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Abstract 28 

Chronic obstructive pulmonary disease (COPD) is a major global health concern with 29 

few effective treatments. Widespread destruction of alveolar tissue contributes to 30 

impaired gas exchange in severe COPD, and recent radiological evidence suggests 31 

that destruction of small airways is a major contributor to increased peripheral airway 32 

resistance in disease. This important finding might in part explain the failure of 33 

conventional anti-inflammatory treatments to restore lung function even in patients 34 



 2 

with mild disease. There is a clear need for alternative pharmacological strategies for 35 

patients with COPD/emphysema. Proposed regenerative strategies such as cell 36 

therapy and tissue engineering are hampered by poor availability of exogenous stem 37 

cells, discouraging trial results, and risks and cost associated with surgery. An 38 

alternative therapeutic approach is augmentation of lung regeneration and/or repair by 39 

biologically active factors, which have potential to be employed on a large scale. In 40 

favor of this strategy, the healthy adult lung is known to possess a remarkable 41 

endogenous regenerative capacity. Numerous preclinical studies have shown 42 

induction of regeneration in animal models of COPD/emphysema. Here, we argue 43 

that given the widespread and irreversible nature of COPD, serious consideration of 44 

regenerative pharmacology is necessary. However, for this approach to be feasible, a 45 

better understanding of the cell-specific molecular control of regeneration, the 46 

regenerative potential of the human lung and regenerative competencies of patients 47 

with COPD are required. 48 

 49 

 50 

The need for a regenerative pharmacological approach in COPD 51 

 52 

Chronic obstructive pulmonary disease (COPD) is highly debilitating, often terminal, 53 

and widely prevalent. In 2015 it caused 5% of all deaths globally, and the burden of 54 

disease is increasing rapidly; currently affecting over 200 million people worldwide, 55 

the WHO estimates that COPD will become the third leading cause of death by 2020. 56 

According to estimates by the European Respiratory Society, the total annual cost of 57 

COPD in Europe is €38.7 billion.  58 

 59 

Clinically, COPD is characterized by progressive loss of lung function with airflow 60 

obstruction not fully reversible with bronchodilators. These features arise from 61 

persistent inflammation associated with bronchitis, small airways disease, and 62 

alveolar tissue destruction in varying combinations and severities.[1] A landmark 63 

study linking thoracic computed tomography (CT), and microCT of lung tissue, 64 

provided compelling evidence that destruction of small airways is a major contributor 65 

to increased peripheral airway resistance in COPD, revealing a significant drop in the 66 

number of terminal bronchioles in mild disease (GOLD stage I) with up to 89% 67 

reduction in terminal bronchiole number in severe disease (GOLD IV).[2] This 68 
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pathological finding provides an anatomical explanation for the lack of disease-69 

modifying effect of conventional anti-inflammatory treatments in COPD and calls for 70 

a dramatic re-evaluation of treatment strategies. 71 

 72 

Current approaches focus on prevention of further lung damage. On a population 73 

level, tobacco control and environmental air pollution legislation are proven and 74 

effective public health interventions.[3] Smoking cessation and pulmonary 75 

rehabilitation, together with prevention and prompt treatment of infective 76 

exacerbations, are individual evidence-based therapies that aim to reduce the rate of 77 

lung function decline in patients with COPD.[4] Symptomatic treatment, including 78 

lung volume reduction, can improve lung mechanics and quality of life in selected 79 

patients.  80 

 81 

A more ambitious aim is reversal of established lung disease with lung repair or 82 

regeneration strategies, which collectively represent a long-term research goal that 83 

may provide a novel approach for patients with COPD. To date, clinically tested 84 

regenerative strategies include mesenchymal stromal cell (MSC) or tissue 85 

engineering-based therapies. MSCs exhibited promising anti-inflammatory and pro-86 

repair properties in vitro and in rodent models of emphysema, however, clinical trials 87 

using MSCs for COPD are yet to demonstrate clinical efficacy.[5] Tissue engineering 88 

using autologous airway basal cells has produced tracheas designed for 89 

transplantation, although clinical application has met mixed success.[6] 90 

Bioengineered whole lungs were successfully transplanted into rodents, however, 91 

these lungs failed due to incomplete cellularization and barrier defects leading to fluid 92 

exudation.[7] According to a recent study in pigs, enhancing vascular integrity in 93 

bioengineered lung tissue ex vivo might help improve post-transplantation tissue 94 

survival in vivo;[8] nonetheless, bioengineering lungs for transplantation in man 95 

remains a major challenge largely due to the complex cellularity and architecture of 96 

human lung. An alternative and perhaps more tractable approach may be to harness 97 

endogenous lung repair or regeneration pathways. Pharmacological manipulation of 98 

repair or regeneration has been demonstrated using small molecules in a variety of in 99 

vitro and in vivo lung injury models.  100 

 101 

Mechanisms of tissue destruction in COPD 102 
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 103 

Tissue destruction in COPD arises due to a chronic pro-inflammatory state caused by 104 

continual exposure to inhaled pollutants, particularly cigarette smoke. Inflammatory 105 

cells are recruited that secrete proteolytic enzymes, causing degradation of elastin and 106 

other structural proteins; neutrophils and macrophages additionally create a highly 107 

oxidative microenvironment, overwhelming the lung’s endogenous anti-oxidant 108 

mechanisms thereby causing cell and DNA damage.[9] These processes may be 109 

exacerbated by reduced cellular proliferative capacity, or senescence, with advancing 110 

age; persistent senescent cells remain metabolically active and exhibit a senescence-111 

associated secretory phenotype (SASP), secreting pro-inflammatory cytokines.[10] 112 

Lung function decline in COPD is hastened in sub-groups of patients by 113 

exacerbations, acute episodes of accelerated deterioration triggered by viral or 114 

bacterial respiratory infections. Strategies that reduce the frequency and severity of 115 

exacerbations include inhaled steroids and long-acting bronchodilators.[11] 116 

 117 

Only a minority of smokers (~20%) eventually develop COPD, and thus other 118 

influences such as early life exposures and genetic factors may increase susceptibility 119 

to the effects of smoke in some patients. Genome-wide association studies (GWAS) 120 

have identified numerous genetic loci associated with airflow limitation, both in the 121 

general population and in COPD patients; however, the relationship between 122 

environmental exposures and genetic predisposition in COPD is complex and 123 

incompletely understood.[12] 124 

 125 

Adult lung regeneration: evidence from animal models, and feasibility in man 126 

 127 

Tissue regeneration can be defined as a process of growth and renewal leading to 128 

restoration of tissue structure and function following natural degeneration, injury or 129 

disease. The healthy adult mammalian lung possesses an under-recognized capacity 130 

for plasticity and regenerative growth. Calorie-restricted adult rodents show 131 

reductions in alveolar number and increased alveolar volume due to controlled 132 

alveolar septal apoptosis; ad libitum re-feeding restored alveolar dimensions to pre-133 

restriction levels.[13] Surgical oophorectomy in adult female mice leads to alveolar 134 

simplification, which is reversible by oestrogen administration.[14] A dramatic 135 

example is post-pneumonectomy lung growth, in which excision of sufficient volume 136 
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of lung tissue causes remaining lobes to grow into the resulting cavity, with lung cell 137 

proliferation, elastogenesis, angiogenesis and new acinar development leading to lung 138 

function recovery and normal alveolar dimensions; this phenomenon has been 139 

observed in both rodents and larger mammals.[15] 140 

 141 

The capacity and limits of lung regeneration in humans are yet to be fully elucidated. 142 

However, pneumonectomy in children has long been recognized to lead to 143 

compensatory growth of the remaining lungs, with concomitant age-dependent 144 

improvements in function.[16] In an enlightening case study of a young adult female 145 

following right pneumonectomy, serial CT imaging over a 15 year follow up period 146 

revealed an expected enlargement of the remaining left lobes but with increased lung 147 

tissue density; analysis of acinar-airway dimensions using 3helium MRI suggested the 148 

increase in tissue density was consistent with neoalveologenesis rather than 149 

enlargement of existing alveoli.[17] Adult human lungs may thus possess a greater 150 

capability for large-scale cellular and structural reparative remodeling than previously 151 

thought.  152 

 153 

A recent large, prospective cohort study of ICU patients reported that 60.4% of those 154 

who develop ARDS survive hospitalization.[18] Remarkably, despite the dramatic 155 

parenchymal damage associated with ARDS, pulmonary function in survivors at 5 156 

years is generally normal to near normal.[19] Though direct assessment of tissue 157 

regeneration in survivor lungs remains technically challenging, lung tissue sections 158 

from non-survivors revealed cellular proliferation characteristic of regenerative 159 

processes.[20 21] Thus, endogenous regenerative mechanisms appear conserved in 160 

adult human lung, which may be amenable to pharmacological targeting in disease. 161 

Future longitudinal studies using novel, non-invasive high-resolution imaging 162 

techniques in patients during resolution of ARDS, or following pneumonectomy, may 163 

further define both the capacity and limits of adult human lung regeneration. 164 

 165 

Cellular mechanisms of adult lung regeneration 166 

 167 

Insights from animal models have revealed stem/progenitor cell populations located 168 

throughout the lung capable of responding to injury and repairing damaged tissue.[22-169 

24] In mice, the pseudostratified epithelium of the trachea is maintained by basal 170 
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cells, which function as progenitor cells able to self-renew and generate secretory and 171 

ciliated airway cells.[25] In the distal mouse lung, club cells and surfactant protein-C 172 

(SPC)-expressing alveolar type 2 (AT2) cells can re-enter the cell cycle to maintain 173 

airway and alveolar epithelium, respectively, during steady-state homeostasis and 174 

following mild injury.[26 27] Evidence from mouse models suggests distal lung 175 

regeneration following severe injury, such as sub-lethal influenza infection, may be 176 

performed by AT2 cells,[28] and/or by distal multipotent quiescent stem cells which 177 

can regenerate both airway and alveolar epithelium.[29 30] Emerging evidence 178 

reveals a remarkable phenotypic plasticity of adult lung epithelial cells.[31] Selective 179 

ablation of basal cells in the adult mouse trachea induced club cells to de-differentiate 180 

to replenish the basal cell pool.[32] HOPX+ alveolar type 1 cells de-differentiated into 181 

AT2 cells in adult mice in vivo during post-pneumoectomy lung regeneration,[33] and 182 

club cells isolated from adult mouse airways differentiated into AT2 cells when 183 

cultured with an alveolar mesenchymal population.[34] 184 

 185 

In adult human lung, basal cells, distributed throughout the conducting airways 186 

extending to the terminal bronchioles, function as progenitor cells for maintenance 187 

and repair of airway epithelium.[35] Basal cells of the proximal and distal human 188 

lung share similar morphology, yet in vitro experiments have revealed differences in 189 

differentiation capability; for example, distal basal cells appear to have alveolar 190 

lineage potential.[29] Moreover, SPC+ progenitor cells with alveolar lineage potential 191 

have been isolated from human distal lung.[26 28]  192 

 193 

Studies of post-pneumonectomy lung regeneration in mice revealed widespread 194 

proliferation of mesenchymal cells, including endothelial cells and fibroblasts,[36] 195 

however, mesenchymal lung stem/progenitor cells are poorly characterized. Recently, 196 

a mesenchymal population expressing Lgr6 (a Wnt signaling co-receptor), and a 197 

possibly overlapping population expressing the Wnt target gene Axin2, were both 198 

shown to regenerate airway smooth muscle in adult mice.[34 37] C-kit expression 199 

characterized endothelial progenitor cells resident in adult mouse lung that 200 

contributed to microvascular maintenance and repair following pneumonectomy.[38] 201 

