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Chronic obstructive pulmonary disease (COPD) is a life-threatening 25 

inflammatory respiratory disorder, often induced by cigarette smoke (CS) 26 

exposure. The development of effective therapies for COPD is impaired by a lack 27 

of understanding of the underlining mechanisms. Tumour necrosis factor-related 28 

apoptosis-inducing ligand (TRAIL) is a cytokine with inflammatory and 29 

apoptotic properties. We interrogated a mouse model of CS-induced 30 

experimental COPD and human COPD tissues to identify a novel role for 31 

TRAIL in pathogenesis. CS-exposure of wild-type mice increased TRAIL and its 32 

receptor mRNA expression and protein levels, as well as the number of 33 

TRAIL+CD11b+ monocytes in the lung. TRAIL and its receptor mRNA was also 34 

increased in human COPD. TRAIL-deficient mice had decreased; smoke-35 

induced pulmonary inflammation; pro-inflammatory mediators; emphysema-36 

like alveolar enlargement, and; improved lung function. TRAIL-deficient mice 37 

also developed spontaneous airway remodelling characterized by increased 38 

epithelial cell thickness and collagen deposition, independent of CS exposure. 39 

Importantly, therapeutic neutralization of TRAIL, after the establishment of 40 

early-stage experimental COPD, reduced CS-induced pulmonary inflammation, 41 

emphysema-like alveolar enlargement and airway remodelling. These data 42 

provide further evidence for TRAIL being a pivotal inflammatory cytokine in 43 

respiratory diseases, and the first preclinical evidence to suggest that therapeutic 44 

agents that target TRAIL may be effective in COPD therapy. 45 

 46 
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INTRODUCTION  48 

Chronic obstructive pulmonary disease (COPD) is the third leading cause of 49 

morbidity and death worldwide and imparts a major socioeconomic burden.1 It is a 50 

complex, heterogeneous disease characterized by chronic pulmonary inflammation, 51 

airway remodelling and emphysema, that are associated with progressive lung 52 

function decline.2 It is primarily caused by cigarette smoke (CS) exposure in Western 53 

countries but additional factors are also important in other areas.3 Once induced the 54 

patient’s condition continues to deteriorate often even after smoking cessation.4 55 

Glucocorticoids, anticholinergic agents and long acting muscarinic antagonists are the 56 

current mainstay therapies for COPD. However, many patients are refractory to 57 

steroid treatment, and these agents do not modify the inducing factors or halt the 58 

progression of disease even at high doses.5 The lack of effective treatments for COPD 59 

is largely due to the poor understanding of the underlying mechanisms of disease 60 

pathogenesis.  61 

 Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), also 62 

known as tumour necrosis factor superfamily member 10 (TNFSF10), is a cytokine 63 

that induces both inflammation and apoptosis.6 TRAIL is expressed by a variety of 64 

cells including epithelial cells, monocytes/macrophages, neutrophils, dendritic cells, 65 

and T cells.7–11 Four cell surface receptors have been identified for TRAIL; death 66 

receptor 4 (DR4, also known as TRAIL-R1, which is not expressed in mice), DR5 67 

(TRAIL-R2), decoy receptor 1 (DcR1; TRAIL-R3) and DcR2 (TRAIL-R4).12–14 Both 68 

DR4 and DR5 possess an intracellular death domain that induces apoptosis.12,13 In 69 

contrast, DcR1 and DcR2 lack a functional death domain and, therefore, act as decoy 70 

receptors.14 Emerging evidence from us, and others, implicate TRAIL in chronic lung 71 

diseases such asthma and pulmonary fibrosis.6,7,9,15,16 Experimental studies show that 72 
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TRAIL promotes allergic airway disease (AAD) by increasing (C-C motif) ligand 73 

(CCL)20 production and myeloid dendritic cell (mDC) migration into the lungs 74 

resulting in increased inflammation and airway hyperresponsiveness (AHR).7 TRAIL-75 

dependent signalling pathways are also critical for rhinovirus-induced AAD 76 

exacerbations.17 Furthermore, TRAIL promotes Chlamydia respiratory infection-77 

induced pulmonary inflammation, AHR and emphysema-like alveolar enlargement.6 78 

It is also implicated in collagen deposition in a mouse model of ovalbumin-induced 79 

AAD16, but conversely appears to protect against lung injury and fibrosis in some 80 

situations in mice.9 The role of TRAIL in CS-induced inflammation, airway 81 

remodelling, emphysema, impaired lung function and the pathogenesis of COPD is 82 

unknown.  83 

Here, we investigated the role of TRAIL using our recently established mouse 84 

model of chronic CS-induced experimental COPD that recapitulates the critical 85 

features of human disease.18–23 TRAIL and its receptors were increased in the model 86 

and in lung samples from human COPD patients. Mice that were deficient in TRAIL 87 

or were treated with an anti-TRAIL neutralizing antibody had reduced disease 88 

features, and the mechanisms involved were investigated. This study is the first to 89 

characterize the role of TRAIL in COPD pathogenesis and identifies TRAIL as a 90 

potential therapeutic target for this disease. 91 
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RESULTS 92 

TRAIL mRNA expression and protein levels increase in CS-induced 93 

experimental COPD 94 

To investigate whether TRAIL expression is altered during the pathogenesis of 95 

COPD, we interrogated our established model of experimental COPD in mice.18–23 96 

Chronic CS exposure for eight weeks to induce experimental COPD significantly 97 

increased TRAIL mRNA (Figure 1a and b) and protein levels (Figure 1c and d) in 98 

the airways and parenchyma, compared to control mice that breathed normal air, 99 

assessed by real-time quantitative PCR (qPCR) and enzyme-linked immunosorbent 100 

(ELISA) assay. TRAIL expression occurred on small airway epithelial cells and 101 

parenchyma-associated inflammatory cells in histology sections detected by 102 

immunohistochemistry (Figure 1e). CD11b+ monocytes were the predominant 103 

TRAIL expressing cells in lung homogenates by flow cytometry (Figure 1f and 1g). 104 

Minimal changes were observed in the numbers of TRAIL+ neutrophils, γδT cells, 105 

natural killer T (NKT) cells or CD4+ and CD8+ T cells. Chronic CS exposure also 106 

increased DR5 mRNA expression in the airways (Figure 1h) but not parenchyma 107 

(Supplementary Figure S1a). DcR1 mRNA was increased in parenchyma (Figure 108 

1i) but not airways and DcR2 expression was unaltered in both the airways and 109 

parenchyma (Supplementary Figure S1b-d).  110 

 111 

TRAIL expression increased in human COPD  112 

Given that TRAIL was increased in the parenchyma and small airway epithelial cells 113 

of CS-induced experimental COPD, we next sought to determine whether the 114 

expression of TRAIL and its receptor mRNA was altered in similar tissues and cells 115 

from humans with COPD. TRAIL mRNA expression was assessed in pre-existing 116 
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microarray data from COPD patients and non-COPD subjects.24–26 TRAIL expression 117 

was significantly increased 2.3-fold in airway epithelial brushings from patients with 118 

