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A number of novel approaches for repair and regeneration of injured lung have developed over the past sev-
eral years. These include a better understanding of endogenous stem and progenitor cells in the lung that
can function in reparative capacity as well as extensive exploration of the potential efficacy of administering
exogenous stem or progenitor cells to function in lung repair. Recent advances in ex vivo lung engineering
have also been increasingly applied to the lung. The current status of these approaches as well as initial clini-

cal trials of cell therapies for lung diseases are reviewed below.
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INTRODUCTION

Lung diseases remain a devastating cause of morbidity and mor-
tality worldwide. Unlike many other major diseases, a number of
lung diseases, particularly chronic obstructive pulmonary diseases
(COPDs) including both asthma and emphysema, are increasing
in prevalence and COPD is expected to become the third leading
cause of disease mortality worldwide by 2020." Although impor-
tant advances in symptomatic treatments have occurred, many
lung diseases including asthma, emphysema, pulmonary fibro-
sis, cystic fibrosis, and others have no cure. Lung transplantation
is an option; however, there is a critical shortage of donor lungs
and transplantation is complicated by acute and chronic rejection
requiring lifelong immunosuppression. Further, lung transplan-
tation is not a panacea as 5-year mortality following lung trans-
plantation is ~50%." New approaches for lung diseases are thus
desperately needed.

Recent advances in lung biology have begun to elucidate the
identity and function of resident endogenous progenitor cells
in the lung, cells that may provide better understanding of lung
disease processes and also which may be potentially manipulated
for lung repair and regeneration. In parallel, intense investigation
of possible reparative roles of exogenously administered adult
and embryonic stem cells has demonstrated potential for struc-
tural repair for damaged lungs, notably repair of damaged lung
vasculature through paracrine effects of circulating endothelial
progenitor cells (EPCs). These studies have also demonstrated
potent immunomodulatory effects of adult bone marrow-derived
mesenchymal stromal cells (MSCs) in a variety of inflammatory
and immune lung diseases. These initial observations have led to
a cautious initial but growing exploration of EPCs and MSCs in
clinical trials of pulmonary hypertension and COPD, respectively,
with other clinical investigations planned.

Ex vivolung bioengineering has also accelerated at a rapid pace.
Tissue engineering has in particular progressed for components of

the respiratory system including trachea and diaphragm includ-
ing recent pioneering clinical use of a bronchus bioengineered
from a cadaveric scaffold in which autologous MSCs seeded into
the scaffold were utilized to generate cartilage-producing chon-
drocytes.? Given the complex anatomical structure and structure-
function relationships of the lung itself, ex vivo bioengineering of
the lung is a more formidable task. Nonetheless, a variety of three-
dimensional (3D) scaffolds, including both biosynthetic con-
structs as well as decellularized whole lungs have been utilized to
explore engineering both airway and vascular systems of the lung.
This excitingly has included surgical implantation in rat models of
decellularized lungs recellularized with a mix of fetal lung homo-
genates and other cells with short-term survival and some degree
of restitution of gas exchange and vascular perfusion achieved.
Lung is thus a ripe organ for regenerative medicine using a
variety of approaches. In the following sections, current state-
of-the-art findings for each of the above areas of study will be
presented, followed by an assessment of future directions.

ENDOGENOUS LUNG PROGENITOR CELLS

Endogenous lung stem and progenitor cells are thought to con-
tribute to epithelial maintenance and injury repair. There is a large
literature in mouse models and a growing literature describing
putative endogenous stem and progenitor cells in human lungs.
However, one persistent issue in the literature is the terminology
and nomenclature utilized. The terms “stem” and “progenitor” are
often used interchangeably and inconsistently. This also applies
to the wider range of cells including embryonic and adult-origin
stem and progenitor cells obtained from other tissues. For the
purposes of this review, endogenous adult tissue-specific stem
cells can be best appreciated as cells that have capacity for long-
term self-renewal and that can differentiate into progenitors or
other more differentiated cells in a particular organ. In general,
stem cells have a wide differentiation capacity. In contrast adult
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endogenous progenitor cells are best appreciated as tissue-specific
cells that either do not self-renew or that have short-term renewal
potential but that can differentiate into more differentiated cells.
The issue of nomenclature as it relates to studies of lung repair
and regeneration has been addressed in detail in several recent
reviews.>*

Since the adult lung is a tissue that has a very low turnover rate,
murine lung injury models have been used to identify stem/pro-
genitor cells by inducing cellular proliferation and repopulation of
the lung epithelium.> What these studies have detailed is a com-
plex heterogeneity of putative endogenous stem/progenitor cells
with different candidates located in different regions of the mouse
lung. This is depicted in schematic form in Figure 1. A variety
of injury approaches specific to different regions of the lung have
been utilized. For example, sulfur dioxide inhalation, which dam-
ages the tracheal epithelium, has been utilized for study of proxi-
mal airway stem/progenitor cells. Common approaches used to
study the distal lung are naphthalene administration, which spe-
cifically injures the Clara cells in the bronchiolar epithelium, and
bleomycin administration, which injures the alveolar epithelium.
Ozone and nitrogen dioxide also damage airway epithelial cells.

These studies have demonstrated that basal epithelial cells are
a stem/progenitor cell population important in tissue homeosta-
sis and injury repair in the trachea and proximal airways in mice
and throughout the airways in humans. These basal cells express
high levels of the transcription factor Trp63, cytokeratins 5 and
14, aquaporin 3, and can be isolated by fluorescence-activated
cell sorting using expression of the nerve growth factor receptor
(Ngfr).c' Lineage-tracing studies in the mouse have revealed that
basal cells can give rise to Clara and ciliated cells in the proximal
airways during homeostasis as well as after sulfur dioxide injury
in mice”"'""* Recently, a stem/progenitor population of tracheal
submucosal gland duct cells was identified that appears capable of
regenerating submucosal gland tubules, ducts, and surface epithe-
lium after hypoxic-ischemic injury.**