A stromal population termed lung-resident mesenchymal stem cells (LR-MSCs) 202 

proliferated following pneumonectomy in adult mouse lung,[39] and a possibly 203 
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analogous LR-MSC population isolated from human peripheral lung were enriched in 204 

clonogenicity and multi-lineage potential.[40]  205 

 206 

The precise progenitor populations responsible for adult human lung maintenance and 207 

repair, and the extent to which these populations repair different types of injury, is a 208 

matter of intense investigation. In principle, endogenous stem/progenitor cells could 209 

be pharmacologically stimulated to repair or regenerate diseased lung tissue, although 210 

caveats include the challenge of how to target them specifically; their presence or 211 

functionality in lungs of COPD patients remains to be fully characterized.  212 

 213 

Molecular control of adult lung regeneration 214 

 215 

Proliferation, differentiation and re-organization of stem/progenitor cells during adult 216 

regeneration may in part recapitulate developmental processes.[41] Signaling 217 

pathways that control lung development are often re-activated in adult lung 218 

regeneration, including Wnt/β-catenin, notch, retinoic acid (RA), bone morphogenic 219 

protein (BMP), fibroblast growth factors (FGFs) and hedgehog signaling 220 

pathways.[22-24] Mouse studies have implicated a network of pro-mitogenic 221 

pathways that control adult lung stem/progenitor proliferation, including FGF 222 

receptor 2 (FGFR2) and epidermal growth factor receptor (EGFR) that signal via 223 

mitogen activated kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-protein 224 

kinase B.[42-44] Mechanisms also actively limit lung cell growth, for example, 225 

FGFR1 limited basal cell proliferation in adult mouse trachea via SPRY2-mediated 226 

inhibition of MAPK,[45] and sonic hedgehog secreted by lung epithelial cells 227 

maintained quiescence of underlying mesenchyme in adult mouse lung.[46] 228 

 229 

Recent single-cell RNA sequencing of adult lung tissue revealed conservation of an 230 

injury-responsive hypoxia/notch/keratin-5 program in epithelial progenitors from 231 

human and mouse lung,[47] and thus local lung hypoxia during infection may trigger 232 

regeneration by specific lung-resident stem cells. Whether these programs are 233 

conserved in COPD, in which microvascular defects may lead to local lung hypoxia, 234 

remains unknown. Interestingly, sensitivity to Wnt and FGF pathway stimulation in 235 

vitro was conserved in SPC+ alveolar epithelial progenitor cells from both human and 236 

mouse lung.[28] Thus, while most data about lung regenerative mechanisms derive 237 
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from mouse studies, the limited human data available are consistent with conservation 238 

of regenerative mechanisms in adult human lung tissue, supporting the feasibility of 239 

targeting these pathways to induce regeneration in disease. Additional human studies 240 

are required to clarify the degree of any overlap between animal and human lung.  241 

 242 

To what extent is regenerative capability maintained in the COPD lung? 243 

 244 

Disturbed regenerative capacity in COPD lung 245 

 246 

The local microenvironment in COPD lung tissue is pro-inflammatory and pro-247 

oxidative due to increased generation of reactive oxygen species (ROS), which could 248 

interfere with molecular pathways required for stem cell activation. ROS induce 249 

cellular defense mechanisms by upregulating free radical scavenging enzymes (e.g. 250 

manganese superoxide), and DNA damage repair genes (e.g. Gadd45) in part via 251 

activation of the transcription factor forkhead box O (FOXO). In vitro, ROS diverted 252 

β-catenin away from T cell factor (TCF)-mediated transcription toward FOXO, thus 253 

inhibiting the β-catenin transcriptional program.[48] Thus, increased ROS production 254 

could impair Wnt/β-catenin dependent repair programs in the COPD lung. 255 

Accordingly, a decrease in nuclear β-catenin, suggesting reduced Wnt signaling 256 

activity, was identified in AT2 cells in COPD lung.[49] Thus, pharmacotherapies 257 

aimed at stimulating endogenous repair pathways may additionally need to address a 258 

potentially hostile local microenvironment. 259 

 260 

While stem/progenitor cell populations may survive in COPD lung, they might 261 

acquire defects in disease, compromising their function. For example, telomere 262 

shortening was described in smokers with and without COPD and AT2 cell 263 

senescence increased in patients with emphysema.[50 51] Smoke increased basal cell 264 

propensity for squamous metaplasia and epithelial-mesenchymal transition, and 265 

caused loss of junctional barrier integrity via EGF induction in neighboring cells.[52] 266 

Basal cells maintain human airway epithelium through clonal expansion; in smokers, 267 

basal expansion was accelerated leading to more rapid clonal consolidation, which 268 

could generate premalignant field defects with aberrant regenerative ability.[53] 269 

Moreover, smoke exposure led to loss of regional identity and re-programming of 270 

distal airway epithelial cells to more proximal characteristics.[54] Thus, constant 271 
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insults may exhaust the capacity of stem cells to respond to injury, thereby 272 

contributing to airway epithelial defects in COPD.[55] 273 

 274 

Growing evidence implicates dysregulation of pathways that control early lung 275 

development in the pathogenesis of COPD. For example, gene expression profiling 276 

revealed reduced activity of both Notch and Wnt signaling pathways in airway 277 

epithelial cells of non-diseased smokers and smokers with COPD.[56 57] Although 278 

these pathways may be amenable to pharmacological targeting, molecular changes in 279 

specific cell populations in the COPD lung may desensitize them to pro-regenerative 280 

signals. Lung fibroblasts isolated from COPD patients exhibited reduced gene 281 

expression for cellular retinoic acid binding protein-1 (CRABP-1), required for 282 

intracellular RA transport, and synthesized less elastin in response to RA compared to 283 

non-diseased fibroblasts from cancer resections.[58] In emphysematous lung tissue, 284 

we found increased gene and protein levels of cytochrome P450 subfamily 26 A1 285 

(CYP26A1), an endothelial-expressed enzyme which selectively degrades RA; 286 

increased enzyme activity would be expected to decrease endothelial RA signaling 287 

activity and contribute to failure of regeneration.[59]  288 

 289 

Apoptosis of AT2 cells and microvascular endothelial cells was increased in lungs of 290 

COPD/emphysema patients, suggesting crucial lung stem/progenitor populations 291 

could be depleted in severe disease.[60] Decreased basal cell numbers and a 292 

propensity for goblet differentiation in surviving basal cells was reported in airway 293 

biopsies from COPD patients compared to patients without COPD,[61] and bronchial 294 

epithelia of smokers contained fewer club cells compared to non-smokers.[62] 295 

Mechanisms of small airway destruction in human COPD are poorly understood,[2 296 

35] and whether cells that can regenerate small airways survive in COPD is currently 297 

unclear. A recent report of transcriptional and functional characterization of human 298 

small airway epithelium may help elucidate this issue;[63] similar studies in COPD 299 

lung could be informative. The cell types that comprise the simple cuboidal 300 

epithelium of the respiratory bronchioles in the adult human lung have yet to be fully 301 

characterized. In the most distal regions of the emphysematous lung, widespread 302 

alveolar septal wall destruction could deplete matrix substrate required for 303 

regeneration. 304 

 305 
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Studying adult lung regeneration in vivo in the context of COPD 306 

 307 

Animal models of COPD typically involve inhalation or instillation of agents into the 308 

lung.[64] Most faithful to human COPD is chronic exposure to cigarette smoke for 309 

several months, usually in rodents or guinea pigs, which induces pathology that 310 

resembles mild human COPD (GOLD stage I or II) including emphysema, airflow 311 

obstruction and airway remodeling. Intratracheal elastase is widely used to model 312 

emphysema in rodents and causes acute hemorrhage, inflammation, and proteolysis of 313 

alveolar septal elastin leading to persistent airspace enlargement. Other models 314 

include repetitive intratracheal lipopolysaccharide (LPS), or lung-specific inducible 315 

manipulation of specific genes.[64] Alternatively, halting alveolar development, for 316 

example with perinatal administration of dexamethasone, causes enlarged alveolar 317 

spaces that persist into adulthood, resembling adult bronchopulmonary dysplasia 318 

(BPD), without ongoing destruction.[65] Major limitations of animal COPD models 319 

relate to important anatomical differences with human lung. Crucially, mice lack 320 

respiratory bronchioles; the smallest airways are large relative to the size of the 321 

animal.[66] Respiratory bronchioles, seen in generations 15-23 in humans, are major 322 

sites of obstruction in COPD,[67] and thus while animal COPD models can mimic 323 

emphysema, small airway disease is poorly represented.[64] Furthermore, pathology 324 

of severe disease is challenging to recapitulate, and while disease progresses after 325 

smoking cessation in humans, smoke withdrawal in animals halts pathological 326 

progression.[64] Despite limitations, numerous studies have demonstrated the 327 

promising ability of pharmacological agents to reverse pathological features in these 328 

models. 329 

 330 

Regenerative Pharmacology in COPD 331 

 332 

In pioneering experiments, Massaro & Massaro demonstrated that in an adult rat 333 

model of elastase-induced emphysema, administration of all-trans RA (ATRA) 334 

stimulated alveolar regeneration, measured by more numerous, smaller alveoli and 335 

improved elastic recoil.[68] ATRA, derived from dietary vitamin A, is the 336 

endogenous agonist for RA receptors (RARs), type 2 nuclear receptors which 337 

heterodimerize with retinoid X receptors (RXRs), through which ATRA regulates 338 

expression of genes involved in cell growth and differentiation. RA induced alveolar 339 
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regeneration in adult rat and mouse emphysema and BPD models in several 340 

independent studies, improving alveolar dimensions and some lung function 341 

parameters;[65 69-71] however, other studies failed to find an effect of RA in elastase 342 

or cigarette-smoke models, possibly due to different sensitivities to RA between 343 

animal strains.[72 73] 344 

 345 

In adult rats, keratinocyte growth factor (KGF; FGF7) administered after 346 

pneumonectomy augmented alveolarization,[74] and in adult mice with elastase-347 

induced emphysema, palifermin (a truncated version of KGF) stimulated alveolar 348 

regeneration, improving alveolar dimensions and relieving airflow limitation.[75] In a 349 

human model of ARDS with inhaled low-dose LPS, intravenous palifermin increased 350 

alveolar surfactant protein D and matrix metalloproteinase-9, suggestive of AT2 cell 351 

proliferation, and altered matrix repair programs, respectively.[76] KGF signaling 352 

appears intact in human emphysema, as KGF ligand and receptor protein were 353 

unchanged in lung tissue of emphysema patients compared to normal patients and 354 

healthy smokers,[77] supporting the potential of KGF signaling as a therapeutic target 355 

for COPD.  356 

 357 

Wnt/β-catenin signaling regulates progenitor cell renewal in numerous adult 358 

mammalian organs; in adult mouse lung, Wnt ligand-mediated autocrine signaling 359 

promoted AT2 proliferation following injury.[78] Pharmacological Wnt/β-catenin 360 

activation reversed alveolar architectural defects in a mouse elastase model.[49] 361 

Expression of the Wnt receptor Frizzled 4 (FZD4) was decreased in COPD lung tissue 362 

homogenates and in AT2 cells derived from COPD patients,[79] suggesting 363 

prospective therapeutics targeting the Wnt/β-catenin pathway may need to act 364 

downstream of Wnt receptors. Potentially useful examples include pharmacological 365 

inhibitors of the cytosolic kinase GSK3, which cause β-catenin accumulation and thus 366 

activation of the Wnt/β-catenin pathway.[80] 367 

 368 

Hepatocyte growth factor (HGF) regulated adult alveolar maintenance in mice.[81] 369 

Administration of HGF stimulated alveolar regeneration in elastase-treated rats, 370 

enhancing lung vascularization and improving exercise tolerance and gas 371 

exchange.[82] Fibroblasts from human emphysematous lung produced less HGF than 372 