COPD compared to both non-smokers and healthy smokers without COPD 119 

(Affymetrix Human Genome U133 Plus 2.0 Array, Accession: GSE505826, Figure 120 

2a). TRAIL mRNA expression was also significantly increased ~4-fold in the 121 

parenchyma of COPD patients compared to subjects without COPD (Affymetrix 122 

Human Exon 1.0 ST Array, Accession: GSE2759724,25, Figure 2b). The mRNA 123 

expression of human TRAIL receptors was also assessed in the same data. The 124 

TRAIL receptors DR4 (TNFRSF10A) and DR5 (TNFRSF10B), but not DcR1 125 

(TNFRSF10C) or DcR2 (TNFRSF10D) were increased were increased in epithelial 126 

brushings of COPD patients compared to non-smokers and healthy smokers (Figure 127 

2c-f). However, the expression of these receptors was not altered in the parenchyma 128 

(Supplementary Figure S2a-d).  129 

 130 

Pulmonary inflammation is reduced in TRAIL-deficient mice exposed to CS 131 

Given that TRAIL increased in experimental COPD, we next determined whether this 132 

cytokine plays a role in CS-induced pulmonary inflammation. Wild-type (WT) and 133 

TRAIL-deficient (Tnfsf10-/-) mice were exposed to CS to induce experimental COPD 134 

and pulmonary inflammation was assessed in bronchoalveolar lavage (BAL) by 135 

staining and differential inflammatory cell enumeration. CS exposure of WT mice 136 

significantly increased total leukocytes, macrophages, neutrophils and lymphocytes in 137 

BAL compared to normal air-exposed WT controls (Figure 3a-d). In contrast, CS-138 

induced increases in total leukocytes and macrophages were completely inhibited in 139 

Tnfsf10-/- mice, whereas neutrophils and lymphocytes were elevated compared to 140 

normal air-exposed Tnfsf10-/- controls. CS-exposed Tnfsf10-/- mice also had decreased 141 
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total leukocytes and macrophages, but not neutrophils or lymphocytes, compared to 142 

CS-exposed WT controls (Figure 3a-d).  143 

Next, we assessed inflammatory cell numbers in the parenchyma by histology. 144 

CS exposure of WT mice significantly increased inflammatory cell numbers in the 145 

parenchyma compared to normal air-exposed WT controls (Figure 3e). CS exposure 146 

of Tnfsf10-/- mice also increased inflammatory cell numbers compared to normal air-147 

exposed Tnfsf10-/-controls. However, CS-exposed Tnfsf10-/- mice had significantly 148 

reduced inflammatory cells compared to CS-exposed WT controls.  149 

Since CS-exposed Tnfsf10-/- mice had marked reductions in both BAL and 150 

parenchymal inflammatory cells, we next determined if there were any differences in 151 

the numbers of individual inflammatory cell types in the lung by flow cytometry 152 

(Table 1). CS exposure of WT mice increased the numbers of CD11b+ monocytes, 153 

mDCs and γδT cells in lung compared to normal air-exposed WT controls (Figure 2f-154 

h). CS exposure of Tnfsf10-/- mice also increased CD11b+ monocytes and mDCs, but 155 

not γδT cells compared to normal air-exposed Tnfsf10-/- controls. However, CS-156 

exposed Tnfsf10-/- mice had reduced CD11b+ monocytes, mDCs and γδT cells 157 

compared to CS-exposed WT controls. There were no differences in the numbers of 158 

alveolar macrophages (AMs), plasmacytoid (p)DCs, NKT cells, CD4+ or CD8+ T 159 

cells between CS-exposed Tnfsf10-/- and WT mice  (Supplementary Figure S3a-e).   160 

 161 

Pro-inflammatory cytokine, chemokine and COPD-related factor mRNA 162 

expression are reduced in TRAIL-deficient mice exposed to CS 163 

Given that CS-exposed Tnfsf10-/- mice had decreased pulmonary inflammatory cells, 164 

we next assessed the mRNA expression of inflammatory cytokines and chemokines 165 

and COPD-related factors in the lung. CS exposure of WT mice increased the mRNA 166 
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expression of the cytokine tumour necrosis factor-α (TNF-α, Figure 4a), the 167 

chemokines CCL2, 3, 7, 12 and 20 (Figure 4b-f) and other COPD-related factors 168 

matrix metalloproteinase-12 (MMP-12) and serum amyloid A3 (SAA3, Figure 4g 169 

and h) compared to normal air-exposed WT controls. CS exposure of Tnfsf10-/- mice 170 

also increased the mRNA expression of these cytokines, chemokines and COPD-171 

related factors compared to normal air-exposed Tnfsf10-/- controls. However, CS-172 

exposed Tnfsf10-/- mice had significantly reduced expression of all of these factors 173 

compared to CS-exposed WT mice. We also profiled other factors including 174 

interleukin (IL)-33, chemokine (C-X-C) ligand (CXCL)1 and 3, CCL4 and 22 and 175 

mucin 5ac (Muc5ac) (Supplementary Figure S4a-f). These were increased by CS 176 

but were not different between CS-exposed WT and Tnfsf10-/- mice. 177 

 178 

Active NF-κB p65 is reduced in TRAIL-deficient mice exposed to CS 179 

We, and others, have previously shown that TRAIL induces inflammatory responses 180 

by mediating NF-κB activity.6,27 In this study, CS exposure of WT mice increased the 181 

level of active NF-κB p65 in the lung compared to normal air-exposed WT controls 182 

(Figure 4i). In contrast and importantly, active NF-κB p65 did not increase in CS-183 

exposed Tnfsf10-/- mice compared to normal air-exposed Tnfsf10-/- or WT controls. 184 

Consequently, active NF-κB p65 was decreased in CS-exposed Tnfsf10-/- compared to 185 

CS-exposed WT controls. We also assessed other NF-κB subunits (p50, p52 and 186 

RelB) but these were not altered by CS exposure or in the absence of TRAIL (data not 187 

shown). 188 

 189 

Emphysema-like alveolar enlargement and cell death are reduced and lung 190 

function is improved in TRAIL-deficient mice exposed to CS 191 
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We previously showed that WT mice with experimental COPD have emphysema-like 192 

alveolar enlargement and impaired lung function.18,19 Here, we again show that CS 193 

exposure of WT mice increased alveolar diameter compared to normal air-exposed 194 

WT controls (Figure 5a). CS exposure of Tnfsf10-/- mice also increased alveolar 195 

diameter compared to normal air-exposed Tnfsf10-/- controls. However, CS-exposed 196 

Tnfsf10-/- mice had significantly reduced alveolar diameter compared to CS-exposed 197 

WT controls. Reduced alveolar diameter in CS-exposed Tnfsf10-/- mice was 198 

associated with reduced numbers of terminal deoxynucleotidyl transferase dUTP nick 199 

end labelling (TUNEL)+ cells in the parenchyma, indicating reduced cell death, 200 

compared to CS-exposed WT controls (Figure 5b).  201 

We next assessed the role of TRAIL in impaired lung function. CS exposure 202 

of WT mice increased pressure-volume loops (PV-loops) and lung compliance 203 

compared to normal air-exposed WT controls (Figure 5c and d). In contrast, CS 204 

exposure did not increase PV-loops or lung compliance in Tnfsf10-/- mice compared to 205 

normal air-exposed Tnfsf10-/- controls or, importantly, CS-exposed WT controls. 206 

 207 

Spontaneous airway remodelling occurs in TRAIL-deficient mice 208 

We previously showed that mice develop small airway remodelling in experimental 209 