In theairways of mouselungs, theareas surrounding neuroepithe-
lial bodies and the bronchioalveolar duct junction (BAD]) represent
two different stem/progenitor cell niches. Variant Clara cells resis-
tant to naphthalene injury were identified near the neuroepithelial
bodies in the proximal airways and at the BADJ in distal airways."*~"”
Bronchioalveolar stem cells (BASCs) are another naphthalene-
resistant progenitor cell population located at the BADJ, identified
based on their coexpression of the Clara cell marker, Clara cell secre-
tory protein (CCSP, also known as Scgblal or CC10), and the alveo-
lar type IT (AT2) cell marker, pro-surfactant protein C (pro-SP-C)."®
BASCs can be isolated using fluorescence-activated cell sorting to
select for cell expression of the stem cell marker Sca-1 after elimina-
tion of hematopoietic cells and endothelial cells (CD45"¢CD31"¢Sca-
17%). As discussed in ref. 18, CD34 was originally used as a positive
selection marker for BASCs, but differences in available antibodies
obtained from different companies can result in significant vari-
ability in the populations sorted using this marker. Importantly,
more recent studies have shown that the CD45"¢CD31™Sca-17**
population is more heterogeneous than previously appreciated.'**’
Based on our own observations that BASCs are contained in the
Sca-1"" population and express low levels of CD24, and those of
other groups, discussed below, a robust marker profile for enriching
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Figure 1 Endogenous lung progenitor cells. (a) A graphic representa-
tion of putative lung stem/progenitor cells in the mouse lung. 1) Basal
cells in the tracheobronchial region; 2) variant Clara cells associated with
pulmonary neuroendocrine cell (PNEC) bodies; 3) variant Clara cells/
BASCs present at the bronchiolar-alveolar duct junction; 4) alveolar type
Il cells present in the alveolar space. See text for further explanation.
Modified with permission of the American Thoracic Society. Copyright
© American Thoracic Society from Randell, SH (2006). Airway epithelial
stem cells and the pathophysiology of chronic obstructive pulmonary
disease. Proc Am Thorac Soc 3: 718-725.2% (b) Endogenous regenerative
microenvironments in the bronchiolar epithelium of the mouse. In situ
hybridization for CCSP mRNA (white autoradiographic grains) was used
to identify regions of regenerating epithelium following naphthalene-
mediated progenitor cell depletion. Regenerative zones of neuroepithe-
lial bodies were identified located at branch points in the airways (red
ovals) and at the bronchoalveolar duct junction (green ovals). Adapted
with permission from Stripp, BR, Maxson, K, Mera, R and Singh, G
(1995). Plasticity of airway cell proliferation and gene expression after
acute naphthalene injury. Am | Physiol 269(6 Pt 1): L791-L799.2% BASC,
bronchioalveolar stem cell; CCSP, Clara cell secretory protein; mRNA,
messenger RNA.

for BASCs utilizes CD45"8CD31"¢EpCAMP*Sca-1""CD24/".2!
However, one important point to highlight in studies of endogenous
airway stem and progenitor cells is that careful and meticulous use of
isolation and characterization techniques, including flow cytometry
and immunohistochemistry must be utilized. A better understand-
ing of specific cell surface marker expression profiles is needed to
better identify and isolate lung stem and progenitor cells. However,
phenotypic characterization is not enough and functional assays
including lineage tracing and differentiation capacities are also
critical to assess. For example, variant Clara cells localized around
neuroepithelial bodies survive severe injury and can re-epithelialize
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the airways. BASCs can self-renew in culture and express CCSP,
pro-SPC, and aquaporin 5 when grown on top of matrigel basement
membrane matrix, suggesting they have the ability to differentiate
into Clara cells as well as AT?2 cells, and type 1 (AT1) alveolar epi-
thelial cells. As such, variant Clara cells at the BADJ and BASCs may
be overlapping cell types; however, it is also possible that there are
distinct populations of variant Clara cells that lack pro-SPC expres-
sion. Robust in vitro assays that recapitulate the in vivo environment
are needed to functionally assess these cells in culture. In addition to
lineage tracing, other in vivo assays such as cell transplantation are
needed to assess the ability of putative lung stem/progenitor cells to
reconstitute lung epithelial cell lineages within damaged or diseased
tissue.

Recently, another possibly overlapping stem/progenitor cell
population was isolated in mouse lungs based on flow cytomet-
ric isolation of cells exhibiting the CD45"¢CD31"¢EpCAMM™
CD49f*CD104**CD24" phenotype.*® These cells form colo-
nies expressing airway and/or alveolar lineage markers in a
3D co-culture matrigel assay with primary lung mesenchymal
cells. Also making use of the matrigel approach, Stripp and col-
leagues demonstrated that the CD45"¢CD318CD34¢EpCA MP°*
Sca-1" autofluorescent (AF)®" population contains naph-
thalene-resistant bronchiolar progenitors.> In contrast, the
CD45"sCD31"¢CD34"¢EpCAMP*Sca-1""AF" population con-
tained the naphthalene-sensitive Clara cells.”? In addition to a role
in repair following ozone injury, Clara cells can also give rise to
ciliated cells in the terminal airways following nitrogen dioxide
exposure, as ciliated cells cannot self-renew.*-* As demonstrated
by a lineage-tracing study, Clara cells are stem/progenitor cells
that have long-term self-renewal ability and can also generate cili-
ated cells during epithelial homeostasis.?”

In the alveolar epithelium, repopulation after bleomycin injury
is due to proliferation of AT2 cells, which act as progenitors for AT1
cells.?>! BASCs have also been implicated in injury repair after
bleomycin-induced injury due to their proliferation after treatment
and the in vitro data suggesting their ability to differentiate into pro-
SPC positive cells in culture.”® A lineage-tracing study using CCSP-
CreER mice showed that the percentage of lineage-labeled cells did
not increase in the alveolar space during homeostasis or following
hyperoxia injury, suggesting that CCSP-expressing cells did not give
rise to alveolar cells.”” However, another lineage-tracing study using
the same CCSP-CreER mice found that CCSPpos cells can give rise
to both AT1 and AT2 cells following bleomycin injury.* Recently,
Chapman and colleagues identified a mouse airway progenitor
population of a6B4* (also known as CD104) cells located at the
BAD]J and in the alveolar epithelium capable of contributing to air-
way and alveolar structures when transplanted with embryonic lung
cells under the kidney capsule in vivo.” It is likely that this popula-
tion of cells overlaps with that found by Bertoncello and colleagues
using the CD45"¢CD31"¢EpCAMMCD49{**CD104r*CD24"" phe-
notype.”’ In addition, a study by McKeon and colleagues found
that p63r* airway cells were capable of forming Krt5 “pods” in
the alveolar space following HIN1 infection-induced injury.® They
also found that p637° cells from mouse, rat, and human distal air-
ways were capable of forming alveolar-like structures in vitro. These
studies suggest that bronchiolar cells may be able to form alveolar
structures under certain conditions.
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The above studies demonstrate a rich network of endogenous
stem and progenitor populations in mouse lungs. Although there
may be overlap between cells identified in different investigations,
an important concept is that there appears to be regional specific-
ity of the progenitors. The situation is less clear in human lungs. A
recent study in human lungs identified a c-kitr** cell that appears
to generate both endodermal and mesodermal lineages in tis-
sue culture.** Further, when injected into mouse lungs following
cryoinjury, this cell population appears capable of stimulating or
participating in lung repair of airway, pulmonary vasculature, and
pulmonary interstitium. If true, this model would overturn the
current concept that there is no single multipotent lung stem or
progenitor cell capable of generating smooth muscle, vasculature,
airways, and alveoli. These findings require further functional
characterization and validation using genetic mouse models and/
or lineage tracing of c-kitP* cells during homeostasis and injury.*
This is also the first study to show apparent engraftment of human
lung cells into the mouse lung. As reviewed in ref. 36, there are
several important differences between the structure and cellular
composition of mouse and human lungs. For example, submu-
cosal glands and the pseudostratified epithelium containing basal
cells, regions that are restricted to the trachea and upper airways
in mice, extend from the trachea to the distal airways in humans.
Therefore, questions regarding the endogenous niche of these
cells in the human or mouse remain to be answered using rigor-
ous techniques including lineage tracing and functional assays. In
addition, variant Clara cells or BASCs have not yet been identified
in human lung tissue. Therefore, intensive investigation compar-
ing contrasting putative endogenous airway stem and progenitor
populations in mouse and human lungs are sorely needed.

