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Abstract: Regenerative or stem cell therapy is an emerging field of treatment based on 

 stimulation of endogenous resident stem cells or administration of exogenous stem cells to treat 

diseases or injury and to replace malfunctioning or damaged tissues. Current evidence suggests 

that in the lung, these cells may participate in tissue homeostasis and regeneration after injury. 

Animal and human studies have demonstrated that tissue-specific stem cells and bone marrow-

derived cells contribute to lung tissue regeneration and protection, and thus administration of 

exogenous stem/progenitor cells or humoral factors responsible for the activation of endogenous 

stem/progenitor cells may be a potent next-generation therapy for chronic obstructive pulmonary 

disease. The use of bone marrow-derived stem cells could allow repairing and regenerate the 

damaged tissue present in chronic obstructive pulmonary disease by means of their engraftment 

into the lung. Another approach could be the stimulation of resident stem cells by means of 

humoral factors or photobiostimulation.

Keywords: chronic obstructive pulmonary disease, stem cells, regenerative therapy, all-trans 

retinoic acid, photobiostimulation

Introduction 
Many devastating and currently untreatable human diseases arise from the loss or 

malfunction of specific cell types in the body. This is particularly true for age-related 

diseases such as lung diseases, neurologic degenerative diseases, type 2 diabetes, 

and heart failure,1 as well as for other medical conditions such as trauma, infarction, 

and burns.2 Frequently, patients affected by these kind of diseases are limited to organ or 

tissue transplantation as their only treatment option, but there are only a few organ and 

tissue donors, and as a consequence the discrepancy between organ need and organ 

availability is huge. Furthermore, posttransplantation life is conditioned by a lifelong 

need for immunosuppressive therapy, a high rate of morbidity, a poor quality of life, 

and a variable prognosis.3

Regenerative therapy or stem cell therapy is an emerging field of treatment based 

on stimulation of endogenous resident stem cells or administration of exogenous stem 

cells to treat diseases or injury and to replace malfunctioning or damaged tissues.4 

Classically, stem cells are functionally defined as cells showing indefinite self-renewal 

as well as a clonal, multipotent differentiation repertoire within a cellular hierarchy.5 

Regenerative therapy is a promising and rapidly growing area of investigation involv-

ing ex vivo bioengineering of functional tissues that could be implanted into patients, 

and thus it can be considered an alternative to organ transplantation.
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Global burden of COPD  
and limitations to current 
management strategies
Chronic obstructive pulmonary disease (COPD) represents  

a common cause of morbidity and mortality worldwide, with 

an increasing and substantial economic and social  burden.6 

According to World Health Organization estimates, around 

65 million people have moderate to severe COPD; more than 

3 million people die of COPD each year, which corresponds 

to 5% of all deaths globally; and almost 90% of COPD 

deaths occur in low- and middle-income countries.7 It is the 

fifth leading cause of death. Total deaths from COPD are 

projected to increase by more than 30% in the next 10 years 

unless urgent action is taken to reduce the underlying risk 

factors, especially tobacco use. Estimates suggest COPD 

will become the third leading cause of death worldwide in 

2030.8 The enormous burden of COPD requires effective 

treatment that is able to influence the natural history of 

the disease.

Chronic inflammation plays a central role in COPD. 