COPD.18,19 Here, we replicate our previous observations and show that CS exposure 210 

of WT mice increased small airway epithelial cell area compared to normal air-211 

exposed WT controls (Figure 6a). CS exposure of Tnfsf10-/- mice also increased small 212 

airway epithelial cell area compared to normal air-exposed Tnfsf10-/- controls, which 213 

was not different to CS-exposed WT smoke controls. Notably, however, small airway 214 

epithelial cell area increased spontaneously in normal air-exposed Tnfsf10-/- compared 215 

to WT controls. 216 
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We then determined whether increased epithelial area was associated with 217 

increased small airway epithelial cell numbers. Consistent with expanded small 218 

airway epithelial cell area, CS exposure of WT mice increased the number of 219 

epithelial cells in the small airways compared to normal air-exposed WT controls 220 

(Figure 6b). Epithelial cell numbers in CS-exposed Tnfsf10-/- mice were not different 221 

to normal air-exposed Tnfsf10-/- or CS-exposed WT controls. The former observation 222 

was because normal air-exposed Tnfsf10-/- controls had increased epithelial cell 223 

numbers compared to WT air controls. 224 

We next examined airway fibrosis in terms of collagen deposition around the 225 

small airways. CS exposure of WT mice increased collagen deposition compared to 226 

normal air-exposed WT controls (Figure 6c). CS exposure of Tnfsf10-/- mice did not 227 

alter collagen deposition compared to normal air-exposed Tnfsf10-/- or CS-exposed 228 

WT controls. The former observation was because normal air-exposed Tnfsf10-/- mice 229 

had increased collagen deposition compared to normal air-exposed WT air controls. 230 

 231 

Pulmonary inflammation is suppressed and emphysema-like alveolar 232 

enlargement is inhibited in experimental COPD by therapeutic neutralization of 233 

TRAIL  234 

We previously showed that the hallmark features of experimental COPD are emerging 235 

by Week 6, established by Week 8 and progressively worsen by Week 12 of CS 236 

exposure.18 Hence, to assess the therapeutic potential of targeting TRAIL, WT mice 237 

were exposed to CS or normal air for 12 weeks and were treated with a neutralizing 238 

anti-TRAIL monoclonal antibody or isotype control intraperitoneally (i.p) from Week 239 

7 to Week 12.  240 
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 We first examined the effect of TRAIL neutralization on pulmonary 241 

inflammation in BAL. As expected CS exposure of isotype-treated WT mice 242 

increased total leukocytes, macrophages, neutrophils and lymphocytes in BAL 243 

compared to isotype-treated normal air-exposed WT controls (Figure 7a-d). CS-244 

exposure of anti-TRAIL-treated mice only partially increased total leukocytes, 245 

macrophages, neutrophils and lymphocytes in BAL compared to anti-TRAIL-treated 246 

air controls. Furthermore, anti-TRAIL-treatment significantly reduced all 247 

inflammatory cells compared to isotype-treated CS-exposed controls, although levels 248 

remained increased compared to normal air-exposed controls. 249 

 Next, we examined the effect of neutralizing TRAIL on inflammatory cell 250 

numbers in the parenchyma. As expected CS exposure of isotype-treated mice 251 

increased inflammatory cells in the parenchyma compared to isotype-treated normal 252 

air-exposed controls (Figure 7e). CS exposure of anti-TRAIL-treated mice partially 253 

increased inflammatory cells compared to anti-TRAIL-treated normal air-exposed 254 

controls.  Furthermore, anti-TRAIL treatment significantly reduced inflammatory 255 

cells compared to isotype-treated CS-exposed controls. 256 

Next, we assessed the effect of neutralizing TRAIL on active NF-κB p65 257 

levels in the lung. Active NF-κB p65 was increased in CS-exposed isotype-treated 258 

mice compared to normal air-exposed isotype-treated controls (Figure 7f). In 259 

contrast, CS-exposed anti-TRAIL-treated mice completely inhibited the increase in 260 

active NF-κB p65 compared to anti-TRAIL-treated normal air-exposed or isotype-261 

treated CS-exposed controls. 262 

 We then assessed the effect of neutralizing TRAIL on CS-induced 263 

emphysema-like alveolar enlargement. CS exposure of isotype-treated mice increased 264 

alveolar diameter compared to isotype-treated normal air-exposed controls (Figure 265 
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7g). In contrast, CS-exposed anti-TRAIL-treated mice were completely protected 266 

against increased alveolar diameter with no increase compared to anti-TRAIL-treated 267 

normal air-exposed or isotype-treated CS-exposed controls. Similarly, CS exposure of 268 

isotype-treated mice resulted in increased numbers of TUNEL+ cells in the 269 

parenchyma compared normal air-exposed isotype-treated controls (Figure 7h). 270 

However, CS-exposed anti-TRAIL-treated mice were protected against increases in 271 

TUNEL+ cells in the parenchyma with no increase compared to CS-exposed isotype-272 

treated controls. 273 

 274 

Airway remodelling is suppressed in experimental COPD by therapeutic 275 

neutralization of TRAIL  276 

We then assessed the effect of neutralizing TRAIL on airway remodelling in 277 

experimental COPD. As expected CS exposure of isotype-treated mice increased 278 

small airway epithelial cell area and number compared to isotype-treated normal air-279 

exposed controls (Figure 8a-b). CS exposure of anti-TRAIL-treated mice only 280 

partially increased small airway epithelial cell area and number compared to anti-281 

TRAIL-treated normal air-exposed controls. Furthermore, CS-exposed anti-TRAIL-282 

treated mice had significantly reduced small airway epithelial cell area and number 283 

compared to isotype-treated CS-exposed controls. In addition, unlike in normal air-284 

exposed Tnfsf10-/- mice, administration of anti-TRAIL to similarly exposed WT mice 285 

did not increase airway epithelial cell area or number compared to isotype-treated 286 

controls. 287 

Finally we examined the effect of neutralizing TRAIL on airway fibrosis. As 288 

expected CS exposure of isotype-treated mice increased collagen deposition around 289 

the small airways compared to isotype-treated normal air-exposed controls (Figure 290 
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8c). In contrast, CS-exposed anti-TRAIL-treated mice did not have increased collagen 291 

deposition compared to anti-TRAIL-treated normal air-exposed controls. In addition, 292 

unlike in normal air-exposed Tnfsf10-/- mice, administration of anti-TRAIL to 293 

similarly exposed mice did not increase collagen deposition around the small airways 294 

compared to isotype-treated controls. 295 

 296 

DISCUSSION 297 

In this study, we discovered a previously unrecognized role for TRAIL in CS-induced 298 

experimental COPD. TRAIL and its receptors were increased in mice with chronic 299 

CS-induced experimental COPD and in human COPD patients. Using a combination 300 

of CS-exposure of WT and Tnfsf10-/- mice and a neutralizing antibody, we 301 

demonstrate that TRAIL increases pulmonary inflammation and expression of pro-302 

inflammatory mediators, emphysema-like alveolar enlargement and impairs lung 303 

function in experimental COPD. Inflammation and alveolar enlargement were 304 

associated with TRAIL-induced increases in active NF-κB p65 and apoptosis, 305 

respectively. Surprisingly, Tnfsf10-/- mice developed spontaneous airway remodelling 306 

characterised by increased epithelial area and collagen deposition. Importantly, 307 

therapeutic targeting of TRAIL with a neutralizing monoclonal antibody reduced CS-308 

induced pulmonary inflammation and emphysema-like alveolar enlargement, without 309 

inducing airway remodelling. This study advances the emerging knowledge of the 310 

roles of TRAIL in inflammatory and respiratory diseases, and its potential for 311 

therapeutic targeting. 312 

To investigate the role of TRAIL in the pathogenesis of COPD, we used an 313 

established mouse model of experimental COPD.18–23 Mice were exposed via the nose-314 

only to tightly controlled doses of CS. This protocol induces the development of hallmark 315 
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features of human COPD, namely chronic bronchitis (pulmonary inflammation), small 316 

airway remodelling, emphysema-like alveolar enlargement and impaired lung function.22 317 

