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Abstract

Lung diseases remain a significant and devastating cause of morbidity and mortality worldwide. In
contrast to many other major diseases, lung diseases notably chronic obstructive pulmonary diseases
(COPD), including both asthma and emphysema, are increasing in prevalence and COPD is expected to
become the 3  leading cause of disease mortality worldwide by 2020. New therapeutic options are
desperately needed. A rapidly growing number of investigations of stem cells and cell therapies in lung
biology and diseases as well as in ex vivo lung bioengineering have offered exciting new avenues for
advancing knowledge of lung biology as well as providing novel potential therapeutic approaches for
lung diseases. These initial observations have led to a growing exploration of endothelial progenitor
cells and mesenchymal stem (stromal) cells in clinical trials of pulmonary hypertension and chronic
obstructive pulmonary disease (COPD) with other clinical investigations planned. Ex vivo
bioengineering of the trachea, larynx, diaphragm, and the lung itself with both biosynthetic constructs
as well as decellularized tissues have been utilized to explore engineering both airway and vascular
systems of the lung. Lung is thus a ripe organ for a variety of cell therapy and regenerative medicine
approaches. Current state-of-the-art progress for each of the above areas will be presented as will
discussion of current considerations for cell therapy based clinical trials in lung diseases.

Keywords: Lung, lung regeneration, lung diseases, endogenous progenitor cell, mesenchymal stem
cell, endothelial progenitor cell, embryonic stem cell, induced pluripotent stem cell, cell therapy,
bioengineering

Introduction

Development of cell therapies and bioengineering approaches for lung diseases has rapidly progressed
over the past approximate 10 years. Initial focus on structural engraftment following administration of
exogenous stem or progenitor cells has been largely supplanted by study and application of
immunomodulatory and paracrine actions of mesenchymal stem (stromal) cells (MSCs) and endothelial
progenitor cells (EPCs) and by the rapidly growing field of ex vivo lung bioengineering. This includes a
cautious initial but growing exploration of clinical investigations of cell therapies in lung diseases.
Better understanding of the identity and function of endogenous lung progenitor cells and increased
sophistication in techniques for inducing development of functional lung cells from both embryonic
(ESCs) and induced pluripotent (iPS) stem cells offers further promise. A concise review of each of
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these areas is presented and an overview schematic is presented in Figure 1. Representative references
are provided and readers are referred to relevant indicated review articles for further details and the
wider range of published articles in each area.

Figure 1
Schematic illustrating various stem cell, cell therapy and ex vivo bioengineering approaches for lung
diseases

Abbreviations: AFSC amniotic fluid stem cell; BM-MNC bone marrow-derived mononuclear cells; EPC
endothelial progenitor cell; ESC embryonic stem cell; iPSC induced pluripotent stem cell; MSC
mesenchymal stem (stromal) cell;.

Structural Engraftment of Circulating or Exogenously Administered Stem or Progenitor Cells

A number of early reports initially suggested that bone marrow-derived cells, including hematopoietic
stem cells (HSCs), MSCs, EPCs, and other populations could structurally engraft as mature
differentiated airway and alveolar epithelial cells or as pulmonary vascular or interstitial cells
(reviewed in 1,2). A smaller body of literature in clinical bone marrow and lung transplantation also
suggested varying degrees of apparent chimerism in lungs of the transplant recipients (1,2). However,
although bone marrow or adipose-derived MSCs can be induced in vitro to express phenotypic markers
of alveolar or airway epithelial cells (3), a number of technical issues contributed to misinterpretation
of results in these reports. With more sophisticated approaches, some recent reports continue to suggest
that engraftment of donor-derived airway and/or alveolar epithelium with several different types of
bone marrow-derived cells can occur (3-7). Nonetheless, engraftment of lung epithelium, vasculature,
or interstitium by circulating or exogenously administered stem or progenitor cells of bone marrow or
other non-lung origins is currently felt to be a rare phenomenon of unlikely physiologic or clinical
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significance (1,8). Whether engraftment can be achieved by intratracheal or systemic administration of
endogenous lung progenitor cells has not yet been well explored.