It is characterized by increased numbers of neutrophils, 

activated macrophages, and activated T lymphocytes  

(Tc1 and Th1 cells). Neutrophils, macrophages, and 

cytotoxic T lymphocytes release an array of proteolytic 

enzymes, including serine- (elastase, proteinase 3), cysteine- 

(cathepsin S), and metalloproteases. These proteinases cleave 

components of the extracellular matrix, elastin fibers, and 

collagen, generating elastin fragments or collagen-derived 

peptides such as proline-glycine-proline, which have been 

shown to be chemotactic for monocytes, the precursor cell 

for macrophages or neutrophils. All this will result in the 

destruction of alveolar tissue (formation of emphysema), 

inhibition of normal repair and defense mechanisms (fibro-

sis formation in distal airways), and airflow obstruction 

expressed primarily by increased numbers of goblet cells, 

mucus gland hyperplasia, fibrosis, narrowing and reduction 

in the number of small airways, and airway collapse because 

of the destruction of the attachments of the alveolar wall 

resulting in emphysema.9

Another important aspect in the pathogenesis of 

COPD is the increased burden of oxidative stress result-

ing from smoke-related chronic inflammation. There are 

several evidences in literature that lung development 

and regeneration depend on the coordination of signals 

and molecular pathways involving retinoic acid, Notch, 

fibroblast growth factor, transforming growth factor β, 

and so on. It has been demonstrated that these pathways 

would be altered in a condition of chronic inflammation, 

such as COPD, precluding or at least reducing the lung’s 

regenerative capacities.10

The management of COPD actually includes primary 

and secondary prevention, early detection, staging of 

severity, assessment of reversibility with bronchodilators 

and inhaled corticosteroids, chronic pharmacotherapy, 

pulmonary rehabilitation, and treatment of comorbidities.6 

When respiratory failure is detected, long-term oxygen 

therapy must be prescribed, and in some cases (character-

ized by emphysema), lung surgery, including lung volume 

reduction, should be considered.6

The introduction and the association of new broncho-

dilators into the therapeutic choices of COPD have signifi-

cantly improved the quality of life of patients.11 However, 

current therapeutic approaches for COPD do not allow us 

to reduce the decline of lung function and to interfere with 

the progressive and unfavorable course of the disease.6 

Moreover, anti-inflammatory therapies currently available 

provide little or no benefit in patients with COPD and may 

have detrimental effects.9 Therefore, all available therapeu-

tic options are actually considered symptomatic, and there 

is no effective treatment for the formation of emphysema 

caused by the destruction of alveolar tissue, which is one of 

the biggest challenges in the development of therapeutic 

agents for COPD.

In view of the current disappointing status of available 

pharmaceutical agents, there is an urgent need for alterna-

tive and more effective therapeutic approaches that not 

only will help relieve patient symptoms but will also affect 

the natural course of the disease.

Outline of advances in lung 
regeneration therapy: from the 
classical model to the use of the 
stem cells
Epimorphosis is the term used to define the complete replace-

ment of a native structure and function at the anatomic site 

of excision by local cell proliferation and differentiation. 

An example of this process is the limbs or tails of the 

salamander,12,13 the antlers of deer,14 and the digit tips of 

rodents.15 In contrast, the lung as a whole organ in mammals 

does not regenerate in this orthotopic way (from the site of 

excision), but similar to liver and kidney, it develops a com-

pensatory growth by hyperplasia or hypertrophy.15 In humans, 

lung regeneration such as spontaneous formation of new lung 

acini (“neo-alveolarization” or “ realveolarization”) after 

partial pneumonectomy (PPN) occurs in children younger 

than 3 years, but not in adulthood.16,17
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A lot of animal species have been studied to develop a 

fundamental understanding of the cellular and the molecular 

basis of realveolarization, and the most important understand-

ing has been derived from murine studies because of the 

availability of transgenic strains.18

The PPN model
This model has been proposed to study the potential mecha-

nisms of tissue regeneration after lung damage. In fact, after 

PPN, a sudden decrease in the number of alveoli occurs, 

and for this reason, the organism develops an immediate 

and a long-term response to maintain the homeostasis. The 

early or immediate response arises from the reduction of the 

alveolar surface area, which reduces gas diffusion capacity 

and increases the transpulmonary pressure in the first 2 days 

after PPN because the residual lung receives the entire car-

diac output.19,20

At least in rats, these effects cause an overexpression 

of genes as c-fos and JunB transcription factors, early 

growth response protein 1, fibroblast growth factor 2, and 

platelet-derived growth factor, resulting in a promotion of 

growth and survival of lung cells.16 Moreover, hypoxia-

induced genes such as vascular endothelial growth factor, 

epidermal growth factor, and hepatocyte growth factor are 

overexpressed.16 Furthermore, mechanical stress plays an 

important role in compensatory growth because induced 

unilateral diaphragmatic paralysis leads to decreased cyclic 

respiratory stretch, resulting in a decreased compensatory 

growth response.21

From 3 to 14 days after PPN, progenitor cells from all 

areas of the distal lung participate in the realveolarization 

process, as evidenced by a heightened DNA synthesis 

documented by incorporation of tritiated thymidine22 or 

bromodeoxyuridine23,24 during the period of realveolarization. 