Hence, our model recapitulates key pathological features observed in human disease. 318 

We first showed that chronic CS exposure of WT mice resulted in 319 

concomitant increases in TRAIL mRNA and protein levels in the airways and 320 

parenchyma. Our examination of lung tissue sections stained for TRAIL identified 321 

airway epithelial cells and parenchymal-associated monocytes as sources of TRAIL. 322 

We have previously shown that mouse airway epithelial cells express TRAIL 323 

following allergen challenge or respiratory infection with C. murdiarum.6,7,17 324 

Subsequent flow cytometric analysis of lung homogenates from mice with 325 

experimental COPD identified CD11b+ monocytes as a major source of cell surface-326 

bound TRAIL. Consistent with these observations, we, and others, have shown that 327 

TRAIL expressing macrophages are recruited to the lung following respiratory 328 

bacterial (e.g. Chlamydia, Streptococcus pneumoniae) and viral infections (e.g. 329 

influenza).6,8,10 We also showed that TRAIL receptor expression is elevated in 330 

experimental COPD with increases in mRNA levels of DR5 in the airways and DcR1 331 

in the parenchyma. Notably, there were also increases in the mRNA levels of TRAIL 332 

and its receptors DR4 and DR5 in human COPD lung tissue and airway epithelial 333 

cells.24–26 There were some species-specific differences in TRAIL receptor expression 334 

with increases in DcR1 in mice and DR4 in humans. Mice do not produce DR4, and 335 

so compensatory mechanisms may be present. 336 

Tnfsf10-/- mice had reduced CS-induced pulmonary cellular inflammation 337 

characterized by reduced influx of total leukocytes and macrophages into the airways 338 

and decreased numbers of parenchymal-associated inflammatory cells and CD11b+ 339 

monocytes, mDCs and γδT cells in the lung. All of these cells have been previously 340 
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shown to be increased in experimental models of, or in human COPD.28–30 These data 341 

are supported by our previous studies that show TRAIL drives pulmonary 342 

inflammation.6,7,16 Indeed, intranasal administration of recombinant TRAIL to naïve 343 

mice increased the numbers of mDCs and CD4+ T cells in the lung.7 Furthermore, 344 

silencing of TRAIL using small interfering RNA reduced pulmonary inflammation in 345 

a mouse model of acute asthma (ovalbumin-induced AAD).7 We also showed that 346 

Tnfsf10-/- mice had reduced infiltration of CD11b+ monocytes, mDCs, CD4+ and 347 

CD8+ T cells into the lung following neonatal C. muridarum respiratory infection.6 348 

In support of our inflammatory cell data, Tnfsf10-/- mice also had reduced CS-349 

induced mRNA expression of key pro-inflammatory cytokines (TNF-α), chemokines 350 

(CCL2, 3, 7, 12 and 20) and other COPD-related factors (MMP-12 and SAA3) in the 351 

lungs. We, and others, have shown increased expression of TNF-α following CS-352 

exposure in mice and humans, and this cytokine is known to induce the expression of 353 

the monocyte chemokines CCL2, 7 and 12 and the neutrophil chemoattractant 354 

CCL3.18 These chemokines have all been associated with increasing the severity of 355 

cellular inflammation and emphysema in COPD.31,32 CCL20 was increased by CS and 356 

was decreased in Tnfsf10-/- mice, which correlated with decreased numbers of mDCs 357 

in the lung. We previously showed that inhibition of TRAIL reduced CCL20 and 358 

subsequent homing of mDCs to the airways, which was associated with reduced 359 

inflammation and AHR in AAD.7 We, and others, have also shown that the protease 360 

MMP-12 and SAA3, an acute phase protein, are increased in experimental and human 361 

COPD.18,33,34 To investigate the mechanisms involved in TRAIL-mediated 362 

inflammation we assessed the activity of the transcription factor NF-κB. TRAIL is 363 

known to induce NF-κB activity and promote inflammatory responses.6,17,27 364 

Consistent with these observations, our current study demonstrated that TRAIL-365 
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deficiency or inhibition reduced CS-induced NF-κB p65 activity and this was 366 

associated with reduced pulmonary inflammation. This indicates that in CS-induced 367 

experimental COPD TRAIL induces NF-κB p65 activity causing the transcription of 368 

the mRNA of pro-inflammatory factors that drive inflammation and disease 369 

pathogenesis. We previously showed that TRAIL-deficiency or administration of 370 

neutralizing anti-DcR2 antibody in mice reduced NF-κB activity and pulmonary 371 

inflammation in the lung following neonatal C. muridarum respiratory infection.6 We 372 

also recently showed that TRAIL induces the expression of the E3 ubiquitin ligase 373 

midline-1 (MID1) in the airway wall and that siRNA-induced knockdown of MID1 374 

reduces NF-κB activity in AAD and RV infection models.17 Collectively, our current 375 

study advances our understanding of the roles of TRAIL as a pro-inflammatory 376 

mediator by showing that it regulates inflammation in CS-induced experimental 377 

COPD. 378 

As in humans, chronic CS exposure causes emphysema-like alveolar 379 

enlargement in experimental COPD.18–23 Here we show that Tnfsf10-/- mice are 380 

protected against CS-induced alveolar enlargement. We also show that CS increases 381 

TRAIL+ monocytes and that Tnfsf10-/- mice have less TUNEL+ cells, indicating a 382 

reduction in apoptosis, in the parenchyma. Others have shown that TRAIL receptors 383 

are increased in the lungs of patients with emphysema and resected lung explant 384 

cultures from emphysematous patients or A549 cells exposed to CS extract displayed 385 

increased TRAIL-mediated apoptosis.35,36 These data indicate that in CS-induced 386 

experimental COPD TRAIL induces apoptosis of parenchymal cells that leads to 387 

emphysema-like alveolar enlargement.  388 

We then go on to show that the suppression of pulmonary inflammation and 389 

alveolar enlargement in the absence of TRAIL leads to protection against impaired 390 
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lung function with the inhibition of increases in lung volumes and compliance. These 391 

are important features of human COPD. We previously showed that Tnfsf10-/- mice 392 

were protected against neonatal Chlamydia respiratory infection-induced emphysema-393 

like alveolar enlargement and impaired lung function.6 TRAIL has also been shown to 394 

impair lung function in models of AAD.7,16,17 395 

We previously showed that depletion of macrophages with clodronate-loaded 396 

liposomes reduced CS-induced airway remodelling, emphysema-like alveolar 397 

enlargement and improved lung function in experimental COPD.18 Macrophages 398 

expressing TRAIL that are recruited to the lung during influenza virus infection 399 

induce acute lung injury and alveolar epithelial cell apoptosis.8 Collectively, these 400 

data indicate that TRAIL induced pulmonary inflammation and that TRAIL+ 401 

monocytes may contribute to CS-induced emphysema by promoting apoptosis in the 402 

parenchyma, which together reduce lung function.  403 

 Surprisingly, naïve Tnfsf10-/- mice developed spontaneous small airway 404 

remodelling characterized by increased airway epithelial cell area and numbers and 405 

collagen deposition, which was not further increased by CS exposure. In this regard, 406 

we previously showed that TRAIL induced airway epithelial thickening and goblet 407 

cell metaplasia in neonatal Chlamydia respiratory infection and AAD in mice.6 Others 408 

have shown that Tnfsf10-/- mice had increased total collagen in the lung in a 409 

bleomycin-induced mouse model of pulmonary fibrosis.9 Furthermore, recombinant 410 

