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ABSTRACT

Chronic obstructive pulmonary disease (COPD) is becoming a major cause of death worldwide. COPD
is characterized by a progressive and not fully reversible airflow limitation caused by chronic small
airway disease and lung parenchymal destruction. Clinically available drugs improve airflow ob-
struction and respiratory symptoms but cannot cure the disease. Slowing the progressive lung
destruction or rebuilding the destroyed lung structure is a promising strategy to cure COPD. In
contrast to small animal models, pharmacological lung regeneration is difficult in human COPD.
Maturation, aging, and senescence in COPD lung cells, including endogenous stem cells, may affect
the regenerative capacity following pharmacological therapy. The lung is a complex organ composed
of more than 40 different cell types; therefore, detailed analyses, such as epigenetic modification
analysis, in each specific cell type have not been performed in lungs with COPD. Recently, a method
for the direct isolation of individual cell types from human lung has been developed, and fingerprints
of each cell type in COPD lungs can be analyzed. Research using this technique combined with the
recently discovered lung endogenous stem-progenitor populations will give a better understanding
about the fate of COPD lung cells and provide a future for cell-based therapy to treat this intractable
disease. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:627-631

more difficult. Unless the structure is destroyed,
damaged alveolar epithelia can be replaced with
migrated progenitor cells. However, once the
proper alveolar architecture is destroyed, pro-
genitors cannot by themselves rebuild the ap-
propriate functional lung structure, and a force
from the parenchyma provided from elastic fi-
bers [1] is needed to regenerate the alveolar wall
(Fig. 2). During lung growth and regeneration, al-
veolar septation (alveolarization) combined with
parenchymal growth is necessary. Primary lung
structure development is completed before
birth; however, the number of alveoli increases
even after birth throughout childhood and ado-
lescence (postnatal alveolarization) [2]. Postlo-
bectomy and postpneumonectomy alveolariza-
tion (compensatory lung growth) is observed in
children [3] and experimental animal models [4—
6]. These results suggest that the potency of dy-
namic alveolar reconstruction is higher than gen-

INTRODUCTION

The lung is a complex three-dimensional organ
that is composed of more than 40 different cell
types. Gas exchange is the most important func-
tion of the lung; therefore, the lung is primarily
composed of millions of alveoli surrounded by a
capillary network (Fig. 1A). The alveolar surface is
covered with alveolar type | and Il epithelial cells
and is open to air. Toxic reagents from outside,
such as air pollution, cigarette smoke, and patho-
gens, can easily reach airways, and some of them
can reach alveoli. Such harmful stresses damage
and injure bronchial and alveolar epithelial cells.
These damaged epithelia should be repaired or
replaced rapidly to maintain lung homeostasis,
but lung cell turnover is generally slow compared
with that of other organs that face the outside,
such as the skin and intestine. This repair capac-
ity of the bronchial and alveolar epithelia influ-
ences the resolution after lung inflammation.

The matrix is another key component of the
lung that is required to properly maintain its
function. The lung alveolar structure is similar to
a sponge: thin walls built like a labyrinth and
filled with air. Being filled with air is one of the
unique characteristics of the lung compared with
other solid organs, and it makes cell migration

erally expected. However, it is not clear whether
adult and aged lungs have the same potential for
alveolar reconstruction.

Chronic obstructive pulmonary disease (COPD)
is a common disease and has a major impact
on morbidity and mortality worldwide [7].
Chronic and amplified inflammation induced
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Figure 1. Structural changes and pathogenesis of COPD. (A): Alveolar structure in normal lung and COPD lung. The lung is composed of
millions of alveoli surrounded by a capillary network. Alveolar destruction and small airway obstruction are seen in COPD lung. (B): Mecha-
nisms of airflow limitation in COPD. Insufficient repair capacity of lung endogenous stem cells may cause the alveolar destruction. Abbrevi-
ations: COPD, chronic obstructive pulmonary disease; CT, computed tomography.
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Figure 2. Conceptual model of new alveolarization. The presence
of key proteins in the extracellular matrix is required for lung
regeneration. Elastic fibers made by extracellular matrices, such
as elastin, surround alveoli. These fibers support the alveolar
septation.