There is also a growing appreciation of endogenous stem or
progenitor populations for the other components of lung tissue
including airway smooth muscle.”” Several groups have recently
identified progenitor cells resident in the lung that share some
common characteristics with bone marrow-derived MSCs.?*-!
Variably and inconsistently referred to as lung mesenchymal stem
cells or lung mesenchymal stromal cells (L-MSCs), the potential
physiologic or pathophysiologic role of these cells is not clear.
Further, there may be several populations of L-MSCs in both
mouse and in human lungs including those isolated from nasal
mucosa as well from both proximal and distal lung compartments.
In both mouse and human lungs, L-MSCs fulfill criteria for defini-
tion of bone marrow-derived MSCs including plastic adherence,
expression of CD73, CD90, CD105 while lacking expression of the
hematopoietic markers CD14, CD34, and CD45 and the endothe-
lial marker CD31, and trilineage differentiation into adipocytes,
chondrocytes, and osteoblasts. Another marker used to identify
both human and mouse L-MSCs is the ABCG2 (ATP binding cas-
sette G) transporter and cells designated as L-MSCs have been iso-
lated from Hoechst dye-effluxing side populations of mouse lung
homogenates.*®*' Microarray studies demonstrate both similarities
and differences of L-MSCs with bone marrow-derived MSCs and
further characterization of the L-MSCs is necessary.”Nonetheless,
L-MSCs are clonogenic and can be serially passaged while retain-
ing their ability to differentiate. When grown within Matrigel with
either basis fibroblast growth factor (bFGF), hepatocyte growth
factor (HGF), or epidermal growth factor basis fibroblast growth

www.moleculartherapy.org vol. 20 no. 6 june 2012



© The American Society of Gene & Cell Therapy

factor (bFGF), some of these cells express markers suggestive of
endothelial or epithelial differentiation into type I and II pneu-
mocytes and Clara Cells.** However, whether these cells actually
serve as a source of progenitors utilized during normal epithelial
turnover, or are induced to differentiate during injury is a subject
of ongoing investigation.

The effects of inflammation and injury on endogenous L-MSC
populations in mice have been only minimally investigated to
date. In bleomycin-induced pulmonary fibrosis, L-MSCs decrease
in overall number as assessed by flow cytometry and in situ stain-
ing but little other data is yet available.* It has also been proposed
that L-MSCs could serve to combat lung inflammation through
the secretion of immunosuppressive molecules. Similar to bone
marrow-derived MSCs, murine L-MSCs suppress T cell prolifera-
tion in response to mitogenic or allogeneic stimulation in mixed
lymphocyte reaction assays, in part through secretion of prosta-
glandin E2 (PGE2).*? These properties have been investigated in
recent studies assessing administration of L-MSCs in mouse mod-
els of lung injury. For example, in an elastase-induced mouse model
of emphysema, L-MSC administration after elastase treatment
resulted in an increase in survival as well as a decrease in injury,
however, not through engraftment and structural repair, but rather
through a paracrine, anti-inflammatory effect.®® In a comparison
study between L-MSCs and bone marrow-derived MSCs, both were
similar in their effectiveness at reducing elastase-induced injury,
however, L-MSCs were retained within the injured lung at a higher
frequency compared to bone marrow-MSCs.* This is thought to
be possibly due to differences in the expression profile of adhe-
sion molecules and chemokine receptors between bone marrow
and lung-derived MSCs but more investigation is needed to clarify
this. Most recently, L-MSCs in bronchoalveolar lavage fluid have
been suggested as a marker for rejection of lung transplants.” An
important caveat to note when studying L-MSCs is that to date, no
in vivo assays such as lineage tracing, have been developed. Most of
the data collected pertaining to clonogenicity, differentiation capa-
bilities, and immunomodulatory properties have been derived from
isolated and cultured and/or passaged L-MSCs. This requires disag-
gregation of the lung thereby destroying their anatomical niche and
loss of crucial clues as to what their role is in vivo. Thus at present the
physiologic or pathophysiologic role of L-MSCs remains unclear.

LUNG CANCER STEM CELLS

One question with respect to endogenous lung stem or progeni-
tor cells is whether they can act as either lung cancer stem cells or
as tumor initiating or propagating cells. Current cancer stem cell
hypotheses propose that a subpopulation of cells within a tumor
possesses characteristics of stem cells and can give rise to the het-
erogeneity of cell types often found in many tumor types includ-
ing lung cancers (reviewed in ref. 52,53). Importantly, cancer stem
cells are thought to be resistant to radiation and chemotherapeu-
tics and significantly contribute to resistance of tumors, partic-
ularly lung cancers, to available treatment strategies.”>** Cancer
stem cells are typically identified by dissociating tumor cells, using
fluorescence-activated cell sorting to select tumor subpopulations,
and transplantation in vivo. In some cases, the cancer stem cell
population shares marker expression with normal tissue-specific
stem cells. Using an orthotopic transplant assay to deliver murine
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lung adenocarcinoma cells to the mouse lung, Sca-1, one of the
cell surface markers used to isolate BASCs from the normal mouse
lung, enriched for cells with tumor-propagating ability in primary
mouse adenocarcinomas initiated by oncogenic K-ras in combi-
nation with p53 deficiency.> However, in the same study Sca-1
did not enrich for tumor-propagating cells in other mouse tumor
models carrying different oncogenic mutations. This study using
genetically distinct mouse models suggests that those seeking to
identify human lung cancer propagating cells should consider the
genotype of their human tumor samples. Side population cells,
which efflux Hoechst dye, in six human non-small cell lung cancer
cell lines were resistant to chemotherapy, expressed increased lev-
els of drug transporters, showed increased invasiveness in vitro,
and were tumorigenic in a subcutaneous transplant assay in
mice.”® CD133, originally a cell surface marker of brain and colon
cancer stem cells, has been used to identify lung cancer cells with
tumorigenic properties. CD133* cells from human lung tumors
formed self-renewing spheres in vitro that could propagate tumors
when transplanted subcutaneously in mice, and CD133* cells
from xenografts were enriched for tumorigenicity.*~>* However,
other studies using lung cancer cell lines have shown that CD133
does not always mark a cancer stem cell population.®** Another
cell surface marker, CD44, marked tumorigenic cells in lung can-
cer cell lines transplanted subcutaneously.® Expression of another
marker, aldehyde dehydrogenase (ALDH) has also been used to
isolate putative cancer stem cells in leukemia, brain, breast, colon,
prostate, liver, bladder, pancreatic, thyroid, and head and neck
cancers. ALDHI1" cells from primary human lung tumor cells and
from lung cancer cell lines were enriched for tumor-initiating abil-
ity in subcutaneous transplant assays.®*” However, a population
of human lung cancer stem cells serially transplanted in the lung
microenvironment that recapitulates the lung tumor phenotype
is yet to be described. Thus, while several lung cancer stem cell
candidates have emerged, ongoing studies to further characterize
endogenous lung stem cells and their potential malignant trans-
formation will further identify and target important lung cancer
stem cells.