Finally, reconstruction of alveolar septae is mediated by the 

mesenchyme regulating the fate of early lung endodermal 

cell population.25,26

Stem cells to generate new lungs
Ex vivo bioengineering of functional lung tissue that could 

then be implanted into patients with diseases such as COPD 

is an emerging area of investigation. This approach has been 

successfully used in regeneration of other tissues including 

skin, vasculature, cartilage, bone, and trachea, and more 

recently, in more complex organs including lung, heart, 

and liver.27 This technique uses either biologically derived 

or fabricated 3-dimensional matrix scaffolds seeded with 

autologous progenitor cells obtained from the transplant 

recipient to produce functioning lung tissue. The use of 

autologous cells would eradicate the need for immunosup-

pressive drugs, but the current state of the art in manu-

facturing technologies is unable to recreate the complex 

3-dimensional architecture of the lung,28 although tubes 

shaped like upper airways, such as trachea and bronchi, 

have already been engineered in vitro, coated with various 

cell preparations such as bone marrow (BM) derivatives, 

and surgically grafted into patients who have regions of 

tracheal or bronchial atresia.5

An alternative to avoid this limit consists of decellular-

ization of the whole lungs, in which all cells and cellular 

materials are removed, leaving an intact 3-dimensional 

scaffold composed of innate extracellular matrix, pre-

serving native airway and vascular structure and provid-

ing an acellular matrix for cell seeding and functional 

recellularization.29,30 This technique was originally described 

by Lwebuga-Mukasa et al in 1986.30 A decellularized rat 

lung was used to study the effect of the basement membrane 

on the growth of type 2 alveolar epithelial cells. The tech-

nique was reinvigorated in 2010, and several laboratories are 

currently exploring this approach in murine experimental 

models.31–33 After culture within a bioreactor, the organs 

are reimplanted into syngeneic recipients and demonstrate 

efficient gas exchange. However, the lungs ultimately fail 

after several hours to days because of a combination of 

intravascular coagulation (likely resulting from incomplete 

endothelialization of the decellularized vasculature) and 

defects in barrier function, leading to exudation of fluid into 

the airways. This technique also provides a novel culture 

system to study cell-matrix interactions and environmen-

tal factors such as mechanical stretch on lung cell growth 

and development. However, one key challenge will be the 

delivery of mesenchymal populations to the interstitium, 

and particularly the delicate septa.34

Clinical use of regenerative  
therapy in lung diseases
Stem cells are considered to be capable of self-renewal and 

differentiation into several cellular subtypes, depending on 

their origin and the resident microenvironment. In humans, 

stem cells can be subdivided into two main categories: 

embryonic stem cells and adult stem cells.35 The latter are 

located in tissues such as blood, BM, adipose tissue, kidney, 

liver, heart, and the lungs and can be subdivided into mul-

tipotent (eg, mesenchymal stem cells [MSCs]) or unipotent 

(eg, epithelial and endothelial progenitor cells) types on the 

basis of their differentiation capacity, whereas embryonic 
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stem cells that originate from embryonic blastocystis provide 

a source of cells throughout the life and act during wound 

healing.36 Current evidence suggests that in the lung, these 

cells may participate in tissue homeostasis and regeneration 

after injury4,37 and are located within the lung itself in distal 

airway niches, called resident progenitor cells (alveolar, 

endothelial, and interstitial),38 or in distant sites such as 

the blood, BM, adipose tissue, and other sites.4,39 The lung 

could respond to injury and stress by activating stem cell 

populations and/or by re-entering the cell cycle to repopulate 

lost cells.5

In patients with COPD, there is endothelial dysfunction 

and lower numbers of circulating endothelial progenitor cells. 