by the inhalation of noxious particles, mainly cigarette smoke,
is the primary pathogenesis of COPD. Genetic factors and ag-
ing effects are also involved in disease development. COPD is
characterized by progressive airflow limitation, resulting in
chronic respiratory failure [7]. This air flow limitation is
caused by chronic small airway disease and lung parenchymal
destruction (emphysema) (Fig. 1B). Slowing progressive lung
destruction or rebuilding the destroyed lung structure is a
promising strategy to cure COPD. However, repairing paren-
chymal destruction is challenging because the regenerative
capacity of adult and aged lungs is believed to be limited. In
this review, a history of lung regeneration studies, recent and
growing knowledge about lung endogenous stem cells and
clinical prospects for treating COPD with regenerative ap-
proaches are discussed.

PHARMACOLOGIC APPROACH

Several reagents could promote lung regeneration in animal
lung emphysema models [8—13]. Retinoic acid (RA), an active

metabolite of vitamin A, is the most extensively studied re-
agent. RA has a variety of roles in lung development and alve-
ologenesis [14], including embryonic branching morphogene-
sis [15], the production of alveolar elastic fibers [16], and
elastin synthesis [17].

RA reverses anatomic and functional lung destruction in rat
and mouse pulmonary emphysema models [8, 18]. However, the
capacity of RA-induced lung regeneration is different among the
emphysema models. Aging is one of the causes of this discrep-
ancy. Small animals, such as rodents, have a better capacity for
lung regeneration because their somatic growth continues
throughout their life span.

On the basis of the animal studies, a double-blind placebo-
controlled clinical trial using RA was performed in moderate-
to-severe COPD patients [19, 20]. Although the oral adminis-
tration of RA modulates the protease/antiprotease balance in
COPD patients [21], no statistical change is observed in lung
function or density of computed tomography (CT) images. A
clinical trial with an active vy-selective retinoid agonist in pa-
tients with a-1 antitrypsin deficiency (the REPAIR study) did
not demonstrate a significant benefit [22]. Another trial using
the retinoid agonist in COPD patients (the TESRA study) has
been completed, and potential benefits in selected patients
were suggested [23].

Other reagents, such as hepatocyte growth factor (HGF), also
demonstrate promising effects on lung regeneration [10, 11].
However, these growth factors often induce tumor growth. Be-
cause the risk of lung cancer is much higher in COPD patients,
clinical trials using such reagents are difficult.

Another issue concerning the regenerative approach in
COPD lungs is that most COPD lungs are aged and matured. Be-
cause aging or senescence in COPD lung cells, including endoge-
nous stem cells, may affect the regenerative capacity by pharma-
cological therapy, cell-based analyses in COPD lungs are needed
to determine whether aging or senescence is a problem in phar-
macological lung regeneration.
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LUNG GROWTH

Volume reduction surgery in patients with pulmonary emphy-
sema increases the residual volume and improves the symp-
toms, although this procedure has not commonly been per-
formed in recent years [24, 25]. Promoting compensatory lung
growth after volume reduction surgery could be a promising
strategy to improve the outcome of COPD patients.

In experimental animal models, the degree of compensatory
lung growth differs among species and varies with age. Small
animals have a better and more rapid capacity for compensatory
growth than larger animals. For example, the weight of the re-
maining lung doubles within 14 days after pneumonectomy in
rats [26], whereas a period of 28 days is needed in rabbits [27]
and a 5-month period is needed in dogs [4]. This result suggests
that life span may affect the speed of compensatory lung growth.
Age is another important factor in the ability of lung regrowth. In
the adult dog lung, compensatory lung growth is slow and incom-
plete, but extensive lung resection in an immature dog stimu-
lates rapid and vigorous compensatory growth, resulting in com-
plete normalization of lung function at maturity [5]. This result
suggests that compensatory lung growth is maturity-dependent.
These issues should be considered in lungs with COPD.