 12 

control lung fibroblasts,[83] suggesting potential for therapeutic normalization of lung 373 

tissue HGF levels in human chronic lung disease.[84] 374 

 375 

Adrenomedullin has pleiotropic roles including vasodilation, angiogenesis and 376 

endothelial cell growth and survival. In neonatal mice, administration of 377 

adrenomedullin protected against the effects of hyperoxia, preserving lung capillary 378 

density and alveolar development,[85] while in adult mice with elastase-induced 379 

emphysema, adrenomedullin improved alveolar dimensions, lung volume and static 380 

compliance.[86] Adrenomedullin stimulated repair of human bronchial epithelial cells 381 

in vitro, supporting its relevance to human lung physiology.[87]  382 

 383 

Basic fibroblast growth factor (bFGF; FGF2) is a pro-angiogenic, heparin-binding 384 

FGF family member. In adult mice, subcutaneous bFGF injections preserved alveolar 385 

dimensions after repeated LPS administration.[88] Intratracheal administration of 386 

bFGF-soaked microspheres to adult rats and dogs with elastase-induced emphysema 387 

improved alveolar dimensions, lung microvessel density and arterial oxygenation.[89] 388 

 389 

Vascular endothelial growth factor (VEGF) is a pro-angiogenic, endothelial-specific 390 

mitogen. VEGF administration enhanced post-pneumonectomy alveolar growth in 391 

mice.[90] In rats with enlarged alveoli due to neonatal hyperoxia, VEGF administered 392 

in adulthood stimulated alveolar regeneration,[91] and overexpression of VEGF 393 

promoted repair and increased lung capillary density.[92] 394 

 395 

The cellular mechanisms of regeneration in these studies are unclear, but notably, the 396 

agents used can target different lung cell types. Studies by us and others suggest an 397 

unexpected complexity to the cellular landscape of RA responsiveness in the lung:  in 398 

vitro, RA stimulated elastin synthesis in lung fibroblasts [93] and angiogenesis in lung 399 

microvascular endothelial cells,[59] whereas RA restricted adult lung epithelial 400 

progenitor cell proliferation while promoting differentiation in a mouse lung organoid 401 

model.[94] Moreover, VEGF was mitogenic for both endothelial and alveolar 402 

epithelial cells,[95] whereas KGF is an epithelial-specific growth factor;[96] thus, 403 

there may be multiple cellular routes to inducing regeneration in adult lung. However, 404 

whether stimulating one population is sufficient to coordinate growth of multiple cell 405 

types requires further investigation (Figure 1). This might be important for the COPD 406 
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lung, which may lack specific cell types depending on disease phenotype. Given the 407 

recent findings that external cues may instruct phenotypic plasticity of adult lung 408 

epithelial cells,[31] an intriguing possibility is that depleted progenitor populations in 409 

COPD could be restored by pharmacologically reprogramming surviving epithelial 410 

cells into the required lineages.  411 

 412 

In mice exposed to cigarette smoke for 5 months, combining the last 2 months with 413 

intranasal ciglitazone, an anti-inflammatory peroxisome proliferator-activated 414 

receptor-γ (PPARγ) agonist, restored alveolar dimensions and lung volume compared 415 

to controls.[97] Similarly, in a cigarette-smoke mouse model, treatment for 2 months 416 

after smoke cessation with a combination of the antioxidants vitamin C and E restored 417 

alveolar dimensions,[98] and in mice exposed to cigarette smoke for 8 months, 418 

causing pulmonary hypertension and emphysema, administration of N6-(1-419 

iminoethyl)-L-lysine (L-NIL), an inhibitor of inducible nitric oxide synthase (iNOS) 420 

for an additional 3 months completely restored alveolar number and regenerated 421 

septal elastin fibres.[99] These studies are intriguing as they suggest ameliorating a 422 

hostile microenvironment with anti-inflammatory, antioxidant or anti-nitrosative 423 

treatments might allow endogenous regenerative mechanisms to restore architectural 424 

defects (Figure 1).  425 

 426 

Clinical trials with regenerative therapies 427 

 428 

Therapeutic attempts to stimulate lung regeneration in COPD are limited to 4 429 

relatively short-term clinical trials with retinoids. Two studies in emphysema patients 430 

used a crossover design with orally administered ATRA.[100 101] In both studies, 431 

ATRA was well tolerated but no differences were observed in CT, lung function, or 432 

quality of life scores between treatment groups. Average plasma ATRA levels 433 

following drug administration declined over the study period, attributed to auto-434 

induced catabolism,[101] so it is unclear whether ATRA reached cell types necessary 435 

for repair. 436 

 437 

Two parallel-group, placebo controlled trials were conducted with the RAR-γ 438 

selective agonist palovarotene. One study used patients with emphysema secondary to 439 

alpha-1-antitrypsin deficiency; no differences in CT scores or lung function were 440 
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observed, although palovarotene protected against the effect of exacerbations on 441 

decline of lung density, a measure of emphysema progression.[102] The second 442 

involved patients with CT-confirmed smoking-related emphysema.[103] No 443 

significant efficacy was reported overall, although post-hoc sub group analysis found 444 

that patients with lower zone disease had reductions in decline of FEV1, gas diffusing 445 

and exercise capacity compared to placebo. 446 

 447 

While the overall failure of the retinoid trials is disappointing, the findings that an 448 

RAR-γ agonist may reduce the rate of decline in a sub-set of patients, particularly 449 

during exacerbations,[102] may warrant further investigation. Although these findings 450 

are yet to be corroborated in independent studies, they suggest biological activity of 451 

retinoids in emphysema patients and may reflect regenerative potential. A 452 

regenerative pharmacology approach with potential to slow lung function decline may 453 

be an acceptable therapeutic intervention. Notably, our recent finding that RA 454 

pathway activation restricted adult lung epithelial progenitor cell proliferation while 455 

promoting differentiation, highlights the possibility that RA signaling might need to 456 

be carefully, transiently repressed, then re-activated in the lung epithelium, to allow 457 

regenerative growth and correct differentiation in diseased adult lung tissue.[94] 458 

 459 

Future challenges and therapeutic potential of regenerative pharmacology 460 

 461 

The anatomical and physiological differences between mouse and human lung 462 

highlight the need for predictive pre-clinical human models of COPD, which are 463 

currently scarce. The extent to which regenerative mechanisms remain competent in 464 

human COPD lung remains to be fully characterized. Novel approaches including 465 

transcriptional profiling of human lung tissue at single-cell resolution, are 466 

transforming our understanding of the cellular composition of the adult human lung, 467 

an example being the recent discovery of the pulmonary ionocyte;[104 105] such an 468 

approach applied to COPD lung may provide new insights into regenerative 469 

competence of diseased lung tissue.[106] Air-liquid-interface (ALI) or lung-on-chip 470 

methods that recapitulate human small airways may help to elucidate mechanisms to 471 

regenerate terminal bronchioles in COPD.[63 107]  472 

 473 

Given the complex nature of endogenous lung repair, it is likely that activation of 474 
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multiple signaling pathways is required to stimulate regeneration in COPD; a better 475 

understanding of cell-specific roles of molecular pathways in lung regeneration is 476 

needed. The optimal timing, duration and method of delivery of regenerative factors 477 

remain entirely unknown. Targeting correct cell populations, specifically and 478 

precisely, with the correct pharmacological tools will be an additional challenge. For 479 

example, sequential activation of stem cell division, then differentiation, in concert 480 

with induction of angiogenesis, may be needed. As dysregulated proteolysis may 481 

deplete matrix substrate in severe COPD, a successful regenerative therapy is likely to 482 

require controlled synthesis and organization of matrix to provide regenerating cells 483 

an endogenous scaffold for restoration of functional tissue. 484 

 485 

As adult regenerative processes in part reiterate developmental mechanisms, a 486 

successful regenerative intervention may need to orchestrate a program of changes 487 

that recapitulates lung formation. Coordinating proportionate growth of multiple cell 488 

lineages will help to mitigate aberrant tissue remodeling which could further impair 489 

lung function, whereas focused and controlled induction of differentiation will be 490 

critical to avoid cancer associated with activation of mitogenic pathways. Importantly, 491 

key molecular pathways must be activated and de-activated appropriately during 492 

regeneration; aberrant activation of developmental pathways is implicated in the 493 

pathogenesis of chronic lung diseases including IPF.[108] Development of 494 

therapeutics with well-defined clearance or degradation pathways, and thorough 495 

characterization of in vivo pharmacokinetics in human subjects, will aid in fine tuning 496 

key signaling pathways for therapeutic applications.  497 

 498 

Of note, it may be possible to use pharmacological strategies to augment endogenous 499 

tissue repair without inducing regenerative cellular growth. For example, in fibrotic 500 

lung tissue slices generated from adult mice, senolytic drugs, which specifically target 501 

senescent cells, decreased senescence and fibrotic markers and increased epithelial 502 

markers.[109] Expression of the planar cell polarity (PCP) pathway members Van 503 

Gogh-Like 2 (VANGL2) and Scribble were decreased in lung tissue from COPD 504 

patients, and VANGL2 controlled actin microfilament organisation and migration of 505 

adult lung epithelial cells,[110] suggesting that targeting mechanisms regulating 506 

cytoskeletal dynamics could enhance cell migration and wound healing in diseased 507 

lung independent of growth. 508 
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 509 

Personalized regenerative pharmacology 510 

 511 

The lowering cost and increasing availability of high-throughput methods may allow 512 

personalization of a regenerative treatment. Endobronchial biopsies from COPD 513 

patients could be subjected to transcriptomic, proteomic or metabolomic profiling to 514 

identify the specific molecular phenotype of that patient, and provide crucial 515 

information about integrity of potential targetable molecular pathways. Single cell 516 

transcriptional sequencing could be applied to lung biopsies to reveal progenitor cell 517 

populations to be targeted by regenerative therapies. Alternatively, lung organoids 518 

could be generated either from patient-derived induced pluripotent stem cells (iPSC) 519 

nurtured towards lung cell fate, or by isolating stem cells from airway biopsies or 520 

nasal brushings.[111] This could provide a platform for high throughput compound 521 

screens using small compound or biological molecule libraries to expedite 522 

identification of personalized regenerative therapeutics. 523 

 524 

Conclusions and perspective 525 

 526 

The demonstration of lung regeneration in animal models of COPD/emphysema, 527 

together with our improving understanding of the cell and molecular biology of 528 

regeneration, give hope that pharmacological induction of lung regeneration in man 529 

may be possible. Recent studies revealing basal cell defects in COPD have helped 530 

improve our understanding of regenerative competence in disease. Additional 531 

investigation into their molecular control, and further characterization of progenitor 532 

populations in adult human lung, may reveal novel targets for regenerative therapies. 533 

Development of human models of small airways disease, in combination with high-534 

throughput screens with small compound or biological molecule libraries, will aid 535 

identification of novel therapeutics with regenerative potential, and will hopefully 536 

reveal needed insights into mechanisms of small airway regeneration. As the 537 

regenerative competence of the COPD lung is likely to depend on disease severity, 538 

biomarkers that allow early identification of those patients that will go on to develop 539 

progressive lung disease are required to allow optimal opportunity for intervention.  540 

 541 

Figure legends 542 
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 543 

Figure 1: Challenges and opportunities for regenerative pharmacology in 544 

COPD/emphysema. A: Schematic of the cellular architecture of healthy adult lung 545 

tissue. B: Cellular and architectural defects in the lung in COPD/emphysema (boxes), 546 

and putative mechanisms of action by pro-regenerative agents identified from pre-547 

clinical animal models of COPD/emphysema (blue; references within text).  548 

 549 

Acknowledgements: 550 

We apologize for the many important contributions to regenerative COPD research 551 

that we could not include due to space constraints.  552 

  553 

Author contributions: 554 

JPNB, RG, CD, MG, MH: Conception and design, manuscript writing, critical 555 

reading and revision, final approval of manuscript. 556 

 557 

Funding: 558 

This work was supported by the Lung Foundation Netherlands (Longfonds) grant 559 

6.1.14.009, and by the NIHR Respiratory Disease Biomedical Research Unit at the 560 