Ex Vivo Derivation of Lung Epithelial Cells from Embryonic Stem Cells or Induced Pluripotent
Stem Cells (iPS)

Early findings from several laboratories demonstrated that both mouse and human ESCs could be
induced in culture to express surfactant proteins and lamellar bodies and even form pseudoglandular
structures suggestive of type 2 alveolar epithelial (ATII) cell phenotype (8-10). Other early studies
suggested development of cells with phenotypic markers of airway epithelial cells following culture of
the ESCs under air-liquid interface conditions (11,12). However, these studies were limited by focus on
generally one or two immunophenotypic markers, for example expression of surfactant protein, and it
has never been clear that the derived cells acquired appropriate functions of airway or alveolar cells.
More recent protocols incorporating more sophisticated understanding and application of cell signaling
pathways guiding embryologic lung development and development of definitive endoderm, as well as
newly developed lineage tracing tools such as Nkx2.1-GFP expressing mice, have yielded more robust
in vitro derivation of cells with phenotypic characteristics of airway cells and of both type 2 (ATII) and
type 1 (ATI) alveolar epithelial cells from murine and human ESCs as well as from iPS cells, including
those derived from iPS cells obtained from patients with CF (13-17). These derived cells can re-
populate decellularized whole lung scaffolds but other functional properties have yet to be elucidated
(15). The generation of disease specific human ESC cells from patients with CF and of iPS cell lines
from patients with both genetic and acquired lung diseases including CF, alpha 1 anti-trypsin
deficiency, sickle cell, and scleroderma provides further opportunity to utilize iPS for study of lung
diseases (18,19). As such, there is expectation of further rapid advances in use of ESCs and iPS cells to
further understand injury and repair process in the lung. However, the current knowledge base does not
yet support clinical use of either ESCs or iPS cells for treatment of lung diseases.

Endogenous Lung Stem and Progenitor Cells

The lung is a complex organ containing many distinct epithelial cell types that are distributed in several
different regional microenvironments along the pulmonary tract, depicted in schematic form in 
Figure 2. Consequently, while identification of cells in the lung that can proliferate under steady state
or injury conditions has been relatively straightforward, characterization and classification of putative
endogenous lung stem and progenitor epithelial cells into a hierarchy has been challenging. This has
been complicated by the terminology and nomenclature utilized as the terms “stem” and “progenitor”
are often used interchangeably and inconsistently (reviewed in 1, 20-22). Further, it remains unclear
whether paradigms and hierarchies described for endogenous stem and progenitor cells in organs such
as the intestine and skin also apply to the lung, particularly the lung epithelium (20-22).

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4208500/figure/F2/
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Figure 2
Lung epithelial stem and progenitor cell candidates

Shown is a schematic of proposed lung epithelial candidate stem or progenitor cells and their niches in the
proximal conducting airways and distal alveoli. Cells whose localization or existence is not yet clear or
accepted are indicated with dashed boxes and/or question marks. AEC2 = type 2 alveolar epithelial cell;
BADJ = bronchoalveolar duct junction; Gland = submucosal gland duct; NEB = neuroepithelial
body.Marker abbreviations used for each cell subtype include the following: CCSP = Clara cell secretory
protein; CGFP = calcitonin gene– related peptide; Itg = integrin; K = cytokeratin; SPC = surfactant protein
C. Modified with permission from Kotton D. Next Generation Research: The hope and hype of lung stem
cell research. Am J. Resp Crit Care Med, 198:125501260, 2012 (116).

A large body of evidence in mouse models and a smaller literature in human lungs describes putative
populations of adult endogenous airway and alveolar epithelial stem and progenitor cells (20-42). A
growing literature, predominantly in mouse models, also describes endogenous adult stem or
progenitor cells that function to replace or repair damaged lung stroma or pulmonary vasculature (20-
27). Notably, there seems to be regional specificity in mouse lungs with different epithelial stem or
progenitor populations described for proximal airways, distal airways, and alveoli (Figure 2).

