Themed Issue: Respiratory Pharmacology

REVIEW

Is a regenerative approach
viable for the treatment

of COPD?

Matthew Hind! and Malcolm Maden?

'Royal Brompton Hospital and National Heart and Lung Institute, Imperial College, Dovehouse
St, London, UK, and *Department of Biology & UF Genetics Institute, Bartram Hall, University

of Florida, Gainesville, FL, USA

DOI:10.1111/j.1476-5381.2011.01246.x
www.brjpharmacol.org

Correspondence

Dr Matthew Hind, Royal
Brompton Hospital and National
Heart and Lung Institute,
Imperial College, Dovehouse St,
London SW3 6NP, UK. Email:
m.hind@imperial.ac.uk

Keywords

COPD; emphysema; lung
regeneration; retinoic acid; novel
therapies; MSCs; ES cells

Received

11 November 2010
Revised

3 January 2011
Accepted

6 January 2011

Degenerative lung diseases such as chronic obstructive pulmonary disease (COPD) are common with huge worldwide

morbidity. Anti-inflammatory drug development strategies have proved disappointing and current treatment is aimed at
symptomatic relief. Only lung transplantation with all its attendant difficulties offers hope of cure and the outlook for affected
patients is bleak. Lung regeneration therapies aim to reverse the structural and functional deficits in COPD either by delivery
of exogenous lung cells to replace lost tissue, delivery of exogenous stem cells to induce a local paracrine effect probably
through an anti-inflammatory action or by the administration of small molecules to stimulate the endogenous regenerative
ability of lung cells. In animal models of emphysema and disrupted alveolar development each of these strategies has shown
some success but there are potential tumour-inducing dangers with a cellular approach. Small molecules such as all-trans
retinoic acid have been successful in animal models although the mechanism is not completely understood. There are
currently two Pharma-sponsored trials in progress concerning patients with COPD, one of a specific retinoic acid receptor
gamma agonist and another using mesenchymal stem cells.
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BASC, bronchioalveolar stem cell; COPD, chronic obstructive pulmonary disease; CRABP, cellular retinoic acid binding
protein; CRBP, cellular retinol binding protein; CRLR, calcitonin receptor like receptor; ES, embryonic stem (cell); FEV1,
forced expiratory volume in 1 second; FGF7, fibroblast growth factor 7; FVC, forced vital capacity; GCSF, granulocyte
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COPD - what is it?

Chronic obstructive pulmonary disease (COPD) is a common
syndrome comprising the related diseases of airways (chronic
bronchitis) and lung parenchyma (emphysema) often related
to cigarette smoking. The worldwide burden of COPD is
increasing (Murray and Lopez, 1996) with the market for
COPD drugs estimated to be valued at over $9.3 billion in
2007 in just six developed countries (Yasothan and Kar,
2008). Remarkably, despite huge investment from big

Pharma, treatment modalities have changed little since the
middle of the last century with only lung transplantation
offering a hope of cure. Excellent treatments for reversible
airway diseases such as the use of corticosteroids in asthma
have limited effects in clinical trials in COPD patients sug-
gesting that despite phenotypic similarities (breathlessness
and obstructive lung function), COPD is not asthma.
Patients with COPD describe breathlessness: symptoms
are related to changes in lung structure including variable
contributions from reduction in gas-exchanging surface area,
small airway obstruction caused in part by loss of alveolar
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attachments (Saetta et al., 1985; Hogg, 2004), chronic bron-
chitis including goblet cell hyperplasia and pulmonary
hypertension. These pathologic changes lead to unfavourable
lung mechanics, reduced alveolar ventilation and repeated
cycles of infection or exacerbation (Hurst et al., 2010). COPD
is therefore a structural lung disease.

COPD is largely a disease of older people. Classic epide-
miological studies demonstrate a progressive decline in lung
function over time, hastened in patients with COPD (Fletcher
and Peto, 1977). It is hypothesized that COPD represents
accelerated ageing of the lung with progressive decline in
measures of lung function such as FEV, and FVC driven by an
increased burden of oxidative stress, failure of DNA repair and
telomere shortening (reviewed in Ito and Barnes, 2009).
There are compelling similarities between the histopathology
of COPD and the ageing lung with loss of matrix proteins,
reduction in alveolar number enlargement of alveoli and
reduction in total gas-exchanging surface area (Janssens ef al.,
1999).