ENGRAFTMENT OF EXOGENOUS CELLS IN THE
LUNG: STRUCTURAL REPAIR AND REGENERATION
The question of whether non-lung stem and/or progenitor cells,
whether embryonic or adult in origin, can engraft and acquire phe-
notype of structural lung cells following either systemic or direct
intratracheal administration remains controversial. Several promis-
ing and provocative reports appeared in the early 2000’ suggest-
ing that bone marrow-derived cells including hematopoietic stem
cells, MSCs, multipotent adult progenitor cells, and other popula-
tions could structurally engraft as mature differentiated airway and
alveolar epithelial cells or as pulmonary vascular or interstitial cells
in mouse models as well as following clinical bone marrow or lung
transplantation (reviewed in ref. 3,4). Later studies also examined
potential engraftment using stem and progenitor cells isolated from
other tissues such as adipose, placenta, cord, blood, and others.
However, it has become apparent that many of these studies utilized
inadequate methodologies and that several technical issues contrib-
uted to misinterpretation of results in these initial reports. Notably,
inadequate microscopic techniques did not effectively discriminate
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donor-derived cells superimposed on resident airway or alveolar
epithelial cells. Further, a variety of leukocytes, notably airway and
alveolar macrophages, reside in the lung. Many of the early reports
did not utilize antibodies directed against CD45 or other leukocyte
markers to exclude the possibility that cells of donor origin detected
in airway or alveolar epithelium were donor-derived leukocytes
rather than epithelial cells. Other tools, such as use of green fluores-
cence protein as a marker of donor-derived marrow cells obtained

© The American Society of Gene & Cell Therapy

lungs can be subject to error in the presence of autofluorescent cells
commonly found in the lung.® Exquisite care and sophisticated
microscopic approaches, including confocal and deconvolution
techniques, must be utilized to effectively demonstrate potential
engraftment.®"* Better understanding of the mechanisms involved
in recruiting exogenously administered cells to lung and inducing
them to acquire functional characteristics of airway and alveolar
epithelial cells is also necessary. However, at present, structural

from transgenic green fluorescence protein mice in recipient mouse  engraftment of airway or alveolar epithelium by either embryonic

a

Figure 2 Systemic administration of different populations of bone marrow-derived cells results in rare epithelial engraftment but can stimu-
late pulmonary vascular growth. (a) Detection of Cftr expression in female Cftr KO mouse lungs following transplantation with male GFP bone
marrow-derived stromal cells. Rare donor derived (Y chromosome, red), Cftr positive (green), and cytokeratin positive (blue) cells are found in airway
walls of lungs assessed 1 week after transplantation. Only ~0.01% of the total airway epithelial cells appeared to be of donor marrow origin and
expressed Cftr. Original magnification x1,000. Reprinted with permission of the American Thoracic Society. Copyright © American Thoracic Society
from Loi, R, Beckett, T, Goncz, KK, Suratt, BT and Weiss, D] (2006). Am | Resp Crit Care Med 173: 171-179.7° (b) Representative confocal projection
images of lung sections (a) perfused with fluorescent microspheres (green) suspended in agarose (i.e.,fluorescent microangiography) and immuno-
stained for a-smooth muscle actin (red). Normal filling of the microvasculature was observed in control rats (a), whereas rats treated with monocro-
taline (MCT) showed a marked loss of microvascular perfusion and widespread precapillary occlusion 21 (b) and 35 (d) days after MCT injection. In
the prevention model, animals receiving bone marrow-derived endothelial-like progenitor cells (ELPC) displayed improved microvascular perfusion
and preserved continuity of the distal vasculature (c). In the reversal model, eNOS-transduced ELPCs dramatically improved the appearance of the
pulmonary microvasculature (f),whereas progenitor cells alone resulted in more modest increases in perfusion and little noticeable reduction in arte-
riolar muscularization (e, calibration bars = 100 um). Figure reprinted with permission from Zhao, YD, Courtman, DW, Deng, Y, Kugathasan, L, Zhang,
Q and Stewart, D] (2005). Circ Res 96: 442-450.7> eNOS, endothelial nitric oxide synthase; GFP, green fluorescence protein.
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or adult-origin stem or progenitor cells is currently felt to be a rare
occurrence of uncertain physiologic relevance (Figure 2).

More convincing results have been obtained with regen-
eration of damaged pulmonary vasculature with exogenously
administered EPCs.”*7® This is primarily in the setting of ani-
mal models of pulmonary hypertension in which experimentally
induced destruction of distal arterioles and capillaries of the pul-
monary circulation are restored by systemic EPC administration
(Figure 2). Although the EPCs were initially thought to directly
contribute to angiogenesis, more recent data suggest that para-
crine effects and secretion of growth factors that stimulate native
angiogenesis is a more likely mechanism. Nonetheless, regardless
of mechanisms, both anatomic and physiologic improvement in
pulmonary hypertension is observed. These preclinical studies
have led directly to clinical trials of autologous EPCs in both adult
and pediatric patients conducted in China and in Canada.”®
Promising initial results have been obtained in these trials and an
expanded number of comparable trials is expected.

