proteins frequently 554 

interacting, both proteins also have independent signaling. Further studies on the 555 

interactions of both proteins in COPD and intracellular S100A9 signaling are 556 

required. Therefore, S100A9 or the proteins it interacts with could have multiple 557 

roles in the lungs of COPD patients and requires further studies to observe any 558 

plausible complications from long-term inhibition of S100A9. Finally, the 559 

correlation analysis in our study for human S100A9 BALF levels and age were 560 

not altered for possible confounding factors such as race, BMI, FEV1, and 561 

DLCO. Whether these or other factors contribute to S100A9 levels need to be 562 

explored further. 563 

Together, our data identify that cigarette smoke-induced S100A9 564 

contributes to loss of lung function, airspace enlargements, elastin degradation, 565 

enhanced phosphorylation of ERK and c-RAF, and altered expression of MMP-3, 566 

MMP-9, MCP-1, IL-6, and KC/IL-8. Smoke and age-dependent modulation of this 567 

pathway contribute to cigarette smoke-induced COPD. 568 
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 871 

Figure legends 872 

 873 

Figure 1. Lung levels of S100A9 increase with aging and disease status in 874 

humans.  (A) Human BALF S100A9 levels were quantified in BALF from nonsmokers, 875 

smokers, and COPD subjects. S100A9 levels were corrected to total BALF urea 876 

concentrations. (B) S100A9 levels were plotted against subject age for nonsmokers, 877 
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smokers and COPD. Graphs are represented as mean ± SD, where n≥11 per group. P 878 

values shown when comparing both treatments connected by a line, were determined by 879 

Mann Whitney tests. Linear regression and Pearson correlation coefficient were also 880 

performed.  881 

 882 

Figure 2. Lung levels of S100A9 increase with aging and smoke exposure in mice. 883 

(A) S100A9 gene expression and BALF concentration was measured in young (7-weeks 884 

old) and old (18-months old) C57BL/6J. (B) Negative pressure-driven forced expiratory 885 

and forced oscillation technique maneuvers were performed in young and old animals. 886 

Forced expiration extension (FEV) in the first 0.05 seconds of forced vital capacity 887 

(FVC), compliance and pressure-volume loops with the area under the curve analysis 888 

were determined in each animal. Mean linear intercepts (MLI) were measured in the 889 

lungs of the mice to assess air space size and comparative histology images of the four 890 

mouse groups are presented here (scale bars=500 µm). (C) IL-6 and KC levels were 891 

quantified in BALF from young and old animals. (D) S100A9 gene expression and BALF 892 

concentration was measured in 8-months old C57BL/6J following exposure to no smoke 893 

(NS), 1-month (acute) or 6 months (chronic) of cigarette smoke. Graphs are represented 894 

as mean ± S.E.M, where n≥4 per group. P values shown when comparing both 895 

treatments connected by a line, were determined by Student’s t-tests. (E) IHC was 896 

performed for S100A9 (brown stain) in NS and chronic smoke exposed animals. IgG 897 

negative control is also shown (scale bars=50 µm). 898 

 899 

Figure 3. S100a9-/- mice have reduced disease characteristics in a smoke exposure 900 

model. Wild type and S100a9-/- mice were exposed to smoke exposure daily for 6 901 

months. (A-B) Negative pressure-driven forced expiratory and forced oscillation 902 
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technique maneuvers were performed in all animal groups. Forced expiration extension 903 

(FEV) in the first 0.05 seconds of forced vital capacity (FVC), compliance and pressure-904 

volume loops with the area under the curve analysis were determined in each animal. 905 

(C) Mean linear intercepts (MLI) were measured in the lungs of the mice to assess air 906 

space size and comparative histology images of the four mouse groups are presented 907 

here (scale bars=200 µm). (D) Alveolar count and ductal/destructive fractions were 908 

quantified in each animal by parenchymal airspace profiling. Each measurement is the 909 

mean ± SEM. P values shown when comparing both treatments connected by a line, 910 

were determined by 2-way ANOVA with Tukey's post hoc test. 911 

 912 

Figure 4. S100a9 deficiency reduced inflammation and protease responses during 913 

smoke exposure. (A) BALF cellularity levels were examined in wild type and S100a9-/- 914 

animals after 6 months of smoke exposure. BALF concentrations for (B) MCP-1, IL-6, 915 

KC, (C) MMP-3, MMP-9, and desmosine were quantified using Luminex bead assays. 916 

(D) ERK and c-Raf phosphorylation were examined in lung tissue in smoke-exposed 917 

animals by Western blot and densitometry analysis. Graphs are represented as mean ± 918 

S.E.M, where n≥3 per group P values shown when comparing both treatments 919 

connected by a line, were determined by 2-way ANOVA with Tukey's post hoc test. 920 

 921 

Figure 5. Administration of the S100A9 inhibitor paquinimod shows no toxicity in 922 

mice and prevents the development of smoke-induced COPD. A/J mice received 923 

paquinimod orally each day prior to smoke exposure. (A) At the end of the study liver to 924 

body weight ratios were determined. (B) Animal body weight was calculated throughout 925 

the study. FEV in the first 0.05 seconds of FVC, compliance and (C) pressure-volume 926 

loops with the area under the curve analysis were determined in each animal. (D) MLI 927 
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was measured in the lungs of the mice to assess air space size and comparative 928 

histology images of the four mouse groups are presented here (scale bars=500 µm). (E) 929 