Global prevalence studies looking at risk factors for the
development of COPD suggest that that while smoking and
age are major contributors to the development of other dis-
eases, as yet unknown factors appear to be important (Buist
et al., 2007). Genetic susceptibility clearly plays a role and
candidate genes in addition to the well-known o-1 anti-
trypsin gene (Laurell and Eriksson, 1963) are actively being
sought (Ito etal., 2005; Demeo etal., 2006). One further
factor might be the adult number of alveoli, which in part
determines the gas-exchanging surface area of the lung. There
is wide variation in the total number of alveoli corrected for
lung volume and height in the normal adult lung (Thurlbeck,
1967). As alveoli are formed largely during a developmentally
regulated period in mammals (Massaro and Massaro, 2002)
and lost during ageing (Thurlbeck, 1967; Janssens et al.,
1999), differences in alveolar gas-exchanging surface area in
the adult might therefore be a critical determinant, not only
on which patients are likely to develop COPD but at what age
they may develop symptoms. This hypothesis highlights the
potential importance of early developmental events in the
later emergence of respiratory disease (reviewed in Massaro
and Massaro, 2004a).

Destruction versus repair in COPD

It has generally been assumed there is little alveolar turnover
in the adult lung; once alveoli are destroyed or have failed to
develop normally there is little spontaneous effective alveolar
repair or regeneration. The factors that drive tissue damage
include oxidative stress, matrix metalloproteases (MMPs) and
inflammation. In the normal lung these factors are finely
balanced against protective proteins such as o-1 anti-trypsin
(0-1AT) and tissue inhibitors of metalloprotease (TIMPs). The
disturbance of this delicate equilibrium forms the basis of
the elastase/anti-elastase hypothesis of the pathogenesis of
emphysema whereby destructive airspace enlargement is
caused by an overproduction of elastase and MMPs from
neutrophils and macrophages (Laurell and Eriksson, 1963;
reviewed in Shapiro, 1995). However, little is known about
endogenous repair programs that must surely exist to main-
tain the thin and fragile alveolar epithelium, which is con-

Lung regeneration in COPD

stantly exposed to air and under constant attack both from
within and outside. It can therefore be argued that the
emphysema component of COPD is not caused solely by
injury but rather an imbalance of injury and ongoing alveolar
repair.

The existence of rapid alveolar repair mechanisms has
been clearly shown in rodents. When adult mice are ovariec-
tomized their lungs have larger alveoli and less alveolar
surface area than controls and three weeks of oestrogen treat-
ment resulted in alveolar regeneration (Massaro and Massaro,
2004b). Similarly calorie restricted mice show alveolar loss
within 72 h preceded by molecular changes associated with
apoptosis in 2 h followed by alveolar regeneration again
within 72 h after ad libitum refeeding (Massaro et al., 2004).
These data suggest that the distal lung in rodents and possibly
in humans (Coxson et al., 2004) has a previously unforeseen
capacity for plasticity and structural remodelling under the
correct regenerative cues.

How might COPD be treated by
regenerative therapy?

Regenerative medicine aims to repair or replace functional
tissue lost during damage, ageing or following disrupted
development. Airspace destruction distal to the terminal
bronchiole defines the emphysema component of COPD
(Snider et al., 1985). Therefore restoration of functional
alveoli and alveolar ducts is a central goal for regenerative
therapies in COPD (Massaro and Massaro, 2006). As the distal
lung has an apparently remarkable capacity for remodelling
as described earlier, discovering these regenerative cues must
be a central feature of COPD therapies. In addition the recent
exciting advances in embryonic stem (ES) cells and adult
derived stem cells and the ability to differentiate them into
chosen cell types has raised the possibility that such cells can
be used to replace damaged or missing lung tissue. These are
the two broad strategies that are being used to reverse struc-
tural disease: the use of extrinsic cell therapy (the following
sections Exogenous stem cells, Paracrine effects of stem cells
and Ex vivo tissue engineering) and the use of small mol-
ecules to induce lung regeneration through actions on intrin-
sic populations of cells — an intrinsic cell therapy.