Royal Brompton and Harefield NHS Foundation Trust and Imperial College London. 561 

 562 

Competing interests: 563 

The authors have no competing interests to declare. 564 

 565 

References 566 

 567 

1.	
   Rabe	
   KF,	
   Watz	
   H.	
   Chronic	
   obstructive	
   pulmonary	
   disease.	
   Lancet	
  568 
2017;389(10082):1931-­‐40	
   doi:	
   10.1016/S0140-­‐6736(17)31222-­‐569 
9[published	
  Online	
  First:	
  Epub	
  Date]|.	
  570 

2.	
   McDonough	
   JE,	
   Yuan	
   R,	
   Suzuki	
   M,	
   et	
   al.	
   Small-­‐airway	
   obstruction	
   and	
  571 
emphysema	
  in	
  chronic	
  obstructive	
  pulmonary	
  disease.	
  The	
  New	
  England	
  572 
journal	
   of	
   medicine	
   2011;365(17):1567-­‐75	
   doi:	
  573 
10.1056/NEJMoa1106955[published	
  Online	
  First:	
  Epub	
  Date]|.	
  574 

3.	
   Hahn	
   EJ,	
   Rayens	
   MK,	
   Adkins	
   S,	
   Simpson	
   N,	
   Frazier	
   S,	
   Mannino	
   DM.	
   Fewer	
  575 
hospitalizations	
   for	
   chronic	
   obstructive	
   pulmonary	
   disease	
   in	
  576 
communities	
  with	
  smoke-­‐free	
  public	
  policies.	
  American	
  journal	
  of	
  public	
  577 
health	
  2014;104(6):1059-­‐65	
  doi:	
   10.2105/AJPH.2014.301887[published	
  578 
Online	
  First:	
  Epub	
  Date]|.	
  579 



 18 

4.	
  Vogelmeier	
  CF,	
  Criner	
  GJ,	
  Martinez	
  FJ,	
  et	
  al.	
  Global	
  Strategy	
  for	
  the	
  Diagnosis,	
  580 
Management,	
   and	
  Prevention	
  of	
  Chronic	
  Obstructive	
  Lung	
  Disease	
  2017	
  581 
Report.	
   GOLD	
   Executive	
   Summary.	
   American	
   journal	
   of	
   respiratory	
   and	
  582 
critical	
   care	
   medicine	
   2017;195(5):557-­‐82	
   doi:	
   10.1164/rccm.201701-­‐583 
0218PP[published	
  Online	
  First:	
  Epub	
  Date]|.	
  584 

5.	
   Broekman	
   W,	
   Khedoe	
   P,	
   Schepers	
   K,	
   Roelofs	
   H,	
   Stolk	
   J,	
   Hiemstra	
   PS.	
  585 
Mesenchymal	
  stromal	
  cells:	
  a	
  novel	
  therapy	
  for	
  the	
  treatment	
  of	
  chronic	
  586 
obstructive	
   pulmonary	
   disease?	
   Thorax	
   2018	
   doi:	
   10.1136/thoraxjnl-­‐587 
2017-­‐210672[published	
  Online	
  First:	
  Epub	
  Date]|.	
  588 

6.	
  Maughan	
  EF,	
  Hynds	
  RE,	
  Proctor	
  TJ,	
  et	
  al.	
  Autologous	
  Cell	
  Seeding	
  in	
  Tracheal	
  589 
Tissue	
   Engineering.	
   Current	
   stem	
   cell	
   reports	
   2017;3(4):279-­‐89	
   doi:	
  590 
10.1007/s40778-­‐017-­‐0108-­‐2[published	
  Online	
  First:	
  Epub	
  Date]|.	
  591 

7.	
   Gilpin	
   SE,	
   Ott	
   HC.	
   Using	
   nature's	
   platform	
   to	
   engineer	
   bio-­‐artificial	
   lungs.	
  592 
Annals	
   of	
   the	
   American	
   Thoracic	
   Society	
   2015;12	
   Suppl	
   1:S45-­‐9	
   doi:	
  593 
10.1513/AnnalsATS.201408-­‐366MG[published	
  Online	
  First:	
  Epub	
  Date]|.	
  594 

8.	
  Nichols	
   JE,	
   La	
   Francesca	
   S,	
  Niles	
   JA,	
   et	
   al.	
   Production	
   and	
   transplantation	
   of	
  595 
bioengineered	
   lung	
   into	
   a	
   large-­‐animal	
   model.	
   Science	
   translational	
  596 
medicine	
   2018;10(452)	
   doi:	
   10.1126/scitranslmed.aao3926[published	
  597 
Online	
  First:	
  Epub	
  Date]|.	
  598 

9.	
   Chung	
   KF,	
   Adcock	
   IM.	
   Multifaceted	
   mechanisms	
   in	
   COPD:	
   inflammation,	
  599 
immunity,	
   and	
   tissue	
   repair	
   and	
   destruction.	
   The	
   European	
   respiratory	
  600 
journal	
   2008;31(6):1334-­‐56	
   doi:	
  601 
10.1183/09031936.00018908[published	
  Online	
  First:	
  Epub	
  Date]|.	
  602 

10.	
  Mercado	
  N,	
   Ito	
   K,	
   Barnes	
   PJ.	
   Accelerated	
   ageing	
   of	
   the	
   lung	
   in	
   COPD:	
   new	
  603 
concepts.	
   Thorax	
   2015;70(5):482-­‐9	
   doi:	
   10.1136/thoraxjnl-­‐2014-­‐604 
206084[published	
  Online	
  First:	
  Epub	
  Date]|.	
  605 

11.	
  Wedzicha	
   JA,	
   Seemungal	
   TA.	
   COPD	
   exacerbations:	
   defining	
   their	
   cause	
   and	
  606 
prevention.	
   Lancet	
   2007;370(9589):786-­‐96	
   doi:	
   10.1016/S0140-­‐607 
6736(07)61382-­‐8[published	
  Online	
  First:	
  Epub	
  Date]|.	
  608 

12.	
   Marciniak	
   SJ,	
   Lomas	
   DA.	
   Genetic	
   susceptibility.	
   Clinics	
   in	
   chest	
   medicine	
  609 
2014;35(1):29-­‐38	
   doi:	
   10.1016/j.ccm.2013.10.008[published	
   Online	
  610 
First:	
  Epub	
  Date]|.	
  611 

13.	
   Massaro	
   GD,	
   Radaeva	
   S,	
   Clerch	
   LB,	
   Massaro	
   D.	
   Lung	
   alveoli:	
   endogenous	
  612 
programmed	
   destruction	
   and	
   regeneration.	
   American	
   journal	
   of	
  613 
physiology.	
  Lung	
  cellular	
  and	
  molecular	
  physiology	
  2002;283(2):L305-­‐9	
  614 
doi:	
  10.1152/ajplung.00035.2002[published	
  Online	
  First:	
  Epub	
  Date]|.	
  615 

14.	
  Massaro	
  D,	
  Massaro	
   GD.	
   Estrogen	
   regulates	
   pulmonary	
   alveolar	
   formation,	
  616 
loss,	
   and	
   regeneration	
   in	
   mice.	
   American	
   journal	
   of	
   physiology.	
   Lung	
  617 
cellular	
   and	
   molecular	
   physiology	
   2004;287(6):L1154-­‐9	
   doi:	
  618 
10.1152/ajplung.00228.2004[published	
  Online	
  First:	
  Epub	
  Date]|.	
  619 

15.	
   Thane	
   K,	
   Ingenito	
   EP,	
   Hoffman	
   AM.	
   Lung	
   regeneration	
   and	
   translational	
  620 
implications	
   of	
   the	
  postpneumonectomy	
  model.	
   Translational	
   research	
   :	
  621 
the	
   journal	
  of	
   laboratory	
  and	
  clinical	
  medicine	
  2014;163(4):363-­‐76	
  doi:	
  622 
10.1016/j.trsl.2013.11.010[published	
  Online	
  First:	
  Epub	
  Date]|.	
  623 

16.	
   Laros	
   CD,	
   Westermann	
   CJ.	
   Dilatation,	
   compensatory	
   growth,	
   or	
   both	
   after	
  624 
pneumonectomy	
  during	
  childhood	
  and	
  adolescence.	
  A	
  thirty-­‐year	
  follow-­‐625 
up	
   study.	
   The	
   Journal	
   of	
   thoracic	
   and	
   cardiovascular	
   surgery	
  626 
1987;93(4):570-­‐6	
  	
  627 



 19 

17.	
  Butler	
  JP,	
  Loring	
  SH,	
  Patz	
  S,	
  Tsuda	
  A,	
  Yablonskiy	
  DA,	
  Mentzer	
  SJ.	
  Evidence	
  for	
  628 
adult	
   lung	
   growth	
   in	
   humans.	
   The	
   New	
   England	
   journal	
   of	
   medicine	
  629 
2012;367(3):244-­‐7	
   doi:	
   10.1056/NEJMoa1203983[published	
   Online	
  630 
First:	
  Epub	
  Date]|.	
  631 

18.	
   Bellani	
   G,	
   Laffey	
   JG,	
   Pham	
   T,	
   et	
   al.	
   Epidemiology,	
   Patterns	
   of	
   Care,	
   and	
  632 
Mortality	
   for	
   Patients	
   With	
   Acute	
   Respiratory	
   Distress	
   Syndrome	
   in	
  633 
Intensive	
   Care	
   Units	
   in	
   50	
   Countries.	
   Jama	
   2016;315(8):788-­‐800	
   doi:	
  634 
10.1001/jama.2016.0291[published	
  Online	
  First:	
  Epub	
  Date]|.	
  635 

19.	
  Herridge	
  MS,	
   Tansey	
   CM,	
  Matte	
   A,	
   et	
   al.	
   Functional	
   disability	
   5	
   years	
   after	
  636 
acute	
   respiratory	
   distress	
   syndrome.	
   The	
   New	
   England	
   journal	
   of	
  637 
medicine	
   2011;364(14):1293-­‐304	
   doi:	
  638 
10.1056/NEJMoa1011802[published	
  Online	
  First:	
  Epub	
  Date]|.	
  639 

20.	
   Anderson	
   WR,	
   Thielen	
   K.	
   Correlative	
   study	
   of	
   adult	
   respiratory	
   distress	
  640 
syndrome	
   by	
   light,	
   scanning,	
   and	
   transmission	
   electron	
   microscopy.	
  641 
Ultrastructural	
  pathology	
  1992;16(6):615-­‐28	
  	
  642 

21.	
   Taylor	
   MS,	
   Chivukula	
   RR,	
   Myers	
   LC,	
   et	
   al.	
   A	
   Conserved	
   Distal	
   Lung	
  643 
Regenerative	
   Pathway	
   in	
   Acute	
   Lung	
   Injury.	
   The	
   American	
   journal	
   of	
  644 
pathology	
   2018;188(5):1149-­‐60	
   doi:	
  645 
10.1016/j.ajpath.2018.01.021[published	
  Online	
  First:	
  Epub	
  Date]|.	
  646 

22.	
  Hogan	
  BL,	
  Barkauskas	
  CE,	
  Chapman	
  HA,	
  et	
  al.	
  Repair	
  and	
  regeneration	
  of	
  the	
  647 
respiratory	
  system:	
  complexity,	
  plasticity,	
  and	
  mechanisms	
  of	
   lung	
  stem	
  648 
cell	
   function.	
   Cell	
   stem	
   cell	
   2014;15(2):123-­‐38	
   doi:	
  649 
10.1016/j.stem.2014.07.012[published	
  Online	
  First:	
  Epub	
  Date]|.	
  650 