TRAIL treatment inhibited the expression of the collagen-specific molecular 411 

chaperone heat shock protein 47 and reduced soluble collagen production in human 412 

hepatic stellate cells in vitro.37 In contrast to these findings, however, Tnfsf10-/- mice 413 

had reduced lung collagen in a chronic ovalbumin model of AAD.16 This 414 
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inconsistency likely results from differences in the pathogenic mechanisms involved 415 

in the different disease contexts.  416 

Importantly, anti-TRAIL treatment of established experimental COPD 417 

substantially reduced CS-induced pulmonary inflammation, alveolar enlargement, and 418 

small airway remodelling. Anti-TRAIL treatment of normal air-exposed WT mice did 419 

not induce airway remodelling. This is in contrast to the remodelling that occurred in 420 

naive Tnfsf10-/- mice. This suggests that therapeutic neutralization of TRAIL may be 421 

effective in suppressing hallmark features of COPD, without causing unwanted 422 

airway remodelling that occurs with early-life or lifelong deficiency. Treatment may 423 

be further improved with increasing doses or optimizing treatment regimes. The 424 

therapeutic benefit in suppressing TRAIL is supported by our previous studies. We 425 

showed that TRAIL neutralization protected mice from neonatal Chlamydia 426 

respiratory infection-induced pulmonary inflammation and emphysema-like alveolar 427 

enlargement.6 Furthermore, inhibition of TRAIL suppressed inflammation and 428 

improved lung function in mouse models of AAD.7,17 However, selective inhibition of 429 

TRAIL may be contraindicated as a treatment for COPD due to the increased risk of 430 

lung cancer and respiratory infections.10 TRAIL is an important inducer of apoptosis 431 

of in a variety tumour cells.38 Furthermore, both COPD patients and mice with 432 

experimental COPD are more susceptible to bacterial (e.g. S. pneumoniae) and viral 433 

(e.g. influenza) infections18,20,39 and TRAIL is required for the clearance of such 434 

infections.10,40 These potential side effects could be minimized by short-term dosing 435 

or with optimized treatment regimes. Furthermore, additional studies may identify 436 

specific signalling factors and pathways downstream of TRAIL, which when inhibited 437 

do not increase cancer risk or susceptibility to infection. This could be initially 438 

assessed in mouse models of cancer and infections.  439 
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In summary, our study reveals for the first time that TRAIL has important 440 

pathogenic roles in CS-induced experimental COPD. It is pivotal in promoting 441 

pulmonary inflammation and NF-κB p65 activation, and emphysema-like alveolar 442 

enlargement and apoptosis, which lead to impaired lung function (Supplementary 443 

Figure S5). TRAIL also regulates small airway remodelling independent of CS 444 

exposure. Importantly, therapeutic neutralization of TRAIL in established 445 

experimental COPD reduced hallmark features of the disease. Collectively, our data 446 

suggest that therapeutic targeting of TRAIL may be beneficial in COPD. 447 

 448 

METHODS 449 

Ethics statement 450 

This study was performed in accordance with the recommendations issued by the 451 

National Health and Medical Research Council of Australia. All protocols were 452 

approved by the animal ethics committee of The University of Newcastle, Australia. 453 

 454 

Experimental COPD 455 

Female, 7-8-week-old, WT or Tnfsf10-/- BALB/c mice were exposed to normal air or 456 

CS through the nose only for eight weeks as we have previously described.18–23 Some 457 

mice were exposed to CS or normal air for 12 weeks and treated with anti-TRAIL 458 

neutralizing or isotype control antibodies from Week 7 to 12.18 459 

 460 

Isolation of RNA and protein 461 

Total RNA was extracted from whole lung tissue and blunt-dissected airway and 462 

parenchyma as described previously.17 Briefly, the trachea and lungs were excised, 463 

and lung parenchyma was carefully separated from the airways with sterile forceps. 464 



 

 20 

Whole lungs, airways and parenchyma were then snap frozen and stored at -80°C. 465 

Tissues were thawed and homogenized in 500μL of sterile Dulbecco’s phosphate-466 

buffered saline (Life Technologies, Mulgrave, Victoria, Australia) using a Tissue-467 

Tearor stick homogenizer (BioSpec Products, Bartesville, OK) on ice. Tissue 468 

homogenates were then split equally (250μL) for RNA and protein extraction. Total 469 

RNA was extracted using TRIzol (Invitrogen, Mount Waverly, Victoria, Australia) 470 

according to manufacturer’s instructions and stored at -80°C. For protein extraction, 471 

tissue homogenates were mixed with equal portions of sterile Dulbecco’s phosphate-472 

buffered saline (Life Technologies) supplemented with PhosSTOP phosphatase and 473 

Complete ULTRA protease inhibitors cocktails (Roche Diagnostics, Mannheim, 474 

Germany). Tissue homogenates were then centrifuged at 8,000xg for 10 mins at 4°C. 475 

Supernatants were collected and stored at -20°C for assessment by ELISA assay. 476 

 477 

qPCR 478 

Total RNA from whole lungs, airway and parenchyma (1,000ng) were reversed 479 

transcribed using Bioscript (Bioline, Alexandria, New South Wales, Australia) and 480 

random hexamer primers (Invitrogen).6,19,41–44 The mRNA expression of TRAIL, 481 

DR5, DcR1, TNF-α, CCL2, 3, 7, 12 and 20, MMP-12, SAA3, DcR2,  IL-33, CXCL1, 482 

CXCL3, CCL4, CCL7 and Muc5ac were determined by real-time quantitative PCR 483 

(qPCR, ABIPrism7000, Applied Biosystems, Scoresby, Victoria, Australia) and 484 

expressed as relative abundance to the reference gene hypoxanthine-guanine 485 

phosphoribosyltransferase.6,19,41–44 Custom designed primers were used 486 

(Supplementary Table 1). 487 

 488 

ELISA 489 
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TRAIL protein levels in airway and parenchyma were quantified with mouse 490 

TRAIL/TNFSF10 DuoSet ELISA kits (R&D Systems, Gymea, New South Wales, 491 

Australia) with normalization to total protein determined using the BCA Protein 492 

Assay Kit (PIERCE, Scorsby, Victoria, Australia) as per manufacturer’s instructions.  493 

 494 

NF-κB assays 495 

The active NF-κB p65 subunit was measured using the TransAM NF-κB family 496 

transcription factor assay kit (Active Motif, Carlsbad, CA) according to the 497 

manufacturer’s instructions.6,17 498 

 499 

Immunohistochemistry 500 

Lungs were perfused, inflated, formalin-fixed, paraffin-embedded and sectioned (4-501 