Extrinsic cell therapy

Exogenous stem cells

Stem cells have characteristics of self-renewal and the ability
to generate a variety of specialized differentiated daughter
cells. ES cells taken from the inner cell mass of the blastocyst
can generate all three germ layers of the embryo namely
endoderm (the gut lining and associated structures including
lung) ectoderm (skin and nervous system) and mesoderm
(skeletal muscle, blood and cardiovascular system). Once iso-
lated, ES cells can be maintained indefinitely in an undiffer-
entiated pluripotent state and potentially differentiated
into any desired cell type. Both mouse and human ES cells
have been shown to be capable of differentiating into type II
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pneumocytes, which express surfactant proteins and ultra-
structurally generate lamellar bodies (Denham et al., 2006;
Samadikuchaksaraei et al.,, 2006; van Vranken et al., 2007;
Van Haute et al., 2009). To use these cells in transplantation
would require the generation of essentially pure populations,
and this has now been achieved using either combinations of
the embryonic signalling molecules Wnt3a, activin and FGF2
(Roszell et al., 2009), or transfection and selection methods
(Wang et al., 2007).

The primary reason for producing pure populations of
differentiated cells for regeneration therapy of lung tissue is
that if pluripotent ES cells are used with the intention of
allowing them to differentiate in situ using local signals then
there is a high risk of generating teratomas. The same applies
if the differentiated population is not pure and there are
contaminating undifferentiated ES cells. Nevertheless the
proof of principle that these purified type II cells can engraft
into the lung has been shown following their intratracheal
instillation into embryonic day 18 embryos (Roszell et al.,
2009), and remarkably, when derived from human ES cells
they can engraft into the adult mouse lung and greatly reduce
the extent of injury after bleomycin treatment and recover
lung tidal volumes (Wang et al., 2010). The utility of this
approach as a way of repairing the damaged lung was estab-
lished in adult rats by intratracheal instillation of type II cells
taken from the lung (not from ES cells) whereupon they
engrafted and repaired bleomycin induced fibrosis (Serrano-
Mollar et al., 2007).

Despite this major progress there are two remaining
hurdles to the transition of this technology to the clinic. The
first is an ethical one concerning the supply of human
embryos from which to obtain the stem cells, an especially
controversial topic in the United States and the second one is
rejection problems as the differentiated type II cells would
not be autologous.

Both of these issues can be overcome by the use of autolo-
gous adult stem cells. Mesenchymal stem cells (MSCs) are an
adult bone marrow-derived stem cell population. They have a
potential therapeutic advantage in that they can be harvested
from a patient’s own bone-marrow circumventing immuno-
logical rejection. MSCs express low levels of HLA class I and
do not express HLA class II or co-stimulatory antigens and are
therefore thought to be non-immunogenic allowing autolo-
gous or allogenic transplantation without immunosuppres-
sion. When MSCs are injected intravenously they appear to
home to areas of damaged tissue in increased numbers and
have been postulated to have a role in tissue repair in numer-
ous organs including the lung (Kotton et al., 2001; Krause
etal., 2001; Theise etal.,, 2002; Ortiz etal., 2003). The
damaged lung produces factors that cause MSCs to proliferate
and migrate to the sites of injury where they can differentiate
into many of the cell types of the lung including fibroblasts
endothelia type I and type II cells and myofibroblasts and
repair bleomycin or elastase injury (Ishizawa et al., 2004;
Rojas et al., 2005; Aliotta et al., 2006). Another technique
using surgically joined parabiotic mice demonstrated that
fibroblasts and type I cells appeared to derive from circulating
stem/progenitor cells and contributed to lung repair follow-
ing radiation/elastase injury (Abe et al., 2004). Similar results
have been obtained by injecting a novel source of stem cells
amniotic fluid stem cells into the tail vein and observing their
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differentiation into distal type II pneumocytes or proximal
Clara cells after injury (Carraro et al., 2008). In an attempt to
understand the mechanism of action of these effects it
became apparent that the rates of engraftment using exog-
enous MSCs are too low (1-2%) to provide cellular replace-
ment for damaged tissue and that even this low estimate may
not be due to engraftment of the MSCs but instead due to
fusion of the injected cells with endogenous lung cells
(Chang et al., 2005; Kotton et al., 2005). A paracrine effect of
MSCs is now suggested as the mechanism of action (see
section Paracrine effects of exogenous stem cells), but what-
ever the case may be two cautionary notes are important.
Firstly, if MSCs can become myofibroblasts, rather than alle-
viate conditions such as fibrosis, they can actually contribute
to its worsening (Epperly et al., 2003), and secondly, sarcomas
have been shown to develop within the lung after MSC
administration (Tolar et al., 2006; Aguilar et al., 2007).