23.	
   Kotton	
  DN,	
  Morrisey	
   EE.	
   Lung	
   regeneration:	
  mechanisms,	
   applications	
   and	
  651 
emerging	
  stem	
  cell	
  populations.	
  Nature	
  medicine	
  2014;20(8):822-­‐32	
  doi:	
  652 
10.1038/nm.3642[published	
  Online	
  First:	
  Epub	
  Date]|.	
  653 

24.	
   Lee	
   JH,	
   Rawlins	
   EL.	
   Developmental	
   mechanisms	
   and	
   adult	
   stem	
   cells	
   for	
  654 
therapeutic	
   lung	
  regeneration.	
  Developmental	
  biology	
  2018;433(2):166-­‐655 
76	
  doi:	
  10.1016/j.ydbio.2017.09.016[published	
  Online	
  First:	
  Epub	
  Date]|.	
  656 

25.	
  Rock	
  JR,	
  Onaitis	
  MW,	
  Rawlins	
  EL,	
  et	
  al.	
  Basal	
  cells	
  as	
  stem	
  cells	
  of	
  the	
  mouse	
  657 
trachea	
   and	
   human	
   airway	
   epithelium.	
   Proceedings	
   of	
   the	
   National	
  658 
Academy	
   of	
   Sciences	
   of	
   the	
   United	
   States	
   of	
   America	
  659 
2009;106(31):12771-­‐5	
  doi:	
  10.1073/pnas.0906850106[published	
  Online	
  660 
First:	
  Epub	
  Date]|.	
  661 

26.	
  Barkauskas	
  CE,	
  Cronce	
  MJ,	
  Rackley	
  CR,	
  et	
  al.	
  Type	
  2	
  alveolar	
  cells	
  are	
  stem	
  662 
cells	
  in	
  adult	
  lung.	
  The	
  Journal	
  of	
  clinical	
  investigation	
  2013;123(7):3025-­‐663 
36	
  doi:	
  10.1172/JCI68782[published	
  Online	
  First:	
  Epub	
  Date]|.	
  664 

27.	
  Rawlins	
  EL,	
  Okubo	
  T,	
  Xue	
  Y,	
  et	
  al.	
  The	
  role	
  of	
  Scgb1a1+	
  Clara	
  cells	
  in	
  the	
  long-­‐665 
term	
  maintenance	
  and	
  repair	
  of	
  lung	
  airway,	
  but	
  not	
  alveolar,	
  epithelium.	
  666 
Cell	
   stem	
   cell	
   2009;4(6):525-­‐34	
   doi:	
  667 
10.1016/j.stem.2009.04.002[published	
  Online	
  First:	
  Epub	
  Date]|.	
  668 

28.	
  Zacharias	
  WJ,	
  Frank	
  DB,	
  Zepp	
  JA,	
  et	
  al.	
  Regeneration	
  of	
  the	
  lung	
  alveolus	
  by	
  669 
an	
   evolutionarily	
   conserved	
   epithelial	
   progenitor.	
   Nature	
  670 
2018;555(7695):251-­‐55	
   doi:	
   10.1038/nature25786[published	
   Online	
  671 
First:	
  Epub	
  Date]|.	
  672 

29.	
  Kumar	
  PA,	
  Hu	
  Y,	
  Yamamoto	
  Y,	
  et	
  al.	
  Distal	
  airway	
  stem	
  cells	
  yield	
  alveoli	
   in	
  673 
vitro	
   and	
   during	
   lung	
   regeneration	
   following	
   H1N1	
   influenza	
   infection.	
  674 
Cell	
   2011;147(3):525-­‐38	
   doi:	
   10.1016/j.cell.2011.10.001[published	
  675 
Online	
  First:	
  Epub	
  Date]|.	
  676 



 20 

30.	
  Vaughan	
  AE,	
  Brumwell	
  AN,	
  Xi	
  Y,	
  et	
  al.	
  Lineage-­‐negative	
  progenitors	
  mobilize	
  677 
to	
   regenerate	
   lung	
   epithelium	
   after	
   major	
   injury.	
   Nature	
  678 
2015;517(7536):621-­‐5	
   doi:	
   10.1038/nature14112[published	
   Online	
  679 
First:	
  Epub	
  Date]|.	
  680 

31.	
  Tata	
  PR,	
  Rajagopal	
  J.	
  Plasticity	
  in	
  the	
  lung:	
  making	
  and	
  breaking	
  cell	
  identity.	
  681 
Development	
   2017;144(5):755-­‐66	
   doi:	
   10.1242/dev.143784[published	
  682 
Online	
  First:	
  Epub	
  Date]|.	
  683 

32.	
   Tata	
   PR,	
   Mou	
   H,	
   Pardo-­‐Saganta	
   A,	
   et	
   al.	
   Dedifferentiation	
   of	
   committed	
  684 
epithelial	
   cells	
   into	
   stem	
   cells	
   in	
   vivo.	
   Nature	
   2013;503(7475):218-­‐23	
  685 
doi:	
  10.1038/nature12777[published	
  Online	
  First:	
  Epub	
  Date]|.	
  686 

33.	
   Jain	
  R,	
  Barkauskas	
  CE,	
  Takeda	
  N,	
  et	
  al.	
  Plasticity	
  of	
  Hopx(+)	
   type	
   I	
   alveolar	
  687 
cells	
   to	
   regenerate	
   type	
   II	
   cells	
   in	
   the	
   lung.	
   Nature	
   communications	
  688 
2015;6:6727	
   doi:	
   10.1038/ncomms7727[published	
   Online	
   First:	
   Epub	
  689 
Date]|.	
  690 

34.	
   Lee	
   JH,	
  Tammela	
  T,	
  Hofree	
  M,	
   et	
   al.	
  Anatomically	
   and	
  Functionally	
  Distinct	
  691 
Lung	
   Mesenchymal	
   Populations	
   Marked	
   by	
   Lgr5	
   and	
   Lgr6.	
   Cell	
  692 
2017;170(6):1149-­‐63	
   e12	
   doi:	
   10.1016/j.cell.2017.07.028[published	
  693 
Online	
  First:	
  Epub	
  Date]|.	
  694 

35.	
  Rock	
  JR,	
  Randell	
  SH,	
  Hogan	
  BL.	
  Airway	
  basal	
  stem	
  cells:	
  a	
  perspective	
  on	
  their	
  695 
roles	
   in	
   epithelial	
   homeostasis	
   and	
   remodeling.	
   Disease	
   models	
   &	
  696 
mechanisms	
   2010;3(9-­‐10):545-­‐56	
   doi:	
   10.1242/dmm.006031[published	
  697 
Online	
  First:	
  Epub	
  Date]|.	
  698 

36.	
   Voswinckel	
   R,	
   Motejl	
   V,	
   Fehrenbach	
   A,	
   et	
   al.	
   Characterisation	
   of	
   post-­‐699 
pneumonectomy	
   lung	
   growth	
   in	
   adult	
   mice.	
   The	
   European	
   respiratory	
  700 
journal	
   2004;24(4):524-­‐32	
   doi:	
  701 
10.1183/09031936.04.10004904[published	
  Online	
  First:	
  Epub	
  Date]|.	
  702 

37.	
  Zepp	
   JA,	
  Zacharias	
  WJ,	
   Frank	
  DB,	
   et	
   al.	
  Distinct	
  Mesenchymal	
  Lineages	
  and	
  703 
Niches	
  Promote	
  Epithelial	
  Self-­‐Renewal	
  and	
  Myofibrogenesis	
  in	
  the	
  Lung.	
  704 
Cell	
  2017;170(6):1134-­‐48	
  e10	
  doi:	
  10.1016/j.cell.2017.07.034[published	
  705 
Online	
  First:	
  Epub	
  Date]|.	
  706 

38.	
  Liu	
  Q,	
  Huang	
  X,	
  Zhang	
  H,	
  et	
  al.	
  c-­‐kit(+)	
  cells	
  adopt	
  vascular	
  endothelial	
  but	
  not	
  707 
epithelial	
  cell	
  fates	
  during	
  lung	
  maintenance	
  and	
  repair.	
  Nature	
  medicine	
  708 
2015;21(8):866-­‐8	
   doi:	
   10.1038/nm.3888[published	
   Online	
   First:	
   Epub	
  709 
Date]|.	
  710 

39.	
   Paxson	
   JA,	
   Gruntman	
  AM,	
  Davis	
   AM,	
   Parkin	
   CM,	
   Ingenito	
   EP,	
   Hoffman	
  AM.	
  711 
Age	
   dependence	
   of	
   lung	
   mesenchymal	
   stromal	
   cell	
   dynamics	
   following	
  712 
pneumonectomy.	
  Stem	
  cells	
  and	
  development	
  2013;22(24):3214-­‐25	
  doi:	
  713 
10.1089/scd.2012.0477[published	
  Online	
  First:	
  Epub	
  Date]|.	
  714 

40.	
  Lama	
  VN,	
  Smith	
  L,	
  Badri	
  L,	
  et	
  al.	
  Evidence	
   for	
   tissue-­‐resident	
  mesenchymal	
  715 
stem	
   cells	
   in	
   human	
   adult	
   lung	
   from	
   studies	
   of	
   transplanted	
   allografts.	
  716 
The	
   Journal	
   of	
   clinical	
   investigation	
   2007;117(4):989-­‐96	
   doi:	
  717 
10.1172/JCI29713[published	
  Online	
  First:	
  Epub	
  Date]|.	
  718 

41.	
   Warburton	
   D,	
   Tefft	
   D,	
   Mailleux	
   A,	
   et	
   al.	
   Do	
   lung	
   remodeling,	
   repair,	
   and	
  719 
regeneration	
   recapitulate	
   respiratory	
   ontogeny?	
   American	
   journal	
   of	
  720 
respiratory	
   and	
   critical	
   care	
   medicine	
   2001;164(10	
   Pt	
   2):S59-­‐62	
   doi:	
  721 
10.1164/ajrccm.164.supplement_2.2106064[published	
  Online	
  First:	
  Epub	
  722 
Date]|.	
  723 

42.	
  Balasooriya	
  GI,	
  Goschorska	
  M,	
  Piddini	
  E,	
  Rawlins	
  EL.	
  FGFR2	
   is	
   required	
   for	
  724 
airway	
  basal	
  cell	
  self-­‐renewal	
  and	
  terminal	
  differentiation.	
  Development	
  725 



 21 

2017;144(9):1600-­‐06	
   doi:	
   10.1242/dev.135681[published	
   Online	
   First:	
  726 
Epub	
  Date]|.	
  727 

43.	
  Ventura	
  JJ,	
  Tenbaum	
  S,	
  Perdiguero	
  E,	
  et	
  al.	
  p38alpha	
  MAP	
  kinase	
  is	
  essential	
  728 
in	
  lung	
  stem	
  and	
  progenitor	
  cell	
  proliferation	
  and	
  differentiation.	
  Nature	
  729 
genetics	
  2007;39(6):750-­‐8	
  doi:	
   10.1038/ng2037[published	
  Online	
  First:	
  730 
Epub	
  Date]|.	
  731 

44.	
   Volckaert	
   T,	
   Dill	
   E,	
   Campbell	
   A,	
   et	
   al.	
   Parabronchial	
   smooth	
   muscle	
  732 
constitutes	
   an	
   airway	
   epithelial	
   stem	
   cell	
   niche	
   in	
   the	
  mouse	
   lung	
   after	
  733 
injury.	
   The	
   Journal	
   of	
   clinical	
   investigation	
   2011;121(11):4409-­‐19	
   doi:	
  734 
10.1172/JCI58097[published	
  Online	
  First:	
  Epub	
  Date]|.	
  735 