Alveolar count and ductal/destructive fractions were quantified in each animal by 930 

parenchymal airspace profiling. Each measurement is the mean ± SEM. P values shown 931 

when comparing both treatments connected by a line, were determined by 2-way 932 

ANOVA with Tukey's post hoc test. Graphs with 2 groups were analyzed by Student’s t-933 

tests. 934 

 935 

Figure 6. Paquinimod prevents inflammation and protease responses during 936 

smoke exposure. (A) BALF cellularity levels were examined in A/J animals when 937 

paquinimod was administered daily prior to daily smoke exposure. BALF concentrations 938 

for (B) MCP-1, IL-6, KC, (C) MMP-3, MMP-9, desmosine were quantified using Luminex 939 

bead assays. (D) ERK and c-Raf phosphorylation were examined in lung tissue in 940 

smoke-exposed animals by Western blot and densitometry analysis. Each well 941 

represents a different animal. Graphs are represented as mean ± S.E.M, where n≥5 per 942 

group. P values shown when comparing both treatments connected by a line, were 943 

determined by 2-way ANOVA with Tukey's post hoc test. Graphs with 2 groups were 944 

analyzed by Student’s t-tests. 945 

 946 

Figure 7. Delayed administration of paquinimod reduces the loss of lung function 947 

in smoke-exposed mice. (A) A/J mice were smoke-exposed for 4 months and began 948 

receiving paquinimod orally each day at the 2-month mark after initiation of smoke 949 

exposure. ERK and c-Raf phosphorylation were examined in lung tissue in smoke-950 

exposed animals by Western blot and densitometry analysis. (B) FEV in the first 0.05 951 

seconds of FVC, compliance and pressure-volume loops with the area under the curve 952 
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analysis were determined in each animal. (C) MLI was measured in the lungs of the 953 

mice to assess air space size and comparative histology images of the four mouse 954 

groups are presented here (scale bars=500 µm). Alveolar count and ductal/destructive 955 

fractions were quantified in each animal by parenchymal airspace profiling. (D) BALF 956 

cellularity levels were examined in A/J animals when paquinimod was administered daily 957 

prior to daily smoke exposure. BALF concentrations for (E) MCP-1, IL-6, KC, (F) MMP-3, 958 

MMP-9, and desmosine were quantified using Luminex bead assays. Graphs are 959 

represented as mean ± S.E.M, where n≥5 per group. P values shown when comparing 960 

both treatments connected by a line, were determined by 2-way ANOVA with Tukey's 961 

post hoc test. Graphs with 2 groups were analyzed by Student’s t-tests. 962 

 963 

Figure 8. Paquinimod reduces the loss of lung function in aged mice. 18-month-old 964 

C57BL/6J mice were administered paquinimod or vehicle orally each day for 2-months. 965 

(A) Pressure-volume loops with the area under the curve, FEV in the first 0.05 seconds 966 

of FVC, compliance analysis was determined in each animal. MLI was measured in the 967 

lungs of the mice to assess air space size and comparative histology images of the four 968 

mouse groups are presented here (scale bars=500 µm). (C) BALF concentrations for IL-969 

6, KC, and MMP-3 were quantified using Luminex bead assays. Graphs are represented 970 

as mean ± S.E.M, where n=6 animals per group. P values shown when comparing both 971 

treatments connected by a line, were determined by Student t-tests. 972 

 973 

Figure 9. ERK and c-RAF phosphorylation are required for S100A9 induction of 974 

cytokines and proteases in lung fibroblasts. (A) Fibroblasts from NS individuals were 975 

grown in media supplemented with the ERK inhibitor LY3214996 or the c-RAF inhibitor 976 

GW5074 and toxicity assays were performed, by measuring LDH release. Real-time 977 
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PCR analysis was performed on these cells to examine levels of MCP1-, IL-6, IL-8, 978 

MMP3, and MMP9. (B) Immunoblots subsequent densitometry analysis was performed 979 

in fibroblasts following silencing of TLR4, AGER, and BSG and ERK and c-RAF 980 

phosphorylation were determined. Data are represented as mean ± S.E.M., where each 981 

measurement was performed with n≥4 subjects per group. P values shown when 982 

comparing both treatments connected by a line, were determined by 2-way ANOVA with 983 

Bonferroni posttests or by Student’s t-tests. (C) Possible signaling mechanism following 984 

age and cigarette smoke-induced S100A9 signaling. 985 

 986 

Supplemental Material 987 

Supplemental Figure 1: 10.6084/m9.figshare.12272816 988 

Supplemental Figure 2: 10.6084/m9.figshare.12272858 989 

Supplemental Figure 3: 10.6084/m9.figshare.12272864 990 

Supplemental Figure 4: 10.6084/m9.figshare.12272876 991 

Supplemental Figure 5: 10.6084/m9.figshare.12272888 992 

Supplemental Figure 6: 10.6084/m9.figshare.12863831 993 

 994 

Table 1. Patient demographics for BALF donors 995 

 Non-Smoker Smoker COPD p-value

Number 11 28 76  

Age (years) 57.6 ± 13.2 57.1 ± 8.9 61.1 ± 9.3 0.331 

Gender 

(Male/Female) 

6/5 15/13 42/34 0.483 
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Race (Caucasian/ 

Hispanic/African-

American) 

46.6%/46.6%/6.6% 25%/61%/14% 5.3%/92%/2.7% 0.154 

Pack years 0 ± 0 30.2. ± 11.4 48.9 ± 3.1 >0.001 

FEV1 % 

Predicted 

102.1 ± 14.9 93.9 ± 10.3 59.9 ± 11.9 0.011 

FVC % 

Predicted 

96.9 ± 10.5 95.2 ± 11.7 81.8 ± 1.8 0.015 

FEV1/FVC % 81.2 ± 6.7 80.6 ± 4.7 52.9 ± 6.4 >0.001 

DLCO % 

Predicted 

102 ± 10.6 92.9 ± 10.8 69.5 ± 10.9 0.013 

 996 
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