However, some of the published studies have generated controversy and there is not yet uniform
agreement on the identity and/or function of endogenous lung epithelial stem or progenitor cells in
either mouse or human lungs (20-22, 28,29). In significant part, this reflects a relatively limited set of
lineage markers and other tools with which to isolate and characterize the different putative stem and
progenitor populations and their niches. There are also differences in use of tools, particularly flow
cytometry and fluorescence active cell sorting (FACS), between different laboratories. As such,
different putative cell populations described by different laboratories may in fact represent similar cells
characterized by different techniques.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4208500/figure/F2/
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Other considerations specific to the lung include a low constitutive epithelial turnover rate. As such,
lung injury models specific to particular regions of lung epithelium, for example sulfur dioxide, ozone,
or nitrogen dioxide inhalation (trachea, large airways), naphthalene administration (non-ciliated club
cells (formerly known as Clara cells) in the bronchiolar epithelium), or bleomycin (alveolar epithelium)
have been used in mice and other adult animal models to identify stem/progenitor cells by inducing
cellular proliferation and repopulation of the lung epithelium (20-32). For example, lineage tracing
studies in mice have suggesteded that basal cells can give rise to club cells and ciliated cells in the
proximal airways during homeostasis as well as after sulfur dioxide injury in mice (33-34).

Cell signaling pathways including β-catenin, Notch, and tissue factor appear to regulate function and
fate of the basal epithelial cells and other putative epithelial progenitor populations. Similar
conclusions have been derived using human proximal airway basal epithelial cells in ex vivo or in vitro
culture systems (26,38).

However, the situation is complex and there may be subpopulations of basal epithelial cells that have
more restricted lineages or specific roles. In distal mouse lung airways, differentiated club epithelial
cells, although exhibiting a low steady-state proliferative index, can both self-renew and also function
to replenish ciliated cells in both the trachea as well as in the distal airways during normal homeostasis
and also during injury (36,37).

A subpopulation of toxin-resistant club cells, termed variant club cells (vCE), can function as
bronchiolar stem cells located within two discrete cell niches: the neuroepithelial body (NEB) and the
bronchoalveolar duct junction (BADJ) (32,38) (Figure 1). Other putative distal airway progenitor cells
identified in adult mice include bronchoalveolar stem cells (BASCs),
CD45 CD31 EpCAM CD49f CD104 CD24 , integrin α6β4  SP-C  cells, and CK5
p63  cells (30,39-42). These cells can both have different localizations in the airway tree and may
function differently in repair from experimentally induced lung injury (37,42). However, the situation
remains complicated and there is no overall consensus on the identity and functional role of any of the
putative endogenous lung epithelial progenitor cells described.

Other tools, particularly, functional assays that recapitulate the in vivo environment, for example re-
population of decellularized lung scaffolds, will add further insight. Increased collaboration and cross
fertilization to share and compare methods is essential as several of these distal airway epithelial
progenitor populations may represent the same cells or phenotypic variants of the same cell population
characterized in different ways in different laboratories.

Further, it has become apparent that putative airway progenitor cells may be quiescent in response to
less severe injuries and may not play any significant role in normal airway epithelial homeostasis (37).
As such, endogenous airway progenitor cells may serve as a reserve population that can function in
either normal maintenance or more relevantly following depletion of the facultative progenitor pool.
Further, although it is attractive to speculate that lung diseases may in part be a consequence of
endogenous airway stem cell failure to regenerate damaged tissue, this is not yet clear from currently
available data. A smaller but growing literature also describes endogenous progenitor cells that serve to
potentially repair or replenish the vasculature and interstitial components of the lung (43).