For this reason, endothelial progenitor cells are candidates 

for cell therapy and have the potential to repair damaged 

endothelia.40

Endothelial progenitor cells were initially evaluated 

in the treatment of pulmonary hypertension.41 Later, 

because of the great need to find effective therapies to 

treat patients affected by end-stage chronic lung diseases, 

there has been a growing number of studies on stem cells 

and cell therapies in lung biology and diseases. Despite 

these studies producing very interesting information, 

issues related to the unresolved ethical concerns on the 

use of this approach and, above all, to its security, as well 

as the partial understanding of the properties of adult stem 

cells, have limited the number of preclinical and clinical 

studies in emphysema. Because it is not difficult to instill 

exogenous cells into the lung through both the airway and 

circulation, it is expected that the efficacy of cell delivery 

is naturally high. Actually, this is very interesting because 

it seems to offer a real therapeutic approach to a disease 

that, lung transplantation apart, has no proven therapies 

to modify its course.39

Shigemura et al demonstrated that adipose-derived stem 

cells ameliorated pulmonary emphysema in an experimental 

model by secreting large amounts of hepatocyte growth fac-

tor.42,43 Other humoral factors such as epidermal growth fac-

tor and cytokine-induced neutrophil chemoattractant-1, were 

reported to increase by delivery of MSCs in COPD models 

and were involved in the repair of tissues in COPD.44,45 

Similar protective paracrine effects of BM-derived MSCs 

have also been demonstrated by several investigators in 

experimental models of pulmonary emphysema induced by 

the irradiation and instillation of papain46,47 or by the intratra-

cheal administration of elastase.44 Furthermore, in a murine 

model of emphysema, it was shown that the systemic injec-

tions of both murine and human adipose-derived stem cells 

significantly improved the pulmonary and systemic injury 

induced by cigarette smoke by attenuating the cigarette 

smoke-induced increase in the number of macrophages and 

polymorphonuclear leukocytes in bronchoalveolar lavage 

fluid and were demonstrated to exert a lung vascular protec-

tive function by releasing paracrine factors.48

In healthy people, basal, secretory, or club cells (formerly 

known as Clara cells) and type 2 alveolar epithelial cells, 

which are epithelial progenitor cells with large regenerative 

and differentiative capacity situated in small protected niches 

across the tracheobronchial tree, as well as most types of 

lung epithelial cells, with the exception of airway ciliated 

cells, can proliferate and expand after injury to promote 

repair and move to the sites of injury during the wound.5 

To the contrary, in genetically predisposed individuals or in 

patients with chronic lung disease, these cells lose in part or 

completely their regenerative and differentiative capacity 

and cause abnormal healing tissue repair and restoration. In 

addition, a limited reservoir of resident stem cells causes the 

same effect.10 Therefore, it seems likely that alveologenesis 

might also be induced by the reactivation of developmental 

pathways that are in an inactive state.49 In any case, it is 

fundamental to always consider that there is little evidence 

suggesting endogenous MSCs are recruited from the BM to 

lung tissue;50 as a consequence, the injection of these cells 

into lung tissue should be viewed as an artificial, engineered 

therapy, rather than an augmentation of naturally occurring 

mechanisms for lung repair.5

The all-trans retinoic acid (ATRA) derived from 

vitamin A (retinol), which acts via nuclear retinoic acid 

receptors and modulates the synthesis of elastin, an essential 

structural component of the lung matrix in neonatal fibro-

blasts, is the major candidate in alveologenesis. Interestingly, 

there is documentation of a distorted alveolar formation in 

mice mutant for retinoic acid receptor genes.51 Experimental 

studies have documented that at least in rats, exogenous 

instillation of ATRA is able to induce alveolarization,52 but 

clinical assessment of oral administration of ATRA yielded 

discouraging results when related to the radiological and 

functional parameters, although it documented the safety 

of this therapeutic approach.53,54 Two trials, the REPAIR 

(Retinoid Treatment of Emphysema in Patients on the 

α
1
-Antitrypsin International Registry)55 and the TESRA 

(Treatment of Emphysema With a Gamma-Selective Retin-

oid Agonist),56 have evaluated the efficacy and safety of palo-

varotene, an oral γ-selective retinoid agonist, in patients with 

α
1
-antitrypsin deficiency. Apparently, palovarotene is useful 

only in COPD patients with smoke-induced emphysema, 
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and mainly in those patients with lower lobe emphysema.56 

Several groups are investigating the therapeutic potential 

of MSC therapy in COPD patients, but trials are still ongo-

ing.57 Very recently, it has been shown that integrin α1 and 

β3 are factors responsible for the differentiation-inducing 

effect on human alveolar epithelial stem cells by ATRA, 

and the pulmonary administration of integrin nanoparticles 

regenerated collapsed alveoli.58 These findings suggest that 

integrin nanoparticles might be effective as novel COPD 

treatment target compounds.