MSCs AND IMMUNOMODULATION OF LUNG
DISEASE

Through in vitro studies, animal models, and clinical trials in non-
lung diseases, it has been demonstrated that MSCs can suppress
activation, proliferation, and effector functions of cells in both
the innate and adaptive immune system, as well as promoting the
development of immune cells typically associated with immune
suppression such as T-regulatory cells (reviewed in ref. 81-85,
schematic representation in Figure 3). MSCs are also capable of
influencing CD4* T cell lymphocyte differentiation (Thl versus
Th2 versus Th17), depending upon the inflammatory microen-
vironment in which they are placed. The mechanisms by which
MSCs exert their effects are thought to be orchestrated mainly
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Figure 3 Schematic representation illustrating the range of in vitro
immune-modulating effects described for mesenchymal stem cells
(MSCs). DC, dendritic cell; HGF, hepatocyte growth factor; IDO, indoleam-
ine 2,3-dioxygenase; IFN-y, interferon-y; Ig, immunoglobulin; IL, interleu-
kin; IL-1RA, interleukin-1 receptor antagonist; Mac, macrophage; NK,
natural killer; NO, nitric oxide; PDL-1, programmed cell death ligand-1;
PGE2, prostaglandin E-2; SDF-1, stem-cell derived factor 1; TNF-o, tumor
necrosis factor-o; TGF-1, transforming growth factor-$1; TLR, toll-like
receptor; VEGF, vascular endothelial growth factor. Reprinted with permis-
sion from Sueblinvong, V and Weiss, D) (2010). Stem cells and cell therapy
approaches in lung biology and diseases. Transl Res 156: 188-205.2¢
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through soluble mediators and/or direct cell-cell contact as sig-
nificant engraftment within the target tissue is not necessary.
The general consensus is that no single molecule or mechanism
is responsible, thereby demonstrating the ability of the MSCs to
sense the specific ongoing inflammatory microenvironment and
respond accordingly. Due to low constitutive major histocom-
patibility complex I expression and no constitutive expression
of costimulatory molecules in vitro, MSCs are also thought to be
immunoprivileged in that they do not elicit an obvious immune
response in allogeneic and xenogeneic transplant models.®
However, definition and investigation of MSCs continues to be
confounded by several issues. Many of the published studies have
utilized different definitions and characterizations of MSCs. This
has complicated comparative assessments of published studies.
MSCs isolated from different sources generally express compara-
ble cell surface markers and differentiate along recognized lineage
pathways. However, differences in gene expression, lineage ten-
dencies, and other properties have been described among MSCs
isolated from different sources including both different tissues
and different species, particularly in mouse versus human MSCs
(reviewed in ref. 3,4). Further, culture variables including culture
surface composition and stiffness, oxygen environment, mechani-
cal forces, temperature, and other factors including culture den-
sity can profoundly influence phenotype and behavior of MSCs
(reviewed in ref. 3,4). Itis also becoming increasingly apparent that
different inflammatory environments, for example those found in
different types of lung injuries, can profoundly influence MSC
behavior. Further there is growing evidence that MSCs are hetero-
geneous and that different MSC subtypes exist. The Mesenchymal
and Tissue Stem Cell Committee of the International Society for
Cellular Therapy (ISCT) has defined minimal criteria for defining
(human) MSCs.% However these criteria are only guidelines and
better criteria need to be developed as the MSC field continues
to advance. Nonetheless, despite these issues, MSCs have already
been utilized in a wide range of clinical trials for immune and
inflammatory-based diseases.**~*° Although efficacy has varied for
functional endpoints in the different trials, there have been no sig-
nificant safety issues with either MSC infusion or with short-term
follow-up. All of these factors together make MSCs an attractive
cell therapy candidate for immune and inflammatory-based disor-
ders of the lung and there are now more than 50 published inves-
tigations in animal models of lung diseases.”’'*' Representative
studies by disease category are listed below.

Pulmonary fibrosis

Idiopathic pulmonary fibrosis is a heterogenous condition of as
yet poorly understood origin marked by excessive deposition
of extracellular matrix within the pulmonary interstitium with
resulting obliteration of normal airway and alveolar architec-
ture. Current hypotheses suggest that pathogenesis results from
a chronic indolent uncontrolled cycle of epithelial damage and
fibroblast activation. As idiopathic pulmonary fibrosis is pro-
gressive, unresponsive to pharmacologic therapy, and ultimately
results in death from respiratory failure with median survival
upon diagnosis of 3 years, there is an urgent need for an effective
treatment. In the first study to demonstrate ameliorating effects
of MSCs in lung injuries, mice were exposed to a lung fibrosis-
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inducing agent, bleomycin, followed by systemic MSC admin-
istration.” Although only a small number of MSCs appeared to
have engrafted in the lung, significant reductions in lung inflam-
mation and damage, collagen deposition, and other markers of
injury occurred. A subsequent study suggested interleukin-la
receptor antagonist (IL-1aRA) secreted by the MSCs as responsi-
ble for the anti-inflammatory effects.”” A number of other reports
have since confirmed the beneficial effects of MSC administra-
tion in the bleomycin model of pulmonary fibrosis although the
mechanisms by which the MSCs are acting have not yet been fully
elucidated.***~° Further, whether clinical investigations of MSCs
in idiopathic pulmonary fibrosis will show potential benefit is cur-
rently unclear. One logistic problem is that idiopathic pulmonary
fibrosis is most often diagnosed in late stages when there is already
significant fibrosis and less inflammation that might be amenable
to potential immunomodulation by the MSCs. Nonetheless, other
forms of pulmonary fibrosis with more active inflammatory com-
ponents may be more amenable.

Acute lung injury/sepsis

Acute lung injury (ALI) is a result of local or systemic inflamma-
tion that leads to disruption of the alveolar-capillary interface,
leakage of protein rich fluid and inflammatory cells into the inter-
stitium and alveolar space, and extensive release of inflammatory
cytokines. Despite improvements in supportive care, pharmaco-
logic interventions have not proven effective, and a more severe
form of ALI, the adult respiratory distress syndrome (ARDS),
still has approximate mortality of 30% and remains a significant
cause of death in the intensive care unit. Given the acute inflam-
matory nature of ALI/ARDS, this is perhaps a more appropriate
target for clinical use of MSCs. As such, a number of studies in
animal models of ALI and also in a model of ALI in explanted
human lungs have shown beneficial effects of MSC administra-
tion.'*1% Regardless of the specific model of ALI utilized, con-
sistent findings include increased survival, significantly less lung
damage including edema, protein leak, and hemorrhage and also
decreased levels of proinflammatory cytokines in bronchoalveo-
lar lavage fluid with concurrent increases in anti-inflammatory
cytokines such as IL-10, IL-13, and IL-1aRA. Several mechanisms
for the beneficial actions of MSCs have been suggested includ-
ing release of growth factors including keratinocyte growth fac-
tor and angiopoietin 1 (Ang-1), which can stimulate repair of
damaged epithelia. Further, transducing the MSCs to overexpress
Ang-1 results in further repair from injury. ALI is often a result
of systemic inflammation, principally sepsis due to systemic bac-
terial infection. Several recent reports have demonstrated effi-
cacy of systemic MSC administration in mouse models of sepsis
and systemic inflammation.'”'"* MSC administration generally
improved survival and function of sepsis-damaged organs such as
the kidney. In parallel, both lung inflammation and levels of circu-
lating proinflammatory cytokines and chemokines were improved
by MSC treatment. MSC treatment also resulted in significantly
decreased bacterial burden and enhanced bacterial phagocyto-
sis and clearance. Several mechanisms have been proposed to
explain these findings including release of soluble mediators by
MSCs that may work in part to enhance antibacterial and anti-
inflammatory effects of inflammatory cells such as macrophages
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and neutrophils. In addition human MSCs themselves are capable
of secreting at least one antimicrobial peptide, the human catheli-
cidin antimicrobial peptide hCAP-18/LL-37."* MSCs may also be
useful in preventing ischemia-reperfusion injury.!'*!* These pre-
clinical studies demonstrate that MSCs may be useful in clinical
sepsis and septic shock, with or without associated ALI, diseases
that continue to carry high morbidity and mortality.