Alveolar epithelial repair and regeneration remains centered on the type 2 (ATII) alveolar epithelial cell
and the long held concept that ATII cells are precursors for type 1 alveolar epithelial (ATI) cells
(29,44). However, recent data suggest that several populations of distal airway epithelial and other
progenitor cells in adult mice, including BASCs and CK5 /p63  cells can differentiate into ATII and
ATII cells in vitro and conceivably might contribute to repair of damaged alveoli in in vivo models
(30,41,).
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There is also interest in the possible roles of endogenous or alveolar airway stem or progenitor cells as
lung cancer stem or tumor initiating cells (30,45,46). Further, MSCs, EPCs, and fibrocytes may
contribute to development of primary and metastatic lung carcinoma and other malignancies in mouse
models, in part, by providing a supportive stroma for the cancers and/or by participating in tumor
vascularization (47,48). In contrast, MSCs and EPCs have been demonstrated to home to areas of
tumor development and EPCs and MSCs, engineered to express anti-tumor substances, including the
tumor necrosis factor-related apoptosis inducing ligand (TRAIL) or IFNβ, have been utilized to
suppress tumor growth in mouse tumor models of primary lung cancers, metastatic lung cancers, and of
other cancers metastatic to the lung (49-52). As such, a growing yet cautious investigation of MSCs
and perhaps other cell types in treatment of lung cancers is anticipated to occur over the next several
years.

Circulating Fibrocytes

Circulating fibrocytes have been implicated in the pathogenesis of several lung diseases including both
mouse and clinical models of pulmonary fibrosis, pulmonary hypertension, the sub-epithelial fibrosis
that can develop in severe asthma, sickle cell lung disease, and in clinical bronchiolitis obliterans in
lung and bone marrow transplant patients (53,54). Further, elevated levels of circulating or
bronchoalveolar lavage (BAL) fluid fibrocyte levels have been suggested to indicate worse prognosis
in acute lung injury (394), IPF (55,56), pulmonary hypertension (57), and development of bronchiolitis
obliterans after lung transplant (58). The mechanisms by which fibrocytes are recruited to lung induced
to undergo phenotypic transformation into fibroblasts and myofibroblasts and contribute to fibrogenesis
in lung are incompletely understood (54). Circulating fibrocytes may also be important in lung cancer
development or metastasis (59). As such, although additional information on mechanisms of fibrocyte
actions are required, inhibition of fibrocyte actions or alternatively their use as drug delivery vehicles
may be potential therapeutic targets.

Endothelial Progenitor Cells

Increasing evidence demonstrates that EPCs play a role in the pathogenesis of a wide variety of lung
diseases including pulmonary hypertension, pulmonary fibrosis, asthma, COPD, acute lung injury, lung
cancer, bronchopulmonary dysplasia, and obstructive sleep apnea in children (48,60,61303). The
number of circulating EPCs has been correlated with several clinical variables in different lung
diseases, including lung cancers, demonstrating the potential utility of EPCs as biomarkers (62-67). An
increasing number of studies demonstrate that systemic administration of EPCs can mitigate
experimentally-induced lung injuries in pre-clinical rodent and dog models of pulmonary hypertension,
endotoxin-induced acute lung injury, and bronchopulmonary dysplasia (68-70). Whether this includes
structural contributions of the administered cells, paracrine stimulation of endogenous vascular
progenitor cells, or other paracrine immunomodulatory actions remains unclear (70). A combination of
all of these effects may occur in different disease states. Further, EPCs can be transduced to express
proangiogenic factors such as endothelial nitric oxide synthetase (eNOS) or inhibitors of smooth
muscle cell proliferation such as calcitonin gene related peptide and appear to home to sites of
endothelial damage and lung injury (68,72).

EPCs also appear to home to metastatic tumors in lung and suggests that modification of EPCs to
express suicide genes or other therapeutic molecules could be potentially utilized in cell-based therapy
approaches for lung cancer (49,51). EPCs can also preferentially localize to areas of injured lung
following systemic administration and may also have paracrine effects to decrease inflammation (71).
As such, systemic administration of autologous EPCs in both adult and pediatric patients with primary
pulmonary hypertension resulted in improved cardiopulmonary and symptomatic outcomes (73,74).
Importantly, no short term (12 week) adverse effects of EPC administration were noted although long
term follow-up is pending. A growing number of clinical investigations of EPCs for pulmonary
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hypertension, including use of autologous EPCs transduced to express eNOS are listed on
clinicaltrials.gov.