6μm). Longitudinal sections of the left lung were incubated with primary antibody 502 

(anti-TRAIL, Abcam, Melbourne, Victoria, Australia) overnight at 4°C and followed 503 

by anti-rabbit horseradish peroxidase-conjugated secondary antibody (R&D Systems) 504 

as per manufacturer’s instructions. 3,3'-Diaminobenzidine chromogen-substrate buffer 505 

(DAKO, North Sydney, New South Wales, Australia) was applied to sections and 506 

incubated. Sections were counterstained with hematoxylin, mounted and analyzed 507 

with a BX51 microscope (Olympus, Tokyo, Shinjuku, Japan) and Image-Pro Plus 508 

software (Media Cybernetics, Rockville, MD). 509 

 510 

Flow cytometry  511 

Numbers of CD11b+ monocytes, neutrophils, mDCs, AMs, pDCs, NKT cells, γδT 512 

cells, CD4+ T and CD8+ T cells in lung homogenates were determined based on 513 

surface marker expression using flow cytometry (Table 1).6,42,45,46 Flow cytometric 514 
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analysis was performed using a FACSAriaIII with FACSDiva software (BD 515 

Biosciences, North Ryde, Australia). Flow cytometry antibodies were from Biolegend 516 

(Karrinyup, Western Australia, Australia) (Supplementary Table 2). OneComp 517 

compensation beads (eBioscience) were used to set up assays. 518 

 519 

Analysis of differential gene expression 520 

Differential gene expression analysis of published datasets (accession numbers 521 

GSE5058 and GSE27597)24–26 was performed with the Array Studio software 522 

(Omicsoft Corporation, Research Triangle Park, NC, USA) applying a general linear 523 

model adjusting for age and gender and the Benjamini–Hochberg method for p-value 524 

adjustment.  525 

 526 

Airway and parenchymal inflammation  527 

Airway inflammation was assessed by differential enumeration of inflammatory cells 528 

in BAL.18,44,45,47,48 Longitudinal sections of lung were stained with periodic acid-529 

Schiff (PAS) and parenchymal inflammation was assessed by enumerating the 530 

numbers of inflammatory cells in 20 randomized, high-powered fields.18  531 

 532 

Alveolar enlargement 533 

Lungs were perfused, inflated, fixed, paraffin-embedded and sectioned (4-6μm). 534 

Longitudinal sections of the left single-lobe lung were stained with hematoxylin and 535 

eosin to assess alveolar diameter using the mean linear intercept technique.6,18–21,43  536 

 537 

TUNEL assay 538 
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Longitudinal sections of the left single-lobe lung were stained with TUNEL assay kits 539 

(Promega, Sydney, New South Wales, Australia) according to manufacturer’s 540 

instructions. Apoptosis in lung parenchyma was assessed by enumerating the numbers 541 

of TUNEL+ cells in 20 randomized, high-powered fields.  542 

 543 

Lung function 544 

Lung compliance was assessed by quasi-static PV-loops from oscillation manoeuvres 545 

(Flexivent [SCIREQ, Montreal, Québec, Canada]) as the volume of air that entered 546 

the lungs when the airway pressure was increased from 2 to 30 cmH20 by the 547 

ventilator (PVs-P Flexivent manoeuvre). Three inflations were performed and 548 

averaged per mouse.49 549 

 550 

Airway remodelling  551 

Longitudinal sections of the left single-lobe lung were stained with PAS or Masson’s 552 

Trichrome. Airway epithelial area (μm2) and cell (nuclei) number, and collagen 553 

deposition area (μm2) was assessed in a minimum of four small airways (basement 554 

membrane perimeter <1,000μm) per section.16,18,19 Data were normalized to basement 555 

membrane perimeter (μm) and quantified using ImageJ software (Version 1.49h, 556 

NIH). 557 

 558 

TRAIL neutralization 559 

Mice were treated with 12.5 mg/kg body weight of neutralizing anti-TRAIL 560 

monoclonal antibody (clone N2B2) or rat IgG2a isotype control (clone 2A3, 561 

BioXCell, West Lebanon, NH) from Week 7 to 12 (six weeks), by i.p injections three 562 

times per week.6 563 
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Statistical analysis 564 

Data are presented as means ± standard error of the mean (s.e.m.) and are 565 

representative of two independent experiments consisting of 5-6 mice in each group 566 

(total of 10-12 mice per group). Statistical significance was determined with two-567 

tailed Mann-Whitney test or by one-way analysis of variance with Bonferroni post-568 

test using GraphPad Prism Software version 6 (San Diego, CA).  569 

 570 

SUPPLEMENTARY MATERIAL is linked to the online version of the paper at 571 

http://www.nature.com/mi 572 
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Figure 1. TRAIL and TRAIL receptor levels increase in cigarette smoke (CS)-717 

induced experimental COPD. Wild-type BALB/c mice were exposed to CS or normal 718 

air for eight weeks. TRAIL mRNA levels in blunt-dissected (a) airway and (b) 719 

parenchyma expressed as relative abundance to normal air-exposed controls. TRAIL 720 

protein levels in (c) airway and (d) parenchyma. (e) Immunohistochemistry for 721 

TRAIL protein in whole lung sections (arrowheads indicate TRAIL+ epithelial cells in 722 

the small airways or inflammatory cells in the parenchyma). (f) Cell surface 723 

expression of TRAIL on inflammatory cell subsets in whole lung homogenates 724 

determined by flow cytometry. (g) Representative flow cytometry plots of TRAIL 725 

expression on CD45+F4/80+ CD11c−CD11b+ cells in lung homogenates. (h) Death 726 

receptor 5 (DR5) and (i) decoy receptor 1 (DcR1) mRNA levels in airways or 727 

parenchyma. Data (n = 5-6) presented as means ± s.e.m. are representative of two 728 

independent experiments. *p<0.05; **p<0.01; ****p<0.0001 compared to normal air-729 

exposed controls. 730 

 731 

Figure 2. TRAIL and TRAIL receptor mRNA levels increase in human COPD. 732 

Parenchymal cores or airway epithelial cells were collected from human COPD 733 

patients. TRAIL mRNA expression was assessed by microarray profiling in (a) 734 

airway epithelial brushings from patients with GOLD stage I or II disease compared 735 

to non-smokers (NS) and healthy smokers without COPD (Smoker) and (b) 736 

parenchyma from non-COPD controls or patients with severe COPD. mRNA 737 

expression of TRAIL receptors (c) death receptor (DR)4, (d) DR5, (e) decoy receptor 738 

(DcR)1 and (f) DcR2 in airway epithelium from patients with early-stage, GOLDI and 739 

GOLDII stage COPD compared to NS and healthy smokers without COPD. The 740 
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numbers in the figures represent the false discovery rate (FDR). *FDR versus NS, 741 

#FDR versus smokers. 742 

 743 

Figure 3. Pulmonary inflammation is reduced in TRAIL-deficient mice exposed to 744 

cigarette smoke (CS). Wild type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were 745 

exposed to CS or normal air for eight weeks. (a) Total leukocytes, (b) macrophages, 746 