45.	
   Balasooriya	
   GI,	
   Johnson	
   JA,	
   Basson	
   MA,	
   Rawlins	
   EL.	
   An	
   FGFR1-­‐SPRY2	
  736 
Signaling	
  Axis	
   Limits	
  Basal	
   Cell	
   Proliferation	
   in	
   the	
   Steady-­‐State	
  Airway	
  737 
Epithelium.	
   Developmental	
   cell	
   2016;37(1):85-­‐97	
   doi:	
  738 
10.1016/j.devcel.2016.03.001[published	
  Online	
  First:	
  Epub	
  Date]|.	
  739 

46.	
  Peng	
  T,	
  Frank	
  DB,	
  Kadzik	
  RS,	
   et	
   al.	
  Hedgehog	
  actively	
  maintains	
  adult	
   lung	
  740 
quiescence	
   and	
   regulates	
   repair	
   and	
   regeneration.	
   Nature	
  741 
2015;526(7574):578-­‐82	
   doi:	
   10.1038/nature14984[published	
   Online	
  742 
First:	
  Epub	
  Date]|.	
  743 

47.	
  Xi	
  Y,	
  Kim	
  T,	
  Brumwell	
  AN,	
  et	
  al.	
  Local	
  lung	
  hypoxia	
  determines	
  epithelial	
  fate	
  744 
decisions	
   during	
   alveolar	
   regeneration.	
   Nature	
   cell	
   biology	
  745 
2017;19(8):904-­‐14	
   doi:	
   10.1038/ncb3580[published	
   Online	
   First:	
   Epub	
  746 
Date]|.	
  747 

48.	
   Almeida	
   M,	
   Han	
   L,	
   Martin-­‐Millan	
   M,	
   O'Brien	
   CA,	
   Manolagas	
   SC.	
   Oxidative	
  748 
stress	
   antagonizes	
   Wnt	
   signaling	
   in	
   osteoblast	
   precursors	
   by	
   diverting	
  749 
beta-­‐catenin	
  from	
  T	
  cell	
  factor-­‐	
  to	
  forkhead	
  box	
  O-­‐mediated	
  transcription.	
  750 
The	
   Journal	
   of	
   biological	
   chemistry	
   2007;282(37):27298-­‐305	
   doi:	
  751 
10.1074/jbc.M702811200[published	
  Online	
  First:	
  Epub	
  Date]|.	
  752 

49.	
   Kneidinger	
   N,	
   Yildirim	
   AO,	
   Callegari	
   J,	
   et	
   al.	
   Activation	
   of	
   the	
   WNT/beta-­‐753 
catenin	
  pathway	
  attenuates	
  experimental	
  emphysema.	
  American	
   journal	
  754 
of	
   respiratory	
   and	
   critical	
   care	
   medicine	
   2011;183(6):723-­‐33	
   doi:	
  755 
10.1164/rccm.200910-­‐1560OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  756 

50.	
   Morla	
   M,	
   Busquets	
   X,	
   Pons	
   J,	
   Sauleda	
   J,	
   MacNee	
   W,	
   Agusti	
   AG.	
   Telomere	
  757 
shortening	
  in	
  smokers	
  with	
  and	
  without	
  COPD.	
  The	
  European	
  respiratory	
  758 
journal	
   2006;27(3):525-­‐8	
   doi:	
  759 
10.1183/09031936.06.00087005[published	
  Online	
  First:	
  Epub	
  Date]|.	
  760 

51.	
   Tsuji	
   T,	
   Aoshiba	
   K,	
   Nagai	
   A.	
   Alveolar	
   cell	
   senescence	
   in	
   patients	
   with	
  761 
pulmonary	
  emphysema.	
  American	
  journal	
  of	
  respiratory	
  and	
  critical	
  care	
  762 
medicine	
   2006;174(8):886-­‐93	
   doi:	
   10.1164/rccm.200509-­‐763 
1374OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  764 

52.	
  Shaykhiev	
  R,	
  Zuo	
  WL,	
  Chao	
   I,	
   et	
  al.	
  EGF	
  shifts	
  human	
  airway	
  basal	
   cell	
   fate	
  765 
toward	
  a	
  smoking-­‐associated	
  airway	
  epithelial	
  phenotype.	
  Proceedings	
  of	
  766 
the	
   National	
   Academy	
   of	
   Sciences	
   of	
   the	
   United	
   States	
   of	
   America	
  767 
2013;110(29):12102-­‐7	
  doi:	
  10.1073/pnas.1303058110[published	
  Online	
  768 
First:	
  Epub	
  Date]|.	
  769 

53.	
  Teixeira	
  VH,	
  Nadarajan	
  P,	
  Graham	
  TA,	
  et	
  al.	
  Stochastic	
  homeostasis	
  in	
  human	
  770 
airway	
   epithelium	
   is	
   achieved	
   by	
   neutral	
   competition	
   of	
   basal	
   cell	
  771 
progenitors.	
   eLife	
   2013;2:e00966	
   doi:	
   10.7554/eLife.00966[published	
  772 
Online	
  First:	
  Epub	
  Date]|.	
  773 



 22 

54.	
   Yang	
   J,	
   Zuo	
   WL,	
   Fukui	
   T,	
   et	
   al.	
   Smoking-­‐Dependent	
   Distal-­‐to-­‐Proximal	
  774 
Repatterning	
   of	
   the	
   Adult	
   Human	
   Small	
   Airway	
   Epithelium.	
   American	
  775 
journal	
  of	
  respiratory	
  and	
  critical	
  care	
  medicine	
  2017;196(3):340-­‐52	
  doi:	
  776 
10.1164/rccm.201608-­‐1672OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  777 

55.	
   Crystal	
   RG.	
   Airway	
   basal	
   cells.	
   The	
   "smoking	
   gun"	
   of	
   chronic	
   obstructive	
  778 
pulmonary	
   disease.	
   American	
   journal	
   of	
   respiratory	
   and	
   critical	
   care	
  779 
medicine	
   2014;190(12):1355-­‐62	
   doi:	
   10.1164/rccm.201408-­‐780 
1492PP[published	
  Online	
  First:	
  Epub	
  Date]|.	
  781 

56.	
  Tilley	
  AE,	
  Harvey	
  BG,	
  Heguy	
  A,	
  et	
  al.	
  Down-­‐regulation	
  of	
  the	
  notch	
  pathway	
  in	
  782 
human	
   airway	
   epithelium	
   in	
   association	
   with	
   smoking	
   and	
   chronic	
  783 
obstructive	
   pulmonary	
   disease.	
   American	
   journal	
   of	
   respiratory	
   and	
  784 
critical	
   care	
   medicine	
   2009;179(6):457-­‐66	
   doi:	
   10.1164/rccm.200705-­‐785 
795OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  786 

57.	
  Wang	
  R,	
  Ahmed	
  J,	
  Wang	
  G,	
  et	
  al.	
  Down-­‐regulation	
  of	
  the	
  canonical	
  Wnt	
  beta-­‐787 
catenin	
   pathway	
   in	
   the	
   airway	
   epithelium	
   of	
   healthy	
   smokers	
   and	
  788 
smokers	
   with	
   COPD.	
   PloS	
   one	
   2011;6(4):e14793	
   doi:	
  789 
10.1371/journal.pone.0014793[published	
  Online	
  First:	
  Epub	
  Date]|.	
  790 

58.	
  Plantier	
  L,	
  Rochette-­‐Egly	
  C,	
  Goven	
  D,	
  et	
  al.	
  Dysregulation	
  of	
  elastin	
  expression	
  791 
by	
   fibroblasts	
   in	
   pulmonary	
   emphysema:	
   role	
   of	
   cellular	
   retinoic	
   acid	
  792 
binding	
   protein	
   2.	
   Thorax	
   2008;63(11):1012-­‐7	
   doi:	
  793 
10.1136/thx.2007.093302[published	
  Online	
  First:	
  Epub	
  Date]|.	
  794 

59.	
   Ng-­‐Blichfeldt	
   JP,	
   Alcada	
   J,	
   Montero	
   MA,	
   et	
   al.	
   Deficient	
   retinoid-­‐driven	
  795 
angiogenesis	
  may	
  contribute	
  to	
  failure	
  of	
  adult	
  human	
  lung	
  regeneration	
  796 
in	
  emphysema.	
  Thorax	
  2017;72(6):510-­‐21	
  doi:	
  10.1136/thoraxjnl-­‐2016-­‐797 
208846[published	
  Online	
  First:	
  Epub	
  Date]|.	
  798 

60.	
   Imai	
   K,	
   Mercer	
   BA,	
   Schulman	
   LL,	
   Sonett	
   JR,	
   D'Armiento	
   JM.	
   Correlation	
   of	
  799 
lung	
   surface	
   area	
   to	
   apoptosis	
   and	
   proliferation	
   in	
   human	
   emphysema.	
  800 
The	
   European	
   respiratory	
   journal	
   2005;25(2):250-­‐8	
   doi:	
  801 
10.1183/09031936.05.00023704[published	
  Online	
  First:	
  Epub	
  Date]|.	
  802 

61.	
  Ghosh	
  M,	
  Miller	
  YE,	
  Nakachi	
   I,	
   et	
  al.	
  Exhaustion	
  of	
  Airway	
  Basal	
  Progenitor	
  803 
Cells	
  in	
  Early	
  and	
  Established	
  COPD.	
  American	
  journal	
  of	
  respiratory	
  and	
  804 
critical	
   care	
   medicine	
   2017	
   doi:	
   10.1164/rccm.201704-­‐805 
0667OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  806 

62.	
  Shijubo	
  N,	
  Itoh	
  Y,	
  Yamaguchi	
  T,	
  et	
  al.	
  Serum	
  and	
  BAL	
  Clara	
  cell	
  10	
  kDa	
  protein	
  807 
(CC10)	
   levels	
   and	
   CC10-­‐positive	
   bronchiolar	
   cells	
   are	
   decreased	
   in	
  808 
smokers.	
  The	
  European	
  respiratory	
  journal	
  1997;10(5):1108-­‐14	
  	
  809 

63.	
  Zuo	
  WL,	
  Shenoy	
  SA,	
  Li	
  S,	
  et	
  al.	
  Ontogeny	
  and	
  Biology	
  of	
  Human	
  Small	
  Airway	
  810 
Epithelial	
   Club	
   Cells.	
   American	
   journal	
   of	
   respiratory	
   and	
   critical	
   care	
  811 
medicine	
   2018	
   doi:	
   10.1164/rccm.201710-­‐2107OC[published	
   Online	
  812 
First:	
  Epub	
  Date]|.	
  813 

64.	
  Wright	
  JL,	
  Cosio	
  M,	
  Churg	
  A.	
  Animal	
  models	
  of	
  chronic	
  obstructive	
  pulmonary	
  814 
disease.	
   American	
   journal	
   of	
   physiology.	
   Lung	
   cellular	
   and	
   molecular	
  815 
physiology	
   2008;295(1):L1-­‐15	
   doi:	
  816 
10.1152/ajplung.90200.2008[published	
  Online	
  First:	
  Epub	
  Date]|.	
  817 

65.	
  Hind	
  M,	
  Maden	
  M.	
  Retinoic	
   acid	
   induces	
   alveolar	
   regeneration	
   in	
   the	
   adult	
  818 
mouse	
  lung.	
  The	
  European	
  respiratory	
  journal	
  2004;23(1):20-­‐7	
  	
  819 

66.	
   Shapiro	
   SD.	
   Animal	
   models	
   of	
   asthma:	
   Pro:	
   Allergic	
   avoidance	
   of	
   animal	
  820 
(model[s])	
   is	
  not	
  an	
  option.	
  American	
   journal	
  of	
   respiratory	
  and	
  critical	
  821 



 23 

care	
   medicine	
   2006;174(11):1171-­‐3	
   doi:	
  822 
10.1164/rccm.2609001[published	
  Online	
  First:	
  Epub	
  Date]|.	
  823 