Pulmonary hypertension

Although EPCs have been more heavily investigated for use in
pulmonary hypertension, several reports have demonstrated effi-
cacy of MSC administration in both mice and rats.""*¢ As with
EPCs, it is not clear whether the MSCs themselves participate
in angiogenesis or whether secretion of anti-inflammatory sub-
stances ameliorate the experimentally induced injury that results
in vascular obliteration. Further, MSCs genetically engineered to
overexpress molecules known to have beneficial effects in pul-
monary hypertension such as endothelial nitric oxide synthase,
prostacyclin, or heme oxygenase 1 were even better able to offer
protective effects and in some cases, completely reverse the pul-
monary hypertensive phenotype and increase survival."'® MSCs
may thus be a valuable alternate or adjunct to use of EPCs for
treatment of pulmonary hypertension.

Bronchopulmonary dysplasia

In diseases of prematurity, pulmonary hypoplasia and bronchopul-
monary dysplasia account for 70% of neonatal mortality. These
processes are characterized by decreased numbers of distal air-
way and alveolar epithelial cells. Unfortunately currently available
treatment regimens can be poorly effective and babies who survive
bronchopulmonary dysplasia have significantly impaired pulmo-
nary function and quality of life may be impacted. Several recent
studies demonstrate efficacy or MSC administration in rodent
models of hyperoxic lung injury, utilized to understand mecha-
nisms of bronchopulmonary dysplasia pathogenesis.'”’"""* PGE2
and tumor necrosis factor-inducible gene 6 (TSG-6) secreted by
the MSCs have been suggested to mediate the MSC effects in these
models. However, the overall mechanisms of MSC effects to ame-
liorate hyperoxia-induced lung injury remain unclear. However
potential clinical use of MSCs in infants remains a controversial
subject.

Chronic obstructive airways diseases: asthma,
emphysema, bronchiolitis obliterans

Allergic asthma, defined as airways hyperresponsiveness and
inflammation in response to an inhaled allergen, is a disease
driven by dendritic cells, CD4 Th2 lymphocytes and B lympho-
cytes. As proliferation and specific immune effector functions of
each of these cell types can be inhibited by MSCs in vitro, allergic
asthma is a logical choice for potential intervention with MSCs.
As such, there are now a number of studies demonstrating ame-
lioration of airways hyperresponsiveness and lung inflammation
in mouse models of allergic airways inflammation.'-'>* Notably,
MSCs can inhibit both the initial allergen sensitization as well as
the subsequent response to an allergen challenge in a previously
sensitized animal (Figure 4). Some specific mechanisms of MSC
actions have been defined in these models including shifting of
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Figure 4 Systemic administration of syngeneic and allogeneic BMSCs during sensitization to ovalbumin-alum inhibits airways hyperrespon-
siveness and allergic airways inflammation. (a) Airways hyperresponsiveness following allogeneic administration of bone marrow-derived MSCs,
(Ova + MSC), MSCs treated with the cross-linking agent EDCI to inhibit secretion of soluble mediators (Ova + EDCI-MSC), PBS-treated ova immunized
mice (Ova), or MSCs administration to sham-treated mice (MSC, sham ova) as determined by peak airways resistance responses at each methacholine
dose as a function of % change from resting baseline. (b) Tissue inflammation demonstrating a decrease in ova-stimulated perobronchial infilatrates
in mice receiving MSCs but not EDCl-treated MSCs. Reprinted with permission from Goodwin, M, Sueblinvong, V, Eisenhauer, P, Ziats, NP, LeClair, L,
Poynter, ME et al. (2011). Bone marrow derived mesenchymal stromal cells inhibit Th2-mediated allergic airways inflammation in mice. Stem Cells 29:
1137-1148.12* *P < 0.05 compared to naive. EDCI, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; MSC, mesenchymal stromal cell; OVA, ovalbu-
min; PBS, phosphate-buffered saline.

antigen-specific CD4 T cell phenotype from Th2 to Thl as well  of emphysema, including those induced by either cigarette smoke
as upregulation of T-regulatory T cells by release of transform-  exposure or by intratracheal administration of destructive enzymes
ing growth factor B (TGFp) by the MSCs.!?"2212# Each of these  such as elastase, demonstrate protective effects of MSC administra-
actions can ameliorate allergic airways inflammation. Likely there  tion.'*""** The mechanisms of the MSC effects in these models are
are other mechanisms of MSC actions involved that are still to be  unclear but likely again involve release of anti-inflammatory soluble
elucidated. Given the positive results in these studies, it is likely =~ mediators. Release of soluble mediators such as hepatic growth fac-
that clinical trials of MSCs in severe asthma will occur in the near  tor, which can stimulate new alveolar growth, has also been sug-
future. gested as a potential mechanism of MSC action in these models.
Emphysema and chronic bronchitis, commonly classified These data suggest potential efficacy of MSCs in clinical
together as COPD are devastating incurable diseases in which ~ COPD. A recent groundbreaking multicenter, double-blind, pla-
chronic inflammation, usually resulting from cigarette smoking,  cebo-controlled phase II trial of MSCs in patients with moder-
results in progressive destruction of alveoli and progressive respira-  ate-severe COPD was initiated in the United States in 2008. The
tory dysfunction leading to death. COPD is one of the only major  primary goal of the trial is to determine safety of MSC infusions
diseases increasing in prevalence and is predicted to be the third  in patients with lung disease. The secondary goal is initial estima-
leading cause of death by 2020. Although symptomatic treatments  tion of the potential efficacy of MSCs for decreasing the chronic
can alleviate some symptoms, there is no cure at present except lung  inflammation associated with COPD thus improving both pul-
transplantation. An increasing number of studies in rodent models ~ monary function and quality of life. In the 6-month interim data
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analysis, no infusional toxicities or significant adverse events
were reported.’”® Notably, a significant decrease in the circulat-
ing inflammatory marker C-reactive protein, commonly elevated
in COPD patients, was noted in treated patients as was a trend
towards improvement in quality of life indicators. The trial results
are expected to be published in the Spring of 2012. Other clinical
trials of MSC administration to patients with COPD are currently
underway in Europe.