(c) neutrophils, and (d) lymphocytes were enumerated in hematoxylin and eosin 747 

stained bronchoalveolar lavage (BAL). (e) The numbers of parenchymal 748 

inflammatory cells (arrowheads) were enumerated in periodic acid-Schiff-stained 749 

lung sections. (f) CD11b+ monocytes, (g) myeloid dendritic cells (mDCs) and (h) γδT 750 

cells were determined in single cell suspension of whole lung homogenates by flow 751 

cytometry. Data (n = 5-6) presented as means ± s.e.m. are representative of two 752 

independent experiments. ns; not significant. *p<0.05; **p<0.01; ***p<0.001; 753 

****p<0.0001 compared to normal air-exposed WT or Tnfsf10-/- controls. #p<0.05; 754 

##p<0.01; ###p<0.001 compared to CS-exposed WT controls. 755 

 756 

Figure 4. Pro-inflammatory cytokine, chemokine and COPD-related factor mRNA 757 

expression are reduced and NF-κB p65 activity is inhibited in TRAIL-deficient mice 758 

exposed to cigarette smoke (CS). Wild type (WT) or TRAIL-deficient (Tnfsf10-/-) 759 

mice were exposed to CS or normal air for eight weeks. (a) Tumour necrosis factor-α 760 

(TNF-α), (b) chemokine (C-C motif) ligand  (CCL)2, (c) CCL3, (d) CCL7, (e) 761 

CCL12, (f) CCL20, (g) matrix metalloproteinase-12 (MMP-12) and (h) serum 762 

amyloid A3 (SAA3) mRNA expression was determined in whole lung homogenates 763 

by qPCR. (i) NF-κB p65 activity in whole lung homogenates. mRNA data are 764 

presented as relative abundance compared to normal air-exposed WT controls. Data 765 
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(n = 5-6) presented as means ± s.e.m. are representative of two independent 766 

experiments. *p<0.05, **p<0.01; ***p<0.001; ****p<0.0001 compared to normal 767 

air-exposed WT or Tnfsf10-/- controls. #p<0.05; ##p<0.01; ###p<0.001; 768 

####p<0.0001 compared to CS-exposed WT controls. 769 

 770 

Figure 5. Emphysema-like alveolar enlargement is reduced, apoptosis inhibited and 771 

lung function is preserved in TRAIL-deficient mice exposed to cigarette smoke (CS). 772 

Wild type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were exposed to CS or normal 773 

air for eight weeks. (a) Alveolar diameter (μm) was determined in hematoxylin and 774 

eosin-stained lung sections using the mean linear intercept technique. (b) The 775 

numbers of TUNEL+ cells (arrowheads) enumerated in whole lung sections. Lung 776 

function was assessed in terms of (c) pressure-volume loops and (d) lung compliance 777 

at 30cmH2O using forced oscillation techniques. Data (n = 5-6) presented as means ± 778 

s.e.m. are representative of two independent experiments. *p<0.05; **p<0.01; 779 

****p<0.0001 compared to normal air-exposed WT or Tnfsf10-/- controls. ##p<0.01; 780 

####p<0.0001 compared to CS-exposed WT controls. 781 

 782 

Figure 6. Spontaneous airway remodelling occurs in TRAIL-deficient mice. Wild 783 

type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were exposed to cigarette smoke or 784 

normal air for eight weeks. (a) Small airway epithelial thickness in terms of epithelial 785 

cell area (μm2) per basement membrane (BM) perimeter (μm) was determined in 786 

periodic acid-Schiff (PAS)-stained whole lung sections. (b) The number of epithelial 787 

cells in PAS-stained lung sections was assessed by enumerating the number of nuclei 788 

per 100μm of BM perimeter. (c) Area of collagen deposition (μm2) per BM perimeter 789 

(μm) was determined in Masson’s Trichrome-stained lung sections. Data (n = 5-6) 790 
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presented as means ± s.e.m. are representative of two independent experiments of 5-6 791 

mice in each group. *p<0.05; ****p<0.0001 compared to normal air-exposed WT or 792 

Tnfsf10-/- controls. ϕϕp<0.01; ϕϕϕp<0.001; ϕϕϕϕp<0.0001 compared to normal air-793 

exposed WT controls. 794 

 795 

Figure 7. Pulmonary inflammation is suppressed and emphysema-like alveolar 796 

enlargement inhibited in experimental COPD by therapeutic neutralization of TRAIL. 797 

Wild-type mice were exposed to cigarette smoke or normal air for twelve weeks and 798 

treated with neutralizing anti-TRAIL monoclonal antibody or isotype control, 799 

intraperitoneally three times per week, from Week 7 to 12. (a) Total leukocytes, (b) 800 

macrophages, (c) neutrophils and (d) lymphocytes were enumerated in hematoxylin 801 

and eosin-stained bronchoalveolar lavage (BAL). (e) The numbers of parenchymal 802 

inflammatory cells (arrowheads) were determined in periodic acid-Schiff-stained lung 803 

sections. (f) Alveolar diameter (μm) was determined in hematoxylin and eosin-stained 804 

lung sections using the mean linear intercept technique. (g) The numbers of TUNEL+ 805 

cells (arrowheads) enumerated in whole lung sections.  (h) NF-κB p65 activity in 806 

whole lung homogenates. Data (n = 5-6) presented as means ± s.e.m. are 807 

representative of two independent experiments of 5-6 mice in each group. **p<0.01; 808 

***p<0.001; ****p<0.0001 compared to isotype-treated or anti-TRAIL-treated 809 

normal air-exposed controls. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001 810 

compared to isotype-treated CS-exposed controls.  811 

 812 

Figure 8. Airway remodelling is reduced in experimental COPD by therapeutic 813 

neutralization of TRAIL. Wild-type mice were exposed to cigarette smoke (CS) or 814 

normal air for twelve weeks and treated with neutralizing anti-TRAIL monoclonal or 815 
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isotype control antibodies, intraperitoneally three times per week, from weeks 7-12. 816 

(a) Small airway epithelial thickness in terms of epithelial cell area (μm2) per 817 

basement membrane (BM) perimeter (μm) was determined in periodic acid-Schiff 818 

(PAS)-stained lung sections. (b) The number of epithelial cells in PAS-stained lung 819 

sections was assessed by enumerating the number of nuclei per 100μm BM perimeter. 820 

(c) Area of collagen deposition (μm2) per BM perimeter (μm) in Masson’s Trichrome-821 

stained lung sections. Data (n = 5-6) presented as means ± s.e.m. are representative of 822 

two independent experiments of 5-6 mice in each group. **p<0.01; ****p<0.0001 823 

compared to anti-TRAIL or isotype normal air-exposed controls. #p<0.05; 824 

###p<0.001 compared to isotype-treated CS-exposed controls. 825 
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Table 1. Surface antigens used to characterize mouse lung cell subsets by flow 826 

cytometry 827 

Cell subset Cell surface antigens 

CD11b+ monocyte CD45+ F4/80+ CD11c− CD11b+ TRAIL+/− 

Neutrophil CD45+ F4/80− CD11c− CD11bhi GR-1hi TRAIL+/− 

mDC CD45+ F4/80− CD11c+ CD11b+ PDCA− TRAIL+/− 

Alveolar macrophage CD45+ F4/80+ CD11c+ CD11b− TRAIL+/− 

pDC CD45+ F4/80− CD11clo CD11b− PDCA+ TRAIL+/− 

NKT cell CD45+ CD3+ αGalCer tetramer+ TRAIL+/− 

γδT cell CD45+ CD3+ CD4− CD8− γδTCR+ TRAIL+/− 

CD4+ T cell CD45+ CD3+ CD4+ CD8− γδTCR− TRAIL+/− 

CD8+ T cell CD45+ CD3+ CD4− CD8+ γδTCR− TRAIL+/− 

mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; NKT cell, natural 828 

killer T cell.  829 

830 
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Figure S1. TRAIL receptor mRNA expression in CS-induced experimental COPD. 857 