Mesenchymal Stem (Stromal) Cells (MSCs) and Immunomodulation of Lung Diseases

MSCs of bone marrow, adipose, placental tissue, and other origins are been widely investigated for
their immunomodulatory effects in a wide range of inflammatory and immune diseases (reviewed in
75,76). The mechanisms of MSC actions are only partly understood and in addition to paracrine actions
of soluble peptide and other mediators, a growing body of data suggests that release of episomal or
microsomal particles by MSCs can influence behavior of both surrounding structural cells and also
surrounding inflammatory cells. MSCs can also act as antigen presenting cells and have recently been
demonstrated to transfer mitochondria and likely other cytosolic components through connexin bridges
(77). A recent report suggests that MSCs may also promote repair through activation of endogenous
distal lung airway progenitor cell populations in mouse models (78). MSCs can be transduced through
several transfection or transduction approaches and are also increasingly described as vehicles for
delivery of therapeutic genes and proteins. In parallel, administration of non-HLA matched allogeneic
MSCs appears to be feasible and safe in a growing number of clinical trials in a range of autoimmune
and inflammatory diseases (79,80).

As such a rapidly growing number of studies demonstrate efficacy of either systemic or intratracheal
MSC administration in a growing spectrum of lung injury models in rodents and other animal models,
explanted human lungs, and in a slowly growing number of clinical investigations in lung diseases
(reviewed in 1,81,82). This includes over 90 publications to date in rodent and other pre-clinical
models of acute lung injury and bacterial lung infection, asthma, bronchiolitis obliterans,
bronchopulmonary dysplasia (BPD), COPD, fibrosing pulmonary injury, pulmonary hypertension,
pulmonary ischemia re-perfusion injury, obstructive sleep apnea, radiation-induced lung injury, sepsis
and burns, and other critical illness or autoimmune-related lung injuries including hemorrhagic shock,
pancreatitis, silicosis, and ventilator- induced lung injury (reviewed 1,81,82). Administration of MSCs
of either bone marrow or placental origin has also been demonstrated to decrease injury and
inflammation in endotoxin or bacterially-injured injured human lung explants (83).

However, many of these studies utilized different preparations of MSCs ranging from populations of
heterogenous plastic adherent adipose stromal cells to purified well characterized bone marrow-derived
MSCs obtained from core facilities such as the NCRR/NIH sponsored Texas (formerly Tulane) Center
for Preparation and Distribution of Adult Stem Cells (MSCs) (http://medicine.tamhsc.edu/irm/msc-
distribution.html). Further, few studies to date have directly compared different MSC preparations and
differences between syngeneic, allogeneic, and xenogeneic MSC administration have been less well
explored in pre-clinical lung injury models. A growing number of studies demonstrates efficacy of
human MSCs in lung injury models in both immune-deficient as well as immune-competent mice
(1,89). The different published studies also have varying degrees of rigor with respect to use of
appropriate controls. Thus although the general trend has been amelioration of disease-specific
endpoints in the different models, each study should be carefully scrutinized and much further work is
required to understand the mechanisms of MSCs actions as well as optimizing dosing regimens for
potential clinical application. Further, MSCs may not always ameliorate lung injury and available pre-
clinical data suggests that MSCs may contribute to established lung fibrosis (84,85).

The mechanisms by which MSCs are acting in the different lung disease models are not fully
understood and are likely to be different reflecting the different inflammatory and immune
environments in each disease (Figure 3). Following systemic administration, a number of studies have
demonstrated that MSCs initially localize in lung and that lung injury results in increased localization
and/or retention of marrow-derived cells in lung. Retention in the lung may also trigger the cells to
have functional effects. For example, embolization of systemically administered MSCs in lung was felt

http://medicine.tamhsc.edu/irm/msc-distribution.html
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to result in secretion of an anti-inflammatory protein, TSG-6 (86). In contrast, a growing number of
reports suggest that administration of conditioned media obtained from MSCs may mimic many of the
ameliorating effects resulting from MSC administration in different lung injury models (87).