It therefore seems that direct administration of type II
cells to the lung rather than intravenous administration of
MSCs will be of greater therapeutic potential. If so then how
can the immune rejection problem be overcome? Remarkably
stem cells can now be generated from adult somatic cells
allowing the possibility of taking the patients own skin fibro-
blasts returning them to pluripotency and turning them into
lung cells. These induced pluripotent (iPS) cells are generated
by retroviral transfection of just four factors Oct3/4 Sox-2
c-Myc and KIf-4 are functionally equivalent to ES cells and can
be taken from a patient’s own somatic cells (Takahashi and
Yamanaka, 2006). Modifications of iPS technology using syn-
thetic modified mRNA rather than DNA retroviruses to
deliver the factors (Warren et al., 2010) or using small mol-
ecule cocktails including HDAC inhibitors (Li et al., 2011)
may overcome potential problems associated with integrat-
ing DNA viruses.

Paracrine effects of exogenous stem cells
Recently interest has shifted to exploring an immunomodu-
latory role for MSCs in an effort to explain why positive
effects of MSCs are seen when there is such as low rate of cell
engraftment. MSCs release a variety of mediators in response
to the specific microenvironment and can have inhibitory
effects on specific immune cells and inflammatory cytokines
(Nauta and Fibbe, 2007; Sueblinvong and Weiss, 2010) thus
suggesting a non-engraftment mechanism of action. Indeed
MSCs administered directly to the lungs induced the down-
regulation of pro-inflammatory cytokines and up-regulated
the anti-inflammatory cytokine IL-10, an effect unrelated to
cell engraftment (Gupta etal, 2007). In elastase treated
rabbits MSCs administered to the lungs improved lung func-
tion and rescued alveolar dimensions (Yuhgetsu et al., 2006).
The homing properties of MSCs have also been exploited in
experiments where MSCs are used as vectors to deliver gene
therapy. Haematopoetic stem cells transduced with a lentivi-
ral vector encoding the ol anti-trypsin gene were trans-
planted into irradiated mice whilst the authors successfully
demonstrated a sustained increase in AAT for 31 weeks in vivo;
however, this did not alter disease progression (Wilson et al.,
2008).

Clinical reports and trials of MSCs have been described in
immune-mediated diseases such as Crohn’s disease and graft
versus host disease (Uccelli et al., 2008; Newman et al., 2009).



Safety data from a clinical trial of allogeneic MSCs in patients
with acute myocardial infarction demonstrated a surprising
improvement in FEV,; (Hare et al., 2009). Early data from
these studies suggest the use of MSCs is feasible and safe
prompting a clinical trial in patients with COPD (Osiris — see
Human trials section in the following). Advocates of cell
therapy point to decades of clinical experience in bone
marrow transplantation, the positive position of both
funding agencies and regulatory authorities and the fact the
respiratory medicine has lagged behind specialties such as
cardiology and haematology in trials of cell therapy. Critics of
this approach highlight the lack of data demonstrating that
MSCs can reverse lung disease.

Ex vivo tissue engineering

A major hurdle for utilization of exogenous cells toward lung
regeneration is the lack of scaffold on to which cells might be
seeded for implantation. Tissue engineering and bioprocess-
ing success in other organs such as skin has not been matched
in the lung, which in part probably reflects the architectural
complexity of the organ. The recent report of a localized
airway defect treated using a bioengineered airway segment
generated with recipient epithelial cells and MSC-derived
chondrocytes to seed denuded donor trachea demonstrates
the potential of this approach (Macchiarini etal., 2008).
Longer term follow-up data of this case will be eagerly
awaited. More dramatic experiments in rats using stem cell
populations to seed denuded explanted lung transplanted
into a recipient demonstrates the engineered lung is capable
of limited gas exchange (Petersen et al., 2010).