67.	
  Hogg	
   JC,	
  McDonough	
   JE,	
   Suzuki	
  M.	
   Small	
   airway	
   obstruction	
   in	
   COPD:	
   new	
  824 
insights	
   based	
   on	
   micro-­‐CT	
   imaging	
   and	
   MRI	
   imaging.	
   Chest	
  825 
2013;143(5):1436-­‐43	
   doi:	
   10.1378/chest.12-­‐1766[published	
   Online	
  826 
First:	
  Epub	
  Date]|.	
  827 

68.	
  Massaro	
  GD,	
  Massaro	
  D.	
  Retinoic	
  acid	
  treatment	
  abrogates	
  elastase-­‐induced	
  828 
pulmonary	
  emphysema	
  in	
  rats.	
  Nature	
  medicine	
  1997;3(6):675-­‐7	
  	
  829 

69.	
  Belloni	
   PN,	
  Garvin	
   L,	
  Mao	
  CP,	
  Bailey-­‐Healy	
   I,	
   Leaffer	
  D.	
   Effects	
   of	
   all-­‐trans-­‐830 
retinoic	
   acid	
   in	
   promoting	
   alveolar	
   repair.	
   Chest	
   2000;117(5	
   Suppl	
  831 
1):235S-­‐41S	
  	
  832 

70.	
  Seifart	
  C,	
  Muyal	
  JP,	
  Plagens	
  A,	
  et	
  al.	
  All-­‐trans	
  retinoic	
  acid	
  results	
  in	
  irregular	
  833 
repair	
   of	
   septa	
   and	
   fails	
   to	
   inhibit	
   proinflammatory	
   macrophages.	
   The	
  834 
European	
   respiratory	
   journal	
   2011;38(2):425-­‐39	
   doi:	
  835 
10.1183/09031936.00123809[published	
  Online	
  First:	
  Epub	
  Date]|.	
  836 

71.	
   Tepper	
   J,	
   Pfeiffer	
   J,	
   Aldrich	
   M,	
   et	
   al.	
   Can	
   retinoic	
   acid	
   ameliorate	
   the	
  837 
physiologic	
   and	
   morphologic	
   effects	
   of	
   elastase	
   instillation	
   in	
   the	
   rat?	
  838 
Chest	
  2000;117(5	
  Suppl	
  1):242S-­‐4S	
  	
  839 

72.	
  Hind	
  M,	
  Gilthorpe	
  A,	
  Stinchcombe	
  S,	
  Maden	
  M.	
  Retinoid	
  induction	
  of	
  alveolar	
  840 
regeneration:	
   from	
   mice	
   to	
   man?	
   Thorax	
   2009;64(5):451-­‐7	
   doi:	
  841 
10.1136/thx.2008.105437[published	
  Online	
  First:	
  Epub	
  Date]|.	
  842 

73.	
   Stinchcombe	
   SV,	
   Maden	
   M.	
   Retinoic	
   acid	
   induced	
   alveolar	
   regeneration:	
  843 
critical	
   differences	
   in	
   strain	
   sensitivity.	
   American	
   journal	
   of	
   respiratory	
  844 
cell	
   and	
  molecular	
  biology	
  2008;38(2):185-­‐91	
  doi:	
   10.1165/rcmb.2007-­‐845 
0252OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  846 

74.	
  Kaza	
  AK,	
  Kron	
  IL,	
  Leuwerke	
  SM,	
  Tribble	
  CG,	
  Laubach	
  VE.	
  Keratinocyte	
  growth	
  847 
factor	
   enhances	
   post-­‐pneumonectomy	
   lung	
   growth	
   by	
   alveolar	
  848 
proliferation.	
  Circulation	
  2002;106(12	
  Suppl	
  1):I120-­‐4	
  	
  849 

75.	
  Yildirim	
  AO,	
  Muyal	
  V,	
  John	
  G,	
  et	
  al.	
  Palifermin	
  induces	
  alveolar	
  maintenance	
  850 
programs	
   in	
   emphysematous	
  mice.	
  American	
   journal	
   of	
   respiratory	
   and	
  851 
critical	
   care	
   medicine	
   2010;181(7):705-­‐17	
   doi:	
   10.1164/rccm.200804-­‐852 
573OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  853 

76.	
   Shyamsundar	
  M,	
  McAuley	
   DF,	
   Ingram	
  RJ,	
   et	
   al.	
   Keratinocyte	
   growth	
   factor	
  854 
promotes	
   epithelial	
   survival	
   and	
   resolution	
   in	
   a	
   human	
   model	
   of	
   lung	
  855 
injury.	
   American	
   journal	
   of	
   respiratory	
   and	
   critical	
   care	
   medicine	
  856 
2014;189(12):1520-­‐9	
   doi:	
   10.1164/rccm.201310-­‐1892OC[published	
  857 
Online	
  First:	
  Epub	
  Date]|.	
  858 

77.	
   Bonay	
   M,	
   Boutten	
   A,	
   Lecon-­‐Malas	
   V,	
   et	
   al.	
   Hepatocyte	
   and	
   keratinocyte	
  859 
growth	
   factors	
   and	
   their	
   receptors	
   in	
   human	
   lung	
   emphysema.	
   BMC	
  860 
pulmonary	
  medicine	
  2005;5:13	
  doi:	
  10.1186/1471-­‐2466-­‐5-­‐13[published	
  861 
Online	
  First:	
  Epub	
  Date]|.	
  862 

78.	
  Nabhan	
  AN,	
  Brownfield	
  DG,	
  Harbury	
  PB,	
  Krasnow	
  MA,	
  Desai	
   TJ.	
   Single-­‐cell	
  863 
Wnt	
  signaling	
  niches	
  maintain	
  stemness	
  of	
  alveolar	
   type	
  2	
  cells.	
   Science	
  864 
2018;359(6380):1118-­‐23	
   doi:	
   10.1126/science.aam6603[published	
  865 
Online	
  First:	
  Epub	
  Date]|.	
  866 

79.	
  Skronska-­‐Wasek	
  W,	
  Mutze	
  K,	
  Baarsma	
  HA,	
  et	
  al.	
  Reduced	
  Frizzled	
  Receptor	
  4	
  867 
Expression	
   Prevents	
  WNT/beta-­‐Catenin-­‐driven	
   Alveolar	
   Lung	
   Repair	
   in	
  868 
Chronic	
  Obstructive	
  Pulmonary	
  Disease.	
  American	
  journal	
  of	
  respiratory	
  869 



 24 

and	
   critical	
   care	
   medicine	
   2017;196(2):172-­‐85	
   doi:	
  870 
10.1164/rccm.201605-­‐0904OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  871 

80.	
   Kahn	
   M.	
   Can	
   we	
   safely	
   target	
   the	
   WNT	
   pathway?	
   Nature	
   reviews.	
   Drug	
  872 
discovery	
   2014;13(7):513-­‐32	
   doi:	
   10.1038/nrd4233[published	
   Online	
  873 
First:	
  Epub	
  Date]|.	
  874 

81.	
   Calvi	
   C,	
   Podowski	
   M,	
   Lopez-­‐Mercado	
   A,	
   et	
   al.	
   Hepatocyte	
   growth	
   factor,	
   a	
  875 
determinant	
   of	
   airspace	
   homeostasis	
   in	
   the	
  murine	
   lung.	
   PLoS	
   genetics	
  876 
2013;9(2):e1003228	
   doi:	
   10.1371/journal.pgen.1003228[published	
  877 
Online	
  First:	
  Epub	
  Date]|.	
  878 

82.	
  Shigemura	
  N,	
  Sawa	
  Y,	
  Mizuno	
  S,	
  et	
  al.	
  Amelioration	
  of	
  pulmonary	
  emphysema	
  879 
by	
   in	
   vivo	
   gene	
   transfection	
   with	
   hepatocyte	
   growth	
   factor	
   in	
   rats.	
  880 
Circulation	
   2005;111(11):1407-­‐14	
   doi:	
  881 
10.1161/01.CIR.0000158433.89103.85[published	
   Online	
   First:	
   Epub	
  882 
Date]|.	
  883 

83.	
  Plantier	
  L,	
  Marchand-­‐Adam	
  S,	
  Marchal-­‐Somme	
   J,	
   et	
   al.	
  Defect	
  of	
  hepatocyte	
  884 
growth	
   factor	
   production	
   by	
   fibroblasts	
   in	
   human	
   pulmonary	
  885 
emphysema.	
  American	
  journal	
  of	
  physiology.	
  Lung	
  cellular	
  and	
  molecular	
  886 
physiology	
   2005;288(4):L641-­‐7	
   doi:	
  887 
10.1152/ajplung.00249.2004[published	
  Online	
  First:	
  Epub	
  Date]|.	
  888 

84.	
   Barnes	
   PJ.	
   Hepatocyte	
   growth	
   factor	
   deficiency	
   in	
   COPD:	
   a	
   mechanism	
   of	
  889 
emphysema	
  and	
   small	
   airway	
   fibrosis?	
  Chest	
   2014;146(5):1135-­‐36	
  doi:	
  890 
10.1378/chest.14-­‐1194[published	
  Online	
  First:	
  Epub	
  Date]|.	
  891 

85.	
   Vadivel	
   A,	
   Abozaid	
   S,	
   van	
   Haaften	
   T,	
   et	
   al.	
   Adrenomedullin	
   promotes	
   lung	
  892 
angiogenesis,	
   alveolar	
   development,	
   and	
   repair.	
   American	
   journal	
   of	
  893 
respiratory	
   cell	
   and	
   molecular	
   biology	
   2010;43(2):152-­‐60	
   doi:	
  894 
10.1165/rcmb.2009-­‐0004OC[published	
  Online	
  First:	
  Epub	
  Date]|.	
  895 

86.	
  Murakami	
  S,	
  Nagaya	
  N,	
  Itoh	
  T,	
  et	
  al.	
  Adrenomedullin	
  regenerates	
  alveoli	
  and	
  896 
vasculature	
   in	
   elastase-­‐induced	
   pulmonary	
   emphysema	
   in	
   mice.	
  897 
American	
   journal	
   of	
   respiratory	
   and	
   critical	
   care	
   medicine	
  898 
2005;172(5):581-­‐9	
  doi:	
  10.1164/rccm.200409-­‐1280OC[published	
  Online	
  899 
First:	
  Epub	
  Date]|.	
  900 

87.	
  Hagner	
  S,	
  Welz	
  H,	
  Kicic	
  A,	
  et	
  al.	
  Suppression	
  of	
  adrenomedullin	
  contributes	
  to	
  901 
vascular	
   leakage	
   and	
   altered	
   epithelial	
   repair	
   during	
   asthma.	
   Allergy	
  902 
2012;67(8):998-­‐1006	
  doi:	
  10.1111/j.1398-­‐9995.2012.02851.x[published	
  903 
Online	
  First:	
  Epub	
  Date]|.	
  904 

88.	
  Lee	
  BJ,	
  Moon	
  HG,	
  Shin	
  TS,	
  et	
  al.	
  Protective	
  effects	
  of	
  basic	
  fibroblast	
  growth	
  905 
factor	
   in	
   the	
  development	
  of	
   emphysema	
   induced	
  by	
   interferon-­‐gamma.	
  906 
Experimental	
   &	
   molecular	
   medicine	
   2011;43(4):169-­‐78	
   doi:	
  907 
10.3858/emm.2011.43.4.018[published	
  Online	
  First:	
  Epub	
  Date]|.	
  908 

89.	
   Morino	
   S,	
   Nakamura	
   T,	
   Toba	
   T,	
   et	
   al.	
   Fibroblast	
   growth	
   factor-­‐2	
   induces	
  909 
recovery	
   of	
   pulmonary	
   blood	
   flow	
   in	
   canine	
   emphysema	
  models.	
   Chest	
  910 
2005;128(2):920-­‐6	
  doi:	
  10.1378/chest.128.2.920[published	
  Online	
  First:	
  911 
Epub	
  Date]|.	
  912 