Figure 3
Schematic illustrating the range of in vitro immune-modulating effects described for mesenchymal
stromal (stem) cells (MSCs)

Ang 1 angiopoietin 1;EGF epidermal growth factor; eNOS endothelial nitric oxide synthase; FGF2
fibroblast growth factor 2; HGF = hepatocyte growth factor; IGF1 insulin-like growth factor; (s)IL -1RA =
(soluble) interleukin-1 receptor antagonist; IL-10 interleukin 10; KGF keratinocyte growth factor; soluble
TNFR1 = soluble tumor necrosis factor-α receptor antagonist; stanniocalcin 1; TGF-β1 = transforming
growth factor- β1; TSG-6 Tumor necrosis factor-inducible gene 6 protein; VEGF = vascular endothelial
growth factor. Adapted with permission from Weiss DJ and Rojas M. MSCs in Chronic Lung Diseases:
COPD and Lung Fibrosis. In Stem Cell-Dependent Therapies (2013), Copyright DeGruyter Publisher
GmbH Berlin, G. Gross G, T. Häupl, editors (117).

MSCs can also exert effects on lung inflammation and injury through primary interactions with the
immune system rather than through direct actions in lung. For example, a growing body of evidence
suggests that MSCs ameliorate allergic airways inflammation in mice by increasing T-regulatory cells
or by promoting a Th1 phenotype in vivo in antigen-specific CD4 T cells and in circulating antigen-
specific immunoglobulins as a means of abrogating Th2-mediated lung injury (88). As such, MSCs
appear to be capable of a spectrum of effects in different lung injuries and also in critical illnesses such
as sepsis. This is a critically important point as clinical use of MSCs must be tailored towards the
specific disease process.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4208500/figure/F3/
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Other relevant factors about optimal cell preparations, storage and vehicle buffers, dosing, and route of
administration (systemic vs direct airway) are poorly understood. Further, cell-based
immunomodulation of lung diseases may not be restricted to MSCs as a populations of bone marrow-
derived mononuclear cells, human amniotic fluid cells, and human amnion epithelial cells have each
been recently described to decrease lung injury in several immune-competent mouse models (90,91).
These are ripe areas for further study.

Clinical Trials of Cell-Based Therapies for Lung Diseases

A robust pre-clinical literature supports use of EPCs in pulmonary hypertension and MSCs in acute
lung injury or inflammatory critical illnesses and in more chronic inflammatory and immune mediated
conditions such as asthma, bronchiolitis obliterans, bronchopulmonary dysplasia and others.
Nonetheless, as pre-clinical lung disease models do not necessarily fully mimic human disease
pathogeneses or predict clinical behaviors (92), clinical investigations of cell-based therapies for lung
diseases have been relatively slow to develop.

A recent multicenter, double-blind, placebo-controlled Phase II trial of systemic administration of a
bone marrow-derived MSC preparation (PROCHYMAL ,Osiris Therapeutics Inc, Columbia MD) in
patients with moderate-severe COPD in the United States demonstrated safety with no acute infusional
toxicity and no attributable mortality or serious adverse events over a subsequent two year follow-up
period (93). Although the study was not powered to assess efficacy, a significant early decrease in the
systemic inflammatory marker C-reactive protein (CRP), occurred in a sub-population of MSC-treated
patients with elevated CRP levels at study onset. This trial provides a firm basis for safety of MSC use,
including multiple infusions, in patients with chronic lung diseases and also provides a potential
mechanistic clue of in vivo MSC effects.

However, chronic persistent lung diseases with low level or smoldering inflammation, such as COPD,
or diseases in which currently available pre-clinical data suggest that MSCs may worsen the disease
process, such as IPF, may not be the best therapeutic targets for MSC intervention at present (94,95).
More acute inflammatory lung or systemic diseases such as ARDS or sepsis/septic shock, or chronic
immune-mediated lung diseases such as severe asthma, may be better targets (81). To this end, clinical
trials of MSCs for ARDS and for septic shock are currently in development in the United States and in
Canada, respectively.