Potentials of mesenchymal  
stem cells and low level laser
Cell therapy with stem cells represents a potential novel 

therapeutic approach to degenerative diseases. There are 

reports in the literature showing pulmonary regeneration 

after the use of BM cells in animal models of pulmonary 

emphysema.49 In fact, BM cells infused in the blood stream 

can be recovered or detected in pulmonary tissue.59,60

Many aspects of the pathogenesis of COPD remain to 

be understood, but an important feature of the disease is 

the upregulation of inflammatory processes that results in 

apoptosis of type 1 pneumocytes and possible endothelial 

cells, as well as proteolysis of the connective tissue, par-

ticularly elastin fibers, with destruction of alveolar walls 

(emphysema).61

MSCs are considered a potential therapy in COPD 

because of their immunomodulatory effects and the abil-

ity to regenerate type 1 and 2 cells in the airspace. MSCs 

derive from mesoderm and show a multilineage potential,62,63 

as they have the capacity to give rise to blood, skeletal 

muscle cells, vascular, fat, and urogenital systems, as well 

as to connective tissues throughout the body.64 Because of 

their unlimited self-renewal capacity, MSCs show that an 

in vitro high expansion potential, a genetic and phenotypic 

stability, can be easily isolated from a small aspirate of BM 

expanded with high efficiency, shipped from the laboratory 

to the bedside.65

MSCs show anti-inflammatory, immunomodulatory, 

and regenerative capacities. They secrete anti- inflammatory 

cytokines that modify the microenvironment within the 

damaged tissues. They also exert immunomodulatory 

effects by direct cell-to-cell contact. In fact, MSCs inhibit 

autoimmune T-cell responses and increase the number of 

regulatory T cells. MSCs also inhibit the development 

and differentiation of dendritic cells and can selectively 

channel autoimmune T cells to apoptosis.66 Moreover, 

MSCs are able to migrate to sites of tissue injury and 

have strong immunosuppressive properties that can be 

exploited for successful autologous as well as heterologous 

transplantations.67

In 2009, an innovative Phase I clinical study on the use 

of autologous bone marrow mononuclear cells (BMMCs) 

in patients with pulmonary emphysema demonstrated 

that the administration of autologous cells with a pool 

of BMMCs in patients with advanced-stage COPD is 

a safe procedure without significant adverse effects.60 

Furthermore, the reports from patients showed that in the 

period after the infusion of BMMCs until 20 months later, 

there was pulmonary function improvement and slowing 

down of the progressive degenerative condition in terms of 

maintenance or even increase in the forced expiratory vol-

ume in 1 second and forced vital capacity, and increase in 

forced expiratory volume in 1 second/forced vital capacity. 

BMMCs had an improvement in their clinical condition, 

a greater time tolerance without O
2
 intake, a greater capac-

ity on exertion evaluated as walking distance, without sig-

nificant fall in O
2
 saturation, and meaningful improvement 

in the quality of life, as well as a clinical stable condition. 

A follow-up of up to 3 years showed an improvement 

in laboratory para meters (spirometry) and a slowing down 

in the process of pathological degeneration.60 In addition, 

patients reported improvements in the clinical condition 

and quality of life. These results suggest a change in the 

natural process of the disease, even with the small number 

of patients tested.

In a study performed by Weiss et al, 62 patients with 

COPD were enrolled.68 They were randomized to four 

intravenous monthly infusions of either allergenic MSCs or 

vehicle control and were followed for 2 years. Results showed 

that MSC infusions were well tolerated with no serious or 

clinically significant adverse effects. In addition, a statisti-

cally significant decrease in circulating C-reactive protein at 

1 month after the first infusion and for the entire duration of 

the study was reported in patients receiving MSCs, although 

there were no significant differences in lung function tests 

or quality-of-life indicators.