Intrinsic cell therapy

Endogenous stem cells

An alternative approach to the complications of providing
extrinsic cells namely low engraftment levels or rejection is
to harness the regenerative potential of existing lung cells.
Tissue specific stem cell populations have been reported in
many organs including the lung. Within the lung the pres-
ence of several niches containing stem cell populations that
have a broader regenerative potential have been described
associated with discrete regions including basal cells of the
trachea and proximal airways submucosal gland ducts neu-
roepithelial bodies of the bronchiolar epithelium and cells at
the bronchioalveolar duct junction [(BADJs or bronchioal-
veolar stem cells (BASCs)] (Reynolds et al., 2000; Giangreco
et al., 2002; Kim et al., 2005) (Figure 1). Each of these stem
cell populations can respond to both acute and chronic
damage and regenerate their own niches and damaged airway
epithelium — the submucosal duct cells; a relatively undiffer-
entiated Clara cell known as a Clara variant, which seem to
congregate adjacent to the neuroepithelial bodies; the basal
cells in the proximal airways; and the BASCs in the bronchi-
oles (review Rawlins and Hogan, 2006).

In the alveoli, however, these more proximal stem cell
populations play no part in alveolar repair (Rawlins efal.,
2009) and it is the replacement of alveoli, which is the critical
requirement for COPD therapies. Type II cells are thought to
be the progenitor cell population whose proliferation leads to

Lung regeneration in COPD

Proximal lung

Distal lung

Alveoli

Figure 1

Varying forms of endogenous cells found in the lung, which can
proliferate after lung injury including the more classical stem cells
(redrawn from Rawlins and Hogan, 2006). Throughout the proximal
lung are K-14 +ve basal cells (green), which give rise to Clara cells
and ciliated cells after injury. Also in the proximal lung are cells in the
ducts of the submucosal glands (purple), which can take up BrdU. In
the distal lung there are neuroendocrine cells (pink), which can
proliferate but do not give rise to other cell types. Adjacent to
neuroendocrine bodies are variant Clara cells (blue), which can give
rise to more Clara cells and ciliated cells after injury. At the bronchio-
alveolar junction are bronchioalveolar stem cell (BASCs) (yellow),
which can give rise to ciliated cells, Clara cells and type Il cells. In the
alveoli are type Il cells (red), which give rise to type I cells. Type | cells
in the alveoli, and ciliated cells and Clara cells in the proximal and
distal lung are uncoloured.

daughter type II cells and differentiation into type I cells
(Figure 1) although lineage tracing studies of this important
concept have not yet been performed. Assuming this is the
case then to develop regenerative treatments for COPD it will
be crucial to concentrate on understanding the endogenous
signals that control cell proliferation differentiation and
replacement of these type II cells (see next section).

Perhaps it will be possible to induce tissue regeneration
without utilizing specific stem cell populations. A striking
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example of cellular reprogramming in an adult foregut-
derived organ is illustrated in the pancreas. In adult mice the
use of key developmental molecules Ngn3 Pdx1 and Mafa has
been used to turn exocrine pancreas into endocrine pancreas,
that is, cells have been transformed from one cell type into
another in a predictable and controlled manner without
reversion to a pluripotent stem cell state (Zhou et al., 2008).

Endogenous signalling molecules to induce
lung regeneration
This approach has roots in developmental biology using
factors important in lung development and maintenance and
is exemplified by investigation into the role of vitamin A
derivatives (retinoids). Retinoids including the biologically
active molecule all-trans-RA (atRA) are essential for correct
development of a number of organs including the lung.
atRA is generated from vitamin A (retinol) through a series
of reactions dependent on retinaldehyde dehydrogenase
(RALDH1-3) enzymes. The expression of these enzymes
correlates with atRA activity in vivo. atRA acts via nuclear
retinoic acid receptors (RARs), which are members of the
glucocorticoid/thyroid hormone receptor superfamily. There
are three RARs (o B and 7y) each of which has multiple iso-
forms. RARs form heterodimers with retinoid X receptors
(RXRs) that bind atRA to form a ligand-activated transcrip-
tion factor complex that regulates downstream gene tran-
scription. atRA and retinol are bound within the cell
complexed to cellular retinol binding proteins (CRBP1 and 2)
and cellular retinoic acid binding proteins (CRABP1 and 2).
Active atRA is oxidized to polar metabolites such as 4-oxo-RA
through the CYP26 class of cytochrome P450 enzymes.
Precise intracellular levels of atRA are regulated by a balance
between synthesizing and degrading enzymes (Duester,
1999). The lung is second only to the liver as the largest store
of retinoids in the body and retinoids are stored as retinyl
esters in lipid-laden fibroblasts (Okabe ef al., 1984) that are
abundant in the alveolar wall often in close approximation
with type II pneumocytes. Lipid-laden fibroblasts generate
biologically active atRA that can regulate gene transcription
in pulmonary microvascular endothelial cells (Dirami et al.,
2004) and atRA regulates elastin, an essential structural com-
ponent of lung matrix in perinatal fibroblasts (McGowan
etal., 1997). Levels of retinoid synthesizing enzymes RARs
and retinoid-binding proteins demonstrate dynamic patterns
of regulation in whole lung during alveologenesis in the in
rat McGowan et al., 1995) and mouse (Hind et al., 2002a,b).
In mice mutant for RAR genes alveolar formation is disrupted:
RARy functions as a positive regulator of alveologenesis
(McGowan et al., 2000) whereas RARB is a negative regulator
of alveologenesis (Massaro et al., 2000). atRA supplementa-
tion during alveolar septation increases the number of alveoli
but not total surface area in normal rats and prevents the
reduction in both number of alveoli and low surface area
corrected for body mass in rats treated with dexamethasone
during septation (Massaro and Massaro, 1996). These data
provided the first experimental evidence to suggest that phar-
macological regenerative therapy might be a potential
approach for human diseases characterized by too few alveoli
and reduced surface area such as emphysema.