Another key factor of compensatory lung growth is mechan-
ical stress. Stretch stimulation on lung cells induces cAMP ex-
pression [26], cell proliferation [28], growth factor production
[29], and changes in gene expression, such as early growth re-
sponse gene-1 [30]. Positive airway pressure induces cell prolif-
eration and extracellular matrix remodeling [31]. The increased
blood flow and shear stress in pulmonary capillaries also induce
endothelial cell growth and septal remodeling [32]. The free
space in the thoracic cavity produced by volume reduction sur-
gery provides mechanical stress to the remaining lung tissue and
may promote its growth.

Shigemura et al. performed lung volume reduction surgery in
rats and then covered the cut edge of the remaining lung tissue
with a polyglycolic acid felt sheet that was coated with cultured
adipose tissue-derived stromal cells [33]. After the surgery, alve-
olar regeneration was accelerated in the area covered by the
sheet. HGF that was secreted from the adipose tissue-derived
stromal cells played a role in this accelerated lung regrowth after
the surgery. This new strategy may improve the outcome of vol-
ume reduction surgery for emphysema patients.

LUNG ENDOGENOUS STEM CELLS

In contrast to the increasing reports of mouse lung stem cells [34,
35], knowledge about the endogenous stem/progenitor popula-
tion of human lung tissue was limited until recently [36, 37];
therefore, the role of these progenitor populations in COPD has
not been studied or identified as a target for therapy. Recently,
several candidates for human lung stem/progenitor cells have
been reported [38, 39]. Analyzing the repair capacity and epige-
netic modification of these progenitor populations will provide
new understanding about COPD development and a new thera-
peutic strategy. Furthermore, endogenous progenitors might be
a good target for drug discovery.

Alveolar Epithelial Progenitor Cells

The alveolar space is covered with alveolar type | and type Il
epithelial cells. Type | cells are flattened and cover 95% of the
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total surface area of the alveoli. Type Il cells are cuboidal and
secrete surfactant protein to maintain the surface tension of the
alveoli. In contrast to their small footprint on the alveolar sur-
face, the number of type Il cells is much greater than that of type
| cells. Type Il cells are believed to be progenitors of type | cells.
Type Il cell impairment was observed in COPD lungs [40, 41].
However, progenitors for type Il cells in human lungs have not
previously been reported.

Recently, alveolar epithelial progenitor cells (AEPCs) were
isolated from adult human lungs [38]. AEPCs have an epithelial
phenotype with a mesenchymal stem cell character. According
to a microarray analysis, AEPCs share many genes in common
with type Il cells and mesenchymal stem cells, which suggests an
overlapping phenotype with both the alveolar epithelium and
the mesenchyme in these cells. AEPCs were present in alveolar
type Il cell hyperplasias. The transitional phenotype of AEPCs
between the epithelium and mesenchyme suggests that these
cells act as lung endogenous stem cells in lung tissue repair. Mes-
enchymal properties, such as antiapoptotic activity and motility,
may allow a functional epithelial progenitor to become involved
in alveolar repair in COPD lungs.

c-kit-Positive Human Lung Stem Cells

Kajstura et al. reported that c-kit-positive and lineage-negative
cells in adult human lungs demonstrated a stem cell phenotype,
and they called these cells human lung stem cells (hLSCs) [39].
hLSCs can differentiate into not only epithelial cells but also mes-
enchymal and endothelial lineages in injured mouse lungs.

c-Kit is a transmembrane tyrosine kinase receptor, and its
expression has been detected in fetal lung development [42, 43].
Binding to its ligand, a stem cell factor, promotes cell prolifera-
tion and differentiation [44]. Lindsey et al. determined that c-kit
was associated with the development of spontaneous airspace
enlargement [45], suggesting its role in COPD.