Most of the studies are focused on the potential benefits 

resulting from the use of MSCs derived from organs other 

than lung. This is because MSCs derived from the lung 

(L-MSCs) have only recently been described in mice,69–71 

humans,50,72 and sheep.73,74

Two recent studies in an ovine model of emphysema 

demonstrated significant improvements in tissue mass, 

perfusion, and diffusion capacity, using L-MSCs delivered 

intrabronchially on a biological scaffold. These studies 
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Table 1 The most important studies regarding the use of stem cells in chronic obstructive pulmonary disease

Clinical trial Authors Year

Lung regeneration and translational implications  
of the post-pneumonectomy model

Thane K, Ingenito eP, Hoffman AM16 2014

engineered whole organs and complex tissues Badylak SF, weiss DJ, Caplan A,  
Macchiarini P27

2012

Repopulation of a human alveolar matrix by adult rat type 2  
pneumocytes in vitro; a novel system for type 2 pneumocyte culture

Lwebuga-Mukasa JS, Ingbar DH, Madri JA30 1986

Autologous transplantation of adipose tissue-derived stromal  
cells ameliorates pulmonary emphysema

Shigemura N, Okumura M, Mizuno S,  
Imanishi Y, Nakamura T, Sawa Y42

2006

Adipose stem cell treatment in mice attenuates lung  
and systemic injury induced by cigarette smoking

Schweitzer KS, Johnstone BH,  
Garrison J, et al48

2011

Unicentric study of cell therapy in chronic obstructive  
pulmonary disease/pulmonary emphysema

Ribeiro-Paes JT, Bilaqui A,  
Greco OT, et al59

2011

A placebo-controlled, randomized trial of mesenchymal  
stem cells in chronic obstructive pulmonary disease

weiss DJ, Casaburi R, Flannery R,  
LeRoux-williams M, Tashkin DP68

2013

showed that L-MSCs, similar to MSCs, deliver paracrine 

signals important to alveolar homeostasis and injury repair, 

although their effectiveness in comparison to BM-MSCs is 

unknown.74,75

In a recent study by Paxson et al,76 performed on 

murine lung cell dynamics, during lung regeneration, it has 

been demonstrated that one of the most important  factors 

 influencing the regenerative cell capacities is age. In fact, 

isolated L-MSCs from older mice were characterized by 

fewer colony-forming units, less growth potential, and 

telomerase activity, indicating an age-related differentiation 

potential decrease.

A new and interesting f ield of investigation is 

“regenerative photobiostimulation,” or having the ability to 

enhance lung regenerative properties by means of low-level 

laser irradiation.77 Low-level laser therapy contemplates the 

application of electromagnetic radiations, and its beneficial 

properties include anti-inflammatory activity, growth factor 

production, stimulation of angiogenesis, and direct stem 

cell effects. These effects are mediated through a process 

that is still not clearly defined and does not involve thermal 

energy.77

In most cases, irrespective of the treated condition or 

the modality of administration, therapy with stem cells 

appears relatively safe. However, some risk factors have 

been reported, both in clinical experience and in animal 

studies, including tumor formation, unwanted immune 

responses, and the transmission of microbiological 

agents.78

Conclusion
At this time, COPD treatment is based on the administra-

tion of drugs that are able to reduce symptoms and prevent 

exacerbations. However, these therapies do not allow for 

changing the natural history of the disease. Animal and 

human studies have demonstrated that tissue-specific stem 

cells and BM-derived cells contribute to lung tissue regen-

eration and protection, and thus administration of exogenous 

stem/progenitor cells or the humoral factors responsible 

for the activation of endogenous stem/progenitor cells may 

be a potent next-generation therapy for COPD (Table 1). 

The use of BM-derived stem cells could allow us to repair 

and regenerate the damaged tissue present in COPD by 

means of their engraftment into the lung. Another approach 

could be the in vitro stimulation of stem cells that can 

be subsequently introduced into the body by means of 

the photobiostimulation approach.77 Thus, a regenerative 

approach may modulate both local and systemic inflam-

mation and, at the same time, accelerate alveolar epithelial 

and endothelial turnover, modifying the natural course 

of COPD.79 Moreover, one of the latest findings in cell 

therapy is represented by the application of the “magnetic 

targeting” approach for improving cell and tissue engraft-

ment into the damaged organ. It consists in the use of a 

magnetic cylinder made by superparamagnetic iron oxide 

nanoparticles surrounding the graft to increase the number 

of stem cells seeded into the organ. This technique is still 

in progress, and data show a certain grade of cytotoxicity 

in airway application.80

Finally, the field of regenerative therapies is rapidly 

progressing, and initial data are very promising. However, 

the possible indications and potential adverse effects of stem 

cell therapy have yet to be fully elucidated.
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