Do retinoids affect lung development in man? It appears
that the answer is yes. Mutations in the cell surface receptor
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for retinol STRA6 have been identified in a screen of children
born with anophthalmia (Golzio et al., 2007; Pasutto et al.,
2007). Interestingly these infants also had structural lung
defects and a failure of normal alveologenesis. Remarkably,
vitamin A supplementation during pregnancy in women in
areas of endemic dietary retinoid deficiency increases lung
function in their offspring (Checkley et al., 2010). This sug-
gests conservation of retinoid signalling between mouse and
human lung development and demonstrates gas exchanging
surface area can be manipulated by retinoids in man.

It is therefore conceivable that the re-awakening of the
retinoid signalling pathway used in alveolar development
would induce regeneration of alveoli in the damaged lung.
This is indeed the case as the administration of atRA to
elastase-induced emphysema in adult rats restored alveoli
and reversed the pathologic features of the disease (Massaro
and Massaro, 1997). This phenomenon also occurs in several
other models of airspace enlargement, for example the dex-
amethasone treated mouse, where mean chord length and
lung surface area were recovered after atRA administration
(Hind and Maden, 2004; Stinchcombe and Maden, 2008).
Using retinoic acid receptor agonists it was shown that the
effect of atRA can be replicated by either a RARa or a RARy
agonist (Maden, 2006) paving the way for the current clinical
trial of one of these compounds (see the following). These
positive effects of atRA have now been replicated several
times in elastase or dexamethasone models of lung damage
(Belloni et al., 2000; Massaro and Massaro, 2000; Tepper et al.,
2000; Ishizawa et al., 2004; Garber et al., 2006; Perl & Gale,
2009); in the tight skin mouse mutant (Massaro and Massaro,
2000); in pneumonectomized lungs (Kaza et al., 2001) and it
protects from 0, induced damage (Veness-Meehan efal.,
2000, 2002; Ozer et al., 2005).

Oestrogens have also been demonstrated to have a regu-
latory role in alveolar formation. Ovariectomy in immature
female rats reduces alveolar formation and this can be pre-
vented by exogenous oestrogens. In adult mice ovariectomy
induces loss of total number of alveoli and surface area within
3 weeks. This loss of alveoli can be reversed by oestrogen
replacement (Massaro and Massaro, 2004b). These data
suggest that oestrogens have a role in the alveolar mainte-
nance program in adult mice and can induce regeneration of
alveoli in female mice. In humans there is accelerated loss
of lung function together with other features of ageing in
women in both never smokers and smokers following the
menopause. Hormone replacement using oestradiol slows the
rate of decline in FEV, in females with COPD (Carlson et al.,
2001).