A growing number of other sanctioned clinical investigations of MSCs and also of EPCs in lung
diseases are listed on the Clinical Trials.gov website and demonstrate growing efforts towards carefully
conducted closely regulated clinical trials of cell therapies for lung diseases in Europe, Brazil, and
Australia as well as in the United States and Canada. However, a growing number of websites and
other venues offer unsubstantiated claims of cell therapy efficacy in a range of lung diseases.
Significant harm and even death may result in patients who undergo these treatments (96). The FDA
has recently begun working with other governmental agencies to attempt to regulate or in some cases
close websites making unsubstantiated claims (97). As such, prominent non-profit respiratory disease
foundations including the American Thoracic Society, American Lung Association, Pulmonary
Hypertension Association, and others have joined with prominent stem cell societies, notably the
International Society for Stem Cell Research, in issuing strong statements against stem cell medical
tourism on their respective websites.

Ex Vivo Lung Bioengineering

Many lung diseases including asthma, BPD, CF, COPD, and IPF have no cure apart from lung
transplantation. However, a critical shortage of donor lungs and acute and chronic rejection
necessitating lifelong immunosuppression and resulting in 50% five year mortality has stimulated

TM
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effort towards ex vivo engineering of functional lung tissues that can be surgically implanted.
Significant recent progress has been made utilizing both synthetic scaffolds as well as decellularized
cadaveric or donor tissues for ex vivo generation of trachea and diaphragm resulting in growing clinical
use of these engineered tissues (98,99). Comparable approaches using 3-dimensional scaffolds
generated from synthetic or biomimetic materials scaffolds have been utilized to develop ex vivo lung
parenchymal and vascular systems, including implantation of various scaffolds impregnated with stem
or other cells in order to produce functioning lung tissue in animal models (100,101).

However, artificial scaffolds neither contain all the extracellular matrix (ECM) components essential
for normal lung development and function nor fully replicate the complexity of the lung architecture.
As such, decellularized whole lungs may provide more physiologic scaffolds for potential clinical use
(102-113). Recent proof-of-concept studies in rodent models demonstrated short term gas exchange
following surgical implantation of decellularized rodent lungs, seeded with mixtures of fetal rodent
lung homogenates and other cells (105,106). While these have stimulated intense investigation, they
have also illustrated a number of practical issues prior to use of decellularized human lungs for clinical
transplantation. These include the source of the lung, the decellularization process utilized, types,
combinations, and order of cell to be inoculated, potential immunogenicity of the scaffolds, use of
bioreactor culture systems and other environmental considerations, implantation, ethics, and the overall
practicality of this approach (107,111-113).

The challenges in developing complex 3-dimensional functional lung tissues ex vivo will be in
recapitulating the normal dynamic integrated 3-D network of cells in the appropriate environment and
architecture. Other approaches such as human epithelialcells and human capillary endothelial cells
coated onto porous polydimethylsiloxane chips (“lung-on-a-chip”) can mimic alveolar architecture and
can be utilized to study pathophysiologic processes and also high throughput drug screening (114,115).

Summary

Exciting progress in each of these areas provides further understanding of lung biology and repair after
lung injury and further a sound scientific basis for therapeutic use of cell therapies and bioengineering
approaches in treatment of lung diseases. However, many challenges remain including better
understanding of the identity of endogenous lung airway and other progenitor cells in the adult lung,
development of functional airway and alveolar epithelial cells from ESCs and iPS cells, and better
understanding of the physiologic and pathophysiologic roles of EPCs and fibrocytes in lung diseases.
Cautious progress in clinical investigations of EPCs and MSCs needs to be tempered with clear
understanding of the potential actions of these cells in different clinical lung disease conditions. The
rapidly growing field of ex vivo lung bioengineering offers further promise and has already yielded
therapeutic promise for tracheal diseases. However, clinical use of either artificial engineered or
decellularized scaffolds for treatment of lung diseases is likely to be a number of years in the future.

 

Table 1

Abbreviations

AEC2 type 2 alveolar epithelial cell

AFSC amniotic fluid stem cell

Ang 1 angiopoietin 1
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