BALB/c mice were exposed to CS or normal air for eight weeks. (a) Death receptor 5 858 

(DR5), (b) decoy receptor 1 (DcR1) and (c-d) DcR2 mRNA expression in blunt-859 

dissected airway or parenchyma. Data (n = 5-6) presented as means ± s.e.m. are 860 

representative of two independent experiments. *p<0.05; **p<0.01 compared to 861 

normal air-exposed controls.  862 

 863 

Figure S2. TRAIL receptor mRNA levels in the parenchyma in human COPD. 864 

Parenchymal cores were collected from human COPD patients. mRNA expression of 865 

TRAIL receptors (a) death receptor (DR)4, (b) DR5, (c) decoy receptor (DcR)1 and 866 

(d) DcR2 in parenchyma from non-COPD controls or patients with severe COPD. 867 

 868 

Figure S3. Inflammatory cell subsets in the lung are altered in experimental COPD. 869 

Wild type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were exposed to CS or normal 870 

air for eight weeks. (a) Alveolar macrophages (AMs), (b) plasmacytoid dendritic cells 871 

(pDCs), (c) natural killer T (NKT) cells, (d) CD4+ and (e) CD8+ T cells were 872 

enumerated per 106 CD45+ cells in single cell suspensions of whole lung 873 

homogenates by flow cytometry. Data (n = 5-6) presented as means ± s.e.m. are 874 

representative of two independent experiments. *p<0.05; ***p<0.001; ****p<0.0001 875 

compared to normal air-exposed WT or Tnfsf10-/- controls. ϕp<0.05 compared to 876 

normal air-exposed WT controls. 877 

  878 

Figure S4. Pro-inflammatory cytokine, chemokine and COPD-related factor mRNA 879 

expression induced by CS. Wild type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were 880 

exposed to CS or normal air for eight weeks. (a) Interleukin (IL)-33, (b) chemokine 881 
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(C-X-C motif) ligand 1 (CXCL1), (c) CXCL3, (d) chemokine (C-C motif) ligand 4 882 

(CCL4), (e) CCL22 and (f) mucin 5ac (Muc5ac) mRNA expression was determined 883 

in whole lung homogenates by qPCR. Data (n = 5-6) presented as means ± s.e.m. are 884 

representative of two independent experiments. *p<0.05, **p<0.01, ***p<0.001, 885 

****p<0.0001 compared to anti-TRAIL- or isotype-treated normal air-exposed 886 

controls. 887 

 888 

Figure S5.  Schematic representation of proposed mechanisms of how TRAIL 889 

contributes to CS-induced experimental COPD. Chronic CS exposure increases 890 

TRAIL production by small airway epithelial cells and promotes the accumulation of 891 

TRAIL+CD11b+ monocytes in the lungs. TRAIL increases NF-κB activity resulting in 892 

increased transcription of pro-inflammatory genes that promote pulmonary 893 

inflammation. TRAIL also binds to its receptors to induce apoptosis of alveolar 894 

epithelial cells causing emphysema-like alveolar enlargement and impaired lung 895 

function. Collectively, these TRAIL dependent effects promote the development of 896 

COPD.  897 

898 
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Supplementary Table 1. Custom-designed primers used in qPCR analysis 899 

Primer Primer sequence (5’ → 3’) 

TRAIL forward CCCTGCTTGCAGGTTAAGAG 

TRAIL reverse GGCCTAAGGTCTTTCCATCC 

DR5 forward AACGGCTTGGGCATCTTGGCA 

DR5 reverse TGCACAGAGTTCGCACTTTCGGG 

DcR1 forward TTTCCGGAATCATGCCGCCCA 

DcR1 reverse AGGAACAGCCAGTTTCTGGGATTTG 

TNF-α forward TCTGTCTACTGAACTTCGGGGTGA 

TNF-α reverse TTGTCTTTGAGATCCATGCCGTT 

CCL2 forward TGAGTAGCAGCAGGTGAGTGGGG 

CCL2 reverse TGTTCACAGTTGCCGGCTGGAG 

CCL3 forward CTCCCAGCCAGGTGTCATTTT 

CCL3 reverse CTTGGACCCAGGTCTCTTTGG 

CCL7 forward GGGCCCAATGCATCCACATGC 

CCL7 reverse TTCAGCGCAGACTTACATGCCC 

CCL12 forward CCGGGAGCTGTGATCTTCA 

CCL12 reverse AACCCACTTCTCGGGGT 

CCL20 forward CGACTGTTGCCTCTCGTACA 

CCL20 reverse AGGAGGTTCACAGCCCTTTT 

MMP-12 forward CCTCGATGTGGAGTGCCCGA 

MMP-12 reverse CCTCACGCTTCATGTCCGGAG 

SAA3 forward TGATCCTGGGAGTTGACAGCCAA 

SAA3 reverse ACCCCTCCGGGCAGCATCATA 

DcR2 forward TGGCTTCTTCTGCAGCTTGGTGT 
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DcR2 reverse GGGATTTCGCAGGGCGCCTT 

IL-33 forward CCTCCCTGAGTACATACAATGACC 

IL-33 reverse GTAGTAGCACCTGGTCTTGCTCTT 

CXCL1 forward GCTGGGATTCACCTCAAGAA 

CXCL1 reverse CTTGGGGACACCTTTTAGCA 

CXCL3 forward GGACCCCACTGCACCCAGACA 

CXCL3 reverse GGGGCTTCCTCCTTTCCCGGC 

CCL4 forward GTGGCTGCCTTCTGTGCTCCA 

CCL4 reverse AGCTGCCGGGAGGTGTAAGAGAA 

CCL22 forward TGGCTACCCTGCGTCGTGTCCCA 

CCL22 reverse CGTGATGGCAGAGGGTGACGG 

Muc5ac forward GCAGTTGTGTCACCATCATCTGTG 

Muc5ac reverse GGGGCAGTCTTGACTAACCCTCTT 

HPRT forward AGGCCAGACTTTGTTGGATTTGAA 

HPRT reverse CAACTTGCGCTCATCTTAGGATTT 

HPRT, hypoxanthine–guanine phosphoribosyltransferase 900 

901 
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Supplementary Table 2. Antibodies used in flow cytometry analysis 902 

Cell surface antigens Clone Fluorophore Company 

CD3ε 145-2C11 FITC Biolegend 

PDCA 927 FITC Biolegend 

γδTCR GL3 BV421 Biolegend 

CD8a 53-6.7 BV510 Biolegend 

CD11c N418 BV510 Biolegend 

F4/80 BM8 BV605 Biolegend 

CD11b M1/70 PerCPCy5.5 Biolegend 

CD4 RM4-5 APC-Cy7 Biolegend 

Gr-1 RB6-8C5 APC-Cy7 Biolegend 

CD45 30-F11 AF-700 Biolegend 

TRAIL N2B2 PE Biolegend 

 903 