It is not yet clear whether the naive hLSCs within human
lungs have the same capacity as stem cells in situ. The stemness
of the hLSCs may be acquired with the cell culture conditions in
vitro. Therefore, the presence and characteristics of the hLSCs
within human lungs are still under discussion [46—48]. Further-
more, the role of hLSCs in the pathogenesis of COPD is not yet
clear.

CELL THERAPY

Cell therapies using various stem cells have been extensively
evaluated. The lung is one of the easiest organs in which to instill
exogenous cells because cells can be applied through both the
airway and circulation. In addition, most of the intravenously
instilled cells are trapped within the pulmonary circulation;
therefore, the efficacy of cell delivery is naturally high.

Mesenchymal stem cells (MSCs) are the most extensively
evaluated candidates for clinical cell-based therapy. Many clini-
cal trials using MSCs have been registered and are ongoing. Au-
tologous MSCs are easily isolated from the bone marrow and
other tissues. MSCs are expected to reduce inflammation and
promote the repair process. These beneficial effects are thought
to be based on the ability of MSCs to modulate the immune
system and their capacity to produce growth factors and cyto-
kines [49], such as keratinocyte growth factor, HGF, and prosta-
glandin E2.
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Because of these anti-inflammatory effects, a phase Il clinical
trial using MSCs has been performed in moderate and severe
COPD patients [50]. The trial successfully demonstrated the
safety of cell therapies using MSCs and some reduction in the
inflammatory response in COPD patients but did not show any
beneficial effects on lung function. Additional studies, especially
in early-stage COPD patients, are needed.

Endothelial progenitor cells (EPCs) have a potential to repair
damaged endothelia, and they are another candidate for the cell
therapy. Clinical trials using autologous EPCs were conducted in
patients with pulmonary hypertension [51]. Because endothelial
dysfunction and fewer circulating EPCs are observed in COPD
patients [52, 53], repair of damaged vasculature using EPCs could
be a good strategy to treat COPD.

IMPLANTATION OF FETAL LUNG TISSUE OR STEM CELLS

Kenzaki et al. implanted fetal lung tissue fragments into adult rat
lungs [54]. The implanted lung tissue was connected to the pul-
monary circulation, and its alveolar spaces were opened. How-
ever, lung fragments obtained from adult rats did not expand
after implantation [54]. These observations suggest that prema-
ture lung cells and/or growth factors produced from premature
cells are key elements for lung regrowth.

Andrade et al. implanted Gelfoam sponges supplemented
with fetal rat lung cells into adult rat lungs [55]. The cells inside
the implanted sponges formed an alveolar-like structure with
neovascularization. The Gelfoam sponges degraded several
months after implantation. Although these approaches are ex-
perimental and have ethical problems, recent advances in in-
duced pluripotent stem cells may provide reliability in these
approaches.

CLINICAL PROSPECTS FOR TREATING COPD

At this stage, most of the regenerative approaches are experi-
mental and cannot provide completely repaired or restored im-

paired lung function in COPD patients. We need several break-
throughs in rebuilding a three-dimensional organ architecture
and identifying lung stem cell populations involved in COPD de-
velopment. In the meantime, pragmatic approaches to treat
COPD patients with regenerative medicine include (a) using a
stem cell sheet after volume reduction surgery to promote re-
growth in the remaining lung, and (b) cell therapy using autolo-
gous MSCs.

CONCLUSION

The challenges of lung regeneration have made clear what we
know and what we do not know about lungs. The lack of knowl-
edge about the role of lung endogenous stem cells and func-
tional changes in lung cells in COPD limits the development of
lung regenerative therapy. The recent discovery of several can-
didates for lung endogenous stem cells [38, 39] and a new isola-
tion technique for human lung cells [56] will give a better under-
standing of the COPD lungs, and those fundamentally different
approaches will open a new paradigm for future regenerative
therapies for COPD patients.
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