Bronchiolitis obliterans (OB) is a rare chronic progressive
fibrous obliteration of the airways of unclear etiology. It can be a
significant complication of allogeneic bone marrow transplanta-
tion and is also a leading cause of chronic rejection and mortality
in lung transplant recipients. As discussed above, presence of lung-
derived MSCs in bronchoalveolar lavage fluid may be a marker of
chronic rejection in lung transplant recipients.” However, MSC
administration may also alleviate OB in mouse transplantation
models."* One potential area for study of MSC effects on OB is in
the context of clinical trials of MSCs in prevention or treatment
of graft versus host disease in bone marrow transplant recipients.
As OB may be a manifestation of graft versus host disease, addi-
tion of lung function testing to outcome measures in these studies
may provide invaluable information on potential clinical efficacy
of MSC administration for OB.

Lung cancers
Bone marrow-derived MSCs and EPCs may contribute to develop-
ment of primary and metastatic lung carcinoma and other malig-
nancies, notably breast and ovarian cancers, in mouse models.
These cells function, in part, by providing a supportive stroma for
the cancers and/or by participating in tumor vascularization.'’-14°
In contrast, MSCs and EPCs have been demonstrated to home
to areas of tumor development and EPCs and MSCs engineered
to secrete antitumor agents 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."*""'>* Cell-
based therapies may thus be useful in lung cancer therapeutics.
However, whether MSCs may undergo malignant transfor-
mation remains a topic of concern.'”*'*” Murine MSCs that were
extensively expanded in culture through many passages devel-
oped chromosomal instability and produced lung sarcomas in
mice.”®'* The results emphasize the greater propensity of mouse
as compared to human MSCs and other cells to acquire chromo-
somal abnormalities with serial passages in culture.'*"'*> Concerns
about the potential tumorigenicity of human MSCs were raised by
three reports that described escape from senescence and genera-
tion of malignant cells as the MSCs were expanded in culture.'**1¢°
The reports were unexpected since emergence from senescence
had not been observed in laboratories that had studied the cells
for over a decade. The discrepancies were largely explained by
reports from two of the laboratories indicating that their cultures
of human MSCs had been cross-contaminated with human fib-
rosarcoma or osteosarcoma cell lines.'®® This further highlights
the need to develop better markers for defining MSCs and the
important need to verify the identity of cells even if received from
established sources. It is anticipated that additional strategies to
maximize therapeutic utility of MSCs while decreasing chance of
any adverse effects will develop over the next several years.

1124

© The American Society of Gene & Cell Therapy

EMBRYONIC STEM CELLS AND INDUCED
PLURIPOTENT STEM CELLS
Progress utilizing pluripotent embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPS) for lung regeneration or
repair has been slower to develop.'®” Both mouse and human ESCs
can be induced in culture to acquire some phenotypic markers
consistent with type 2 alveolar epithelial cells, notably expression
of surfactant proteins such as surfactant protein C and also elec-
tron microscopic identification of the cellular organelle involved
in production and secretion of surfactant, the lamellar bodies.*®*-
176 Derivation of airway epithelial cells from ESCs has proven
even more elusive although development of cells with phenotypic
markers of airway epithelial cells has been demonstrated follow-
ing culture of the ESCs under air-liquid interface conditions."””~'”?
However, SPC expression can be found in early lung endoderm
and not necessarily denote specific development of type 2 alveolar
epithelial cells. Further, SPC can be found in non-lung tissues such
as placenta and amnion in both mice and humans.'® Organelles
that resemble lamellar bodies have been described in other cell
types including skin and the lining of the gastrointestinal tract.'!
Similarly, phenotypic markers commonly utilized to identify non-
ciliated airway (Clara) cells, for example CCSP, are also nonspecific
and can be found in other tissues such as the uterus where CCSP
is known as uteroglobin. As such, multiple phenotypic markers
and better still, functional characterization as either airway or
alveolar cells are required to clearly identify lung epithelial cells
derived from ESCs. Importantly, lessons learned from develop-
mental biology are critical in developing strategies to sequentially
differentiate ESCs into definitive endoderm, foregut endoderm,
early lung endoderm as opposed to other foregut derivatives such
as esophagus, stomach, or thyroid, and finally specific lung epithe-
lial cells. This approach has been successfully utilized in generat-
ing pancreatic -cell precursors and more recently in generating
intestinal cells.'®

Moreover, there are still only limited available studies of effects
of ESC administration to lung in vivo. A recent study demonstrated
that endotracheal administration of human ESC (hESC)-derived
type 2 alveolar epithelial (hESC-ATII) cells 1 or 2 days following
induction of acute lung injury resulting from intratracheal bleo-
mycin administration to immunocompromised severe combined
immunodeficiency (SCID) mice resulted in a substantial number
of hES-ATII cells appearing to have engrafted in lung."®® Up to
20% of the total surfactant-expressing cells appeared to be of hES-
ATTI origin. Notably, bleomycin-induced acute lung injury was
significantly reduced in mice receiving hES-ATTI cells but not cell
or vehicle controls. This first published investigation demonstrat-
ing amelioration of lung injury by ESC administration suggests
that both structural engraftment and possibly a previously unsus-
pected paracrine effect of the hES-derived cells may have played
arole. These results have a number of ramifications, including the
study and potential use of ESCs in genetic lung diseases as embry-
onic stem cell lines obtained from fetuses with cystic fibrosis have
been established.'3-15

Comparably, iPS cells can be induced in tissue culture to
develop into definitive endoderm, the embryologic precursor of
lung."” However, it has proven difficult to date to induce further
differentiation to cells with any phenotypic markers suggestive of
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Figure 5 Use of decellularized lung scaffolds for ex vivo lung bioengineering. (@) Massome’s trichrome and pentachrome staining of extracel-
lular matrix proteins collagen and elastin in native and decellularized mouse lung. Reprinted with permission from Price, AP, England, KA, Matson,
AM, Blazar, BR and Panoskaltsis-Mortari, A (2010). Development of a decellularized lung bioreactor system for bioengineering the lung: the matrix
reloaded. Tissue Eng Part A16: 2581-2591.22" (b) (A) Tissue-engineered left lung was implanted into adult Fischer 344 rat recipient and photographed
~30 minutes later. (B) X-ray image of rat showing the implanted engineered left lung (white arrow) and the right native lung. (C) H and E stain of
explanted lung. Red blood cells perfusing septa are evident, and some red blood cells are present in airspaces. Bar 50 um. Reprinted with permis-
sion from Petersen, TH, Calle, EA, Zhao, L, Lee, EJ, Gui, L, Raredon, MB et al. (2010). Tissue-engineered lungs for in vivo implantation. Science 329:

538-541.22 H&E, hematoxylin and eosin.

either airway or alveolar epithelium. Similar strategies utilizing
information gained from study of embryonic lung development
are also critical for differentiating airway and alveolar epithe-
lial cells from iPS cells. Lung disease-specific iPS cell lines have
recently been produced from patients with cystic fibrosis and a-1
antitrypsin disease.'® These cells exhibit normal morphology and
protein expression compared to other iPS cell lines but have not yet
been studied in detail to determine, for example, if they can also
be differentiated into definitive endoderm comparable to nondis-
eased iPS cells. The disease-specific iPS cells, like ESCs obtained
from fetuses with cystic fibrosis, are valuable tools for studying
potential means of gene correction and the accompanying changes
in cellular physiology such as replacing defective CFTR. However,
as discussed above in the section on engraftment, it is not clear if
these cells will be useful for in vivo applications.