90.	
   Sakurai	
  MK,	
   Lee	
   S,	
   Arsenault	
   DA,	
   et	
   al.	
   Vascular	
   endothelial	
   growth	
   factor	
  913 
accelerates	
   compensatory	
   lung	
   growth	
   after	
   unilateral	
   pneumonectomy.	
  914 
American	
   journal	
   of	
   physiology.	
   Lung	
   cellular	
   and	
  molecular	
  physiology	
  915 
2007;292(3):L742-­‐7	
  doi:	
   10.1152/ajplung.00064.2006[published	
  Online	
  916 
First:	
  Epub	
  Date]|.	
  917 



 25 

91.	
   Kunig	
   AM,	
   Balasubramaniam	
   V,	
   Markham	
   NE,	
   et	
   al.	
   Recombinant	
   human	
  918 
VEGF	
   treatment	
   enhances	
   alveolarization	
   after	
   hyperoxic	
   lung	
   injury	
   in	
  919 
neonatal	
   rats.	
   American	
   journal	
   of	
   physiology.	
   Lung	
   cellular	
   and	
  920 
molecular	
   physiology	
   2005;289(4):L529-­‐35	
   doi:	
  921 
10.1152/ajplung.00336.2004[published	
  Online	
  First:	
  Epub	
  Date]|.	
  922 

92.	
  Thebaud	
  B,	
  Ladha	
  F,	
  Michelakis	
  ED,	
  et	
  al.	
  Vascular	
  endothelial	
  growth	
  factor	
  923 
gene	
   therapy	
   increases	
   survival,	
   promotes	
   lung	
   angiogenesis,	
   and	
  924 
prevents	
  alveolar	
  damage	
  in	
  hyperoxia-­‐induced	
  lung	
  injury:	
  evidence	
  that	
  925 
angiogenesis	
   participates	
   in	
   alveolarization.	
   Circulation	
  926 
2005;112(16):2477-­‐86	
   doi:	
  927 
10.1161/CIRCULATIONAHA.105.541524[published	
   Online	
   First:	
   Epub	
  928 
Date]|.	
  929 

93.	
  Liu	
  B,	
  Harvey	
  CS,	
  McGowan	
  SE.	
  Retinoic	
  acid	
  increases	
  elastin	
  in	
  neonatal	
  rat	
  930 
lung	
  fibroblast	
  cultures.	
  The	
  American	
  journal	
  of	
  physiology	
  1993;265(5	
  931 
Pt	
  1):L430-­‐7	
  	
  932 

94.	
   Ng-­‐Blichfeldt	
   JP,	
   Schrik	
   A,	
   Kortekaas	
   RK,	
   et	
   al.	
   Retinoic	
   acid	
   signaling	
  933 
balances	
   adult	
   distal	
   lung	
   epithelial	
   progenitor	
   cell	
   growth	
   and	
  934 
differentiation.	
   EBioMedicine	
   2018;36:461-­‐74	
   doi:	
  935 
10.1016/j.ebiom.2018.09.002[published	
  Online	
  First:	
  Epub	
  Date]|.	
  936 

95.	
  Ohwada	
  A,	
  Yoshioka	
  Y,	
  Iwabuchi	
  K,	
  Nagaoka	
  I,	
  Dambara	
  T,	
  Fukuchi	
  Y.	
  VEGF	
  937 
regulates	
  the	
  proliferation	
  of	
  acid-­‐exposed	
  alveolar	
  lining	
  epithelial	
  cells.	
  938 
Thorax	
  2003;58(4):328-­‐32	
  	
  939 

96.	
  Finch	
  PW,	
  Rubin	
  JS,	
  Miki	
  T,	
  Ron	
  D,	
  Aaronson	
  SA.	
  Human	
  KGF	
  is	
  FGF-­‐related	
  940 
with	
   properties	
   of	
   a	
   paracrine	
   effector	
   of	
   epithelial	
   cell	
   growth.	
   Science	
  941 
1989;245(4919):752-­‐5	
  	
  942 

97.	
   Shan	
  M,	
   You	
   R,	
   Yuan	
   X,	
   et	
   al.	
   Agonistic	
   induction	
   of	
   PPARgamma	
   reverses	
  943 
cigarette	
  smoke-­‐induced	
  emphysema.	
  The	
  Journal	
  of	
  clinical	
  investigation	
  944 
2014;124(3):1371-­‐81	
   doi:	
   10.1172/JCI70587[published	
   Online	
   First:	
  945 
Epub	
  Date]|.	
  946 

98.	
   Valenca	
   SS,	
   Bezerra	
   FS,	
   Romana-­‐Souza	
   B,	
   Paiva	
   RO,	
   Costa	
   AM,	
   Porto	
   LC.	
  947 
Supplementation	
  with	
  vitamins	
  C	
  and	
  E	
  improves	
  mouse	
  lung	
  repair.	
  The	
  948 
Journal	
   of	
   nutritional	
   biochemistry	
   2008;19(9):604-­‐11	
   doi:	
  949 
10.1016/j.jnutbio.2007.08.004[published	
  Online	
  First:	
  Epub	
  Date]|.	
  950 

99.	
   Seimetz	
   M,	
   Parajuli	
   N,	
   Pichl	
   A,	
   et	
   al.	
   Inducible	
   NOS	
   inhibition	
   reverses	
  951 
tobacco-­‐smoke-­‐induced	
   emphysema	
   and	
   pulmonary	
   hypertension	
   in	
  952 
mice.	
   Cell	
   2011;147(2):293-­‐305	
   doi:	
  953 
10.1016/j.cell.2011.08.035[published	
  Online	
  First:	
  Epub	
  Date]|.	
  954 

100.	
  Mao	
  JT,	
  Goldin	
  JG,	
  Dermand	
  J,	
  et	
  al.	
  A	
  pilot	
  study	
  of	
  all-­‐trans-­‐retinoic	
  acid	
  for	
  955 
the	
  treatment	
  of	
  human	
  emphysema.	
  American	
  journal	
  of	
  respiratory	
  and	
  956 
critical	
   care	
   medicine	
   2002;165(5):718-­‐23	
   doi:	
  957 
10.1164/ajrccm.165.5.2106123[published	
  Online	
  First:	
  Epub	
  Date]|.	
  958 

101.	
   Roth	
  MD,	
   Connett	
   JE,	
   D'Armiento	
   JM,	
   et	
   al.	
   Feasibility	
   of	
   retinoids	
   for	
   the	
  959 
treatment	
   of	
   emphysema	
   study.	
   Chest	
   2006;130(5):1334-­‐45	
   doi:	
  960 
10.1378/chest.130.5.1334[published	
  Online	
  First:	
  Epub	
  Date]|.	
  961 

102.	
   Stolk	
   J,	
   Stockley	
   RA,	
   Stoel	
   BC,	
   et	
   al.	
   Randomised	
   controlled	
   trial	
   for	
  962 
emphysema	
   with	
   a	
   selective	
   agonist	
   of	
   the	
   gamma-­‐type	
   retinoic	
   acid	
  963 
receptor.	
   The	
   European	
   respiratory	
   journal	
   2012;40(2):306-­‐12	
   doi:	
  964 
10.1183/09031936.00161911[published	
  Online	
  First:	
  Epub	
  Date]|.	
  965 



 26 

103.	
   Jones	
   PW,	
   Rames	
   AD.	
   Tesra	
   (treatment	
   Of	
   Emphysema	
  With	
   A	
   Selective	
  966 
Retinoid	
   Agonist)	
   Study	
   Results	
   [abstract].	
   American	
   journal	
   of	
  967 
respiratory	
  and	
  critical	
  care	
  medicine	
  2011;183:A6418	
  	
  968 

104.	
   Plasschaert	
   LW,	
   Zilionis	
   R,	
   Choo-­‐Wing	
   R,	
   et	
   al.	
   A	
   single-­‐cell	
   atlas	
   of	
   the	
  969 
airway	
   epithelium	
   reveals	
   the	
   CFTR-­‐rich	
   pulmonary	
   ionocyte.	
   Nature	
  970 
2018;560(7718):377-­‐81	
   doi:	
   10.1038/s41586-­‐018-­‐0394-­‐6[published	
  971 
Online	
  First:	
  Epub	
  Date]|.	
  972 

105.	
  Montoro	
  DT,	
  Haber	
  AL,	
  Biton	
  M,	
  et	
  al.	
  A	
  revised	
  airway	
  epithelial	
  hierarchy	
  973 
includes	
  CFTR-­‐expressing	
  ionocytes.	
  Nature	
  2018;560(7718):319-­‐24	
  doi:	
  974 
10.1038/s41586-­‐018-­‐0393-­‐7[published	
  Online	
  First:	
  Epub	
  Date]|.	
  975 

106.	
  Regev	
  A,	
  Teichmann	
  SA,	
  Lander	
  ES,	
  et	
  al.	
  The	
  Human	
  Cell	
  Atlas.	
  eLife	
  2017;6	
  976 
doi:	
  10.7554/eLife.27041[published	
  Online	
  First:	
  Epub	
  Date]|.	
  977 

107.	
   Benam	
   KH,	
   Villenave	
   R,	
   Lucchesi	
   C,	
   et	
   al.	
   Small	
   airway-­‐on-­‐a-­‐chip	
   enables	
  978 
analysis	
  of	
  human	
  lung	
  inflammation	
  and	
  drug	
  responses	
  in	
  vitro.	
  Nature	
  979 
methods	
   2016;13(2):151-­‐7	
   doi:	
   10.1038/nmeth.3697[published	
   Online	
  980 
First:	
  Epub	
  Date]|.	
  981 

108.	
   Selman	
   M,	
   Lopez-­‐Otin	
   C,	
   Pardo	
   A.	
   Age-­‐driven	
   developmental	
   drift	
   in	
   the	
  982 
pathogenesis	
  of	
  idiopathic	
  pulmonary	
  fibrosis.	
  The	
  European	
  respiratory	
  983 
journal	
   2016;48(2):538-­‐52	
   doi:	
   10.1183/13993003.00398-­‐984 
2016[published	
  Online	
  First:	
  Epub	
  Date]|.	
  985 

109.	
   Lehmann	
   M,	
   Korfei	
   M,	
   Mutze	
   K,	
   et	
   al.	
   Senolytic	
   drugs	
   target	
   alveolar	
  986 
epithelial	
   cell	
   function	
  and	
  attenuate	
   experimental	
   lung	
   fibrosis	
   ex	
  vivo.	
  987 
The	
   European	
   respiratory	
   journal	
   2017;50(2)	
   doi:	
  988 
10.1183/13993003.02367-­‐2016[published	
  Online	
  First:	
  Epub	
  Date]|.	
  989 

110.	
  Poobalasingam	
  T,	
  Yates	
  LL,	
  Walker	
  SA,	
  et	
  al.	
  Heterozygous	
  Vangl2(Looptail)	
  990 
mice	
  reveal	
  novel	
  roles	
  for	
  the	
  planar	
  cell	
  polarity	
  pathway	
  in	
  adult	
  lung	
  991 
homeostasis	
  and	
  repair.	
  Disease	
  models	
  &	
  mechanisms	
  2017;10(4):409-­‐992 
23	
  doi:	
  10.1242/dmm.028175[published	
  Online	
  First:	
  Epub	
  Date]|.	
  993 

111.	
   Barkauskas	
   CE,	
   Chung	
   MI,	
   Fioret	
   B,	
   Gao	
   X,	
   Katsura	
   H,	
   Hogan	
   BL.	
   Lung	
  994 
organoids:	
   current	
   uses	
   and	
   future	
   promise.	
   Development	
  995 
2017;144(6):986-­‐97	
   doi:	
   10.1242/dev.140103[published	
   Online	
   First:	
  996 
Epub	
  Date]|.	
  997 

	
  998 
 999 