Adrenomedulin (AM) is a vasoactive regulatory peptide
originally isolated from human phaeochromocytoma. It is
found in many tissues including the lung and is synthesized
by endothelial and smooth muscle cells of the systemic and
pulmonary circulation. AM acts through calcitonin receptor-
like receptor (CRLR). AM promotes vascular regeneration in
vivo in models such as hindlimb ischaemia in rabbits
(Tokunaga et al., 2004). AM has been located by in situ hybrid-
ization in airway basal cells and type II cells of the lung
(Martinez etal.,, 1997). AM and CRLR mRNA peak during
alveologenesis in mice; AM antagonists arrest lung vascular
and alveolar development and exogenous AM attenuates
developmental arrest in rats with oxygen-induced BPD



(Vadivel et al., 2010). AM improves morphometry and lung
function in adult rats with elastase-induced emphysema
(Murakami et al., 2005) and has been used clinically for the
treatment of pulmonary hypertension (Nagaya et al., 2000;
reviewed in O’Callaghan and Gaine, 2007).

Hepatocyte growth factor (HGF) is a pleotropic growth
factor that acts through its receptor c-Met. Initially isolated
as a mitogen from hepatocyes in vitro (Nakamura et al., 1984)
it has been shown to be a potent mitogen for type II cells
and endothelial cells both in vitro and in vivo (Mason et al.,
1994; Panos et al., 1996). HGF increases the Sca-1+/ Flk-1+
population of cells in mice and when transfected into rats
with elastase-induced emphysema, induces proliferation of
bone marrow (BM)-derived and resident endothelial-derived
cells and an increase in radial alveolar counts suggestive of
alveolar regeneration (Shigemura et al., 2005). Intranasal HGF
has been demonstrated to reverse elastase-induced emphy-
sema in mice (Hegab et al., 2008). There is no published data
for the use of exogenous HGF in patients with COPD.

Granulocyte colony-stimulating factor (GCSF) induces
angiogenesis in cardiac brain and limb ischaemia models
by mobilization of BM-derived stem cell populations. GCSF
has been reported to improve morphometric parameters
of emphysema in a mouse model the same degree as that
achieved with atRA alone. However, when used together an
additive effect was described. These data raise the possibility
that BM-derived cells might be important in the atRA
response a factor that might be limited in an ageing popula-
tion (Ishizawa et al., 2004). However GCSF had no effect in
the Dex model of alveolar insufficiency (Maden, 2006).

Fibroblast growth factor-7 (FGF-7 or KGF) is an important
signalling molecule in alveologenesis and has been investi-
gated in animal models of emphysema. In elastase-treated
rats FGF7 prevented elastase-induced emphysema but did
not reverse morphometric parameters in established disease
(Plantier et al., 2007).

The 3-hydroxy-3 methyl glutaryl coenzyme A reductase
inhibitor simvastatin has been demonstrated to reverse
emphysema in an adult elastase-induced emphysema in the
mouse with reduction in Lm and increase in proliferation of
lung cells (Takahashi et al., 2008). Statins have also been
reported to have roles in the protection of vascular injury
(Indolfi et al., 2000).

Human trials to induce
lung regeneration

BM-MSCs

As discussed earlier potential use of bone marrow derived-
MSCs is under investigation as a potential therapy for COPD.
Despite uncertainty regarding potential mechanisms of
action, a double blinded placebo controlled trial of Prochy-
mal™, an allogenic adult bone marrow derived MSC prepa-
ration is underway in patients with moderate-severe COPD.
The 6 month interim safety data report on 62 patients, sug-
gests that four doses of the stem cell infusion were safe and
had some effect on systemic inflammation, but as yet no
effect on pulmonary function (Osiris Therapeutics Reports
interim data for COPD stem cell study 2009, http://osir.

Lung regeneration in COPD

client.shareholder.com/releasedetail.cfm?ReleaseID=391580).
The trial has a 2 year observation period and results are
awaited.

RA and RAR specific agonists

The first retinoid study in patients with emphysema was a 3
month placebo controlled crosover study of 50 mg-m™ oral
atRA in 20 patients with severe emphysema (Mao et al.,
2002). The patients in this pilot study were largely men (16
vs. 4). This dose of atRA was well tolerated with only minor
side effects of rash, transaminitis, transient headache and
dyslipidaemia. Outcome measures including computed
tomography (CT) imaging lung function and quality of life
scores were unchanged; plasma levels of atRA decreased sig-
nificantly over time in 35% of patients. MMP-9 levels in
patients receiving atRA declined by 45% with no effect on
TIMP-1 levels. The MMP-9/TIMP-1 molar ratio declined sug-
gesting that atRA alters the protease/antiprotease balance in
patients with emphysema (Mao et al., 2003). A larger ran-
domized multi-centre feasibility study of atRA was under-
taken in patients with moderately-severe emphysema (Roth
et al., 2006). In this trial, again a crossover designed study,
patients received either atRA low dose (1 mg-kg™') atRA high
dose (2 mg-kg™") 13-cis RA (1 mg-kg™') or placebo for a six
month period followed by a 3 month crossover period. Side
effects were common but generally mild and self-limiting.
There were no changes in the outcome measures of CT
densitometry, imaging or quality of life questionnaires at
6 months. However, the investigators found a delayed
improvement in gas-transfer (DLCO) measurements that cor-
related with plasma drug levels in those patients receiving the
higher dose of atRA (2 mg-kg™). In addition, five of the 25
patients in the higher dose atRA group had delayed improve-
ments in CT densitometry scores that correlated with plasma
drug levels.