LUNG TISSUE BIOENGINEERING

Approximately 1,000-1,500 lung transplants per year are per-
formed in the United States, but a significant shortage of suitable
donor lungs and the drawbacks of lung transplantation, including
lifelong immunosuppression and an approximate 50% 5-year mor-
tality in large part due to chronic rejection, demonstrates a critical
need for new approaches. One rapidly growing area of investiga-
tion is that utilizing 3D matrices or other artificial scaffolding for
ex vivo growth of functional lung tissue from stem cells ex vivo
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and in vivo. These approaches have had recent initial success for
the trachea and major bronchi. MSCs isolated from amniotic fluid,
umbilical cord blood, or bone marrow can be seeded on biosyn-
thetic scaffolds or onto cadaveric scaffolds in which the resident
tracheal cells have been removed by treatment with detergents,
enzymes, and other agents (decellularized tracheal scaffolds).
The MSCs differentiate into cartilage-producing chondrocytes
and the resulting tissue used in repair of congenital tracheal or
bronchial defects.’®*-'” This approach has recently resulted in suc-
cessful clinical transplantation of a bioengineered bronchus and
more recently bioengineered tracheas bioengineered from either
cadaveric or synthetic graft scaffolds.>'*® Although only limited
long-term follow-up is available for the outcome of tracheal or
bronchial replacements, more extensive use of trachea and bron-
chi bioengineered from both synthetic and cadaveric scaffolds is
expected. Similar approaches have also been utilized to generate
tendon tissue for use in congenital diaphragmatic defects.'**-2%
Given the complex 3D architecture and structure-function
relationships of the lung, ex vivo lung bioengineering is a more
challenging task. Nonetheless there has been significant progress
in several areas. Synthetic 3D scaffolds have also been utilized
as matrices for ex vivo lung parenchymal development and for
study of growth factors and mechanical forces on lung remodel-
ing.»'-21° Comparable scaffold approaches have been utilized to
study creation of pulmonary vascular networks and to investigate
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effects of vascular endothelial cells on development of airway
and alveolar epithelial tissues.?’"*? Several recent studies have
demonstrated the power of rotating bioreactor systems to assess
functional interactions of pathogenic bacteria with lung epithe-
lial cells.?**'* Growth of lung epithelial cells, dendritic cells, and
macrophages on porous filters has been shown to mimic some of
the innate immune pathways of lung airways.*"* Coating of human
lung cells and human blood capillaries onto porous polydimeth-
ylsiloxane chips, a “lung-on-a-chip” device mimicking the alveoli
of the lungs, has been recently utilized to evaluate how nanopar-
ticles and bacteria enter the lungs and may also be useful for high
throughput screening of drugs.?'¢

However, many of these studies were not designed to dem-
onstrate functionality of the engineered lung tissue, such as the
potential for ventilation and gas exchange. Further, artificial scaf-
folds neither fully replicate the complexity of the lung architecture,
nor do they contain all the matrix components essential for normal
lung development and function. As such, recent work has focused
on use of more natural models including nasal septa and, in par-
ticular, decellularized whole lung as a more physiologic scaffolds.?"”
Decellularized whole lungs are produced by sequential treatment
of lungs with detergents, hypotonic and hypertonic salt solutions,
enzymes such as DNAse, with or without physical methods such
as freeze thaw in order to remove all cellular materials but leave
intact relevant extracellular matrix components, including colla-
gens, elastin, and laminin, and thus retain the native structure of
the lung.?'®*** However, there is no agreement as yet on an opti-
mal lung de-cellularization protocol and the several different pub-
lished de-cellularization approaches result in lung scaffolds with
differing content of extracellular matrix and residual intracellular
proteins.”***** Further, all of these approaches result in substan-
tial removal of glycosaminoglycans and may have different affects
on lung mechanics. These may all critically affect growth and dif-
ferentiation of cells inoculated into the decellularized scaffolds.?”®
Further, strategies for appropriately recellularizing the decellular-
ized scaffolds are not yet well-developed. It is not clear which type
of cells, either ESCs, iPS cells, mature lung endothelial or epithelial
cells obtained from the eventual transplant recipient or alternatively
stem or progenitor cells obtained from the eventual transplant
recipient, will be utilized. Further, it is not clear how the inoculated
cells will be directed to appropriately recellularize specific regions
of the lungs, for example airways versus alveoli. As such, while use
of decellularized whole lung scaffolds is a promising field, there
are many fundamental questions to be addressed before potential
translational or clinical application. As discussed above, critical les-
sons from lung developmental biology will be applicable for direct-
ing recellularization of the decellularized scaffolds.

Two recent proof-of-concept studies demonstrated that decel-
lularized rat lung lobes, inoculated with mixtures of homogenized
fetal lungs, endothelial cells, and A549 carcinoma cells were able to
be surgically implanted in rats that had previously undergone uni-
lateral pneumonectomy with short-term survival of the rats and
some degree of gas exchange and vascular perfusion achieved®>**
(Figure 5). A more recent follow-up study demonstrates survival with
some degree of gas exchange up to 2 weeks.””” However, the resulting
cellular architecture did not fully resemble that of native lung, par-
ticularly in the longer surviving animals in which substantial fibrosis
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occurred. These studies highlight the challenges in recapitulating the
normal dynamic integrated functional 3D network of epithelial cells,
endothelial cells, fibroblasts, neuronal, and inflammatory cells in the
appropriate environment and architecture.

SUMMARY

Novel approaches for repair and regeneration of injured lungs
have progressed rapidly over the past approximate 10 years. Initial
excitement about structural engraftment of exogenously adminis-
tered cells has been tempered with better appreciation that this is
a rare phenomenon of unclear physiologic significance. As such,
as exciting progress is made in other areas including better under-
standing of endogenous lung stem and progenitor cells, manipu-
lation of embryonic stem cells and iPS cells to derive functional
lung cells, immunomodulatory cell therapy approaches, and in ex
vivo lung bioengineering, meticulous techniques and rigorous sci-
entific approaches must be utilized.
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