These two studies suggest that oral retinoids are tolerated
in patients with emphysema but mild, self-limiting side
effects are common. Of the four doses investigated only atRA
at 50 mg-m~ and atRA at 2 mg-kg™ appeared to have biologi-
cal effect in patients with emphysema. Importantly oral atRA
dosing results in significant enzyme induction and changes
in drug levels. The crossover design of the studies limits
longer term follow-up of these patients. A report of a single
patient receiving an off-license liposomal atRA preparation
delivered through a nebulizer at a dose of 3 mg has been
reported (Frankenberger et al., 2009). The preparation was
tolerated with no immediate side effects. A reduction in
urinary desmosine a marker of elastin breakdown was dem-
onstrated suggesting possible biological effects on ongoing
matrix destruction.

The development of an RAR specific agonist R667 or
Palovoratene (Roche Holding AG) is under investigation in
patients with o-1AT deficiency and cigarette smoke-related
emphysema as an oral preparation in 1 and 2 year studies
(Stolk et al., 2010). Specific RAR agonists do not induce their
own metabolism in the same way as atRA and pharmacoki-
netic studies suggest drug levels are dose-proportional.
Incomplete data has been published in abstract only and
results of clinical trials are awaited (reviewed in Hind and
Stinchcombe, 2009).
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Conclusions

The emphysema component of COPD results in destruction
of alveoli distal to the terminal bronchiole and so any regen-
erative therapies must result in the development of new
alveoli. While this hope may sound a difficult and perhaps an
unattainable goal it is important to bear in mind that the
adult alveolus is much more dynamic structure than what is
commonly envisaged — in rodents and perhaps in humans
too, alveoli can be lost and readily reformed under certain
conditions. The discovery of regenerative therapies is concen-
trated on two broad strategies — one, adding differentiated
stem cells to replace the missing tissue, and two, inducing the
endogenous stem cells to proliferate and differentiate into
the missing tissue in situ. In the former strategy, ES cells
differentiated into type II pneumocytes or using type II cells
themselves have been shown to engraft after intratracheal
administration and to some degree, repair fibrosis in animal
studies. But this approach may have clinical problems either
with rejection, the appearance of teratomas from undifferen-
tiated ES cells or ethical issues related to the derivation of the
ES cells. Adult MSCs from bone marrow would circumvent all
of these problems but they seem to engraft only in very low
numbers when applied intravenously, although in animal
models lung recovery from injury has been seen. Their posi-
tive effect may not be related to actual cellular engraftment
but the fact that they can have inhibitory influences on
immune cells and inflammatory cytokines. However, prob-
lems with this approach include the appearance of sarcomas
in the lung and the induction of fibrosis, which may worsen
any disease. In the future it may be possible to generate a
patient’s own IPS cells from skin fibroblasts and differentiate
them into type II cells for intratracheal transplantation and
perhaps seed these onto engineered scaffolds to improve the
structural basis for engraftment, which is an often ignored
aspect of tissue regeneration in the lung. One current human
trial using this strategy uses bone marrow derived MSCs for
patients with COPD.

The second strategy focuses on understanding the signals
involved in regulating endogenous stem cells, of which there
are several types in the lung. The type II cell is the one
involved in alveolar regeneration and several molecules have
been shown to induce some degree of regeneration in animal
studies including retinoids, oestrogen, adrenomedullin, HGF
and statins. The only other current human trial for patients
with COPD concerns the use of one of these compounds, a
retinoic acid receptor gamma agonist, and the result of this
and the MSC trial are eagerly awaited.
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