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SUMMARY

Rationale: Chronic obstructive pulmonary disease (COPD) is a devastating and poorly
understood disease. Currently, no causal therapy for COPD is available. The objectives of this
study were, to characterize WNT/B-catenin signaling in COPD in humans and elucidate its
potential role as a preventive and therapeutic target in experimental emphysema in mice.
Methods: The expression, localization, and activity of WNT/B-catenin signaling was assessed
in 12 human COPD and 12 transplant donor samples using quantitative RT-PCR,
immunohistochemistry, and Western blotting. The role of WNT/B-catenin signaling was
assessed in elastase-induced emphysema and therapeutic modulation thereof was assessed in
elastase-induced emphysema in TOPGAL reporter and wild type mice in vivo.

Measurements and Main Results: WNT/B-catenin signaling components were largely
expressed in alveolar epithelium in human COPD lungs. In COPD, no activation was
observed and immunohistochemical analysis revealed reduced nuclear B-catenin staining.
Similarly, WNT/B-catenin signaling was downregulated in the experimental emphysema
model. Preventive, as well as therapeutic, WNT/B-catenin activation by lithium chloride
attenuated experimental emphysema, as assessed by decreased airspace enlargement,
improved lung function, reduced collagen content, and elevated expression of alveolar
epithelial cell markers upon WNT activation.

Conclusion: Decreased WNT/B-catenin signaling is involved in parenchymal tissue
destruction and impaired repair capacity in emphysema. These data indicate a crucial role of
WNT/B-catenin signaling in lung repair mechanisms in vivo, and highlight WNT/B-catenin

activation as a future therapeutic approach for emphysema.



ZUSAMMENFASSUNG

Hintergrund: Die chronisch obstruktive Lungenerkrankung (COPD) ist eine hdufige und
schwere Erkrankung, fiir die aufgrund der unklaren Pathogenese keine kausale Therapie zur
Verfiigung steht. Das Ziel dieser Arbeit war es, den WNT/B-catenin Signalweg in humanen
COPD-Proben zu charakterisieren, und die Rolle des Signalwegs als pridventives und
therapeutisches Target im Elastase-induzierten Emphysemmodel in Méusen zu untersuchen.
Methoden: Die Expression, Lokalisation, und Aktivitit des WNT/B-catenin Signalwegs
wurde im Gewebe von 12 humanen COPD Patienten und 12 Transplantdonoren mittels
quantitativer RT-PCR, Immunohistochemie und Western Blot untersucht. Die Rolle des
WNT/B-catenin Signalwegs als therapeutisches Ziel wurde im Elastase-induzieretn
Emphysemmodel in TOPGAL Reporter- und wildtyp Méausen in vivo untersucht.

Resultate: Die Komponenten des WNT/B-catenin Signalwegs wurden vorwiegend im
Alveolarepithel humaner COPD Lungen exprimiert. In diesen Lungen konnte keine erhdhte
Aktivitit festgestellt werden und die Anzahl der B-catenin positiven Zellen war vermindert.
Auch im Tiermodel war der WNT/B-catenin Signalweg runterreguliert. Priaventive, als auch
therapeutische Aktivierung des WNT/B-catenin Signalwegs mittels Lithiumchlorid fiihrte zu
einer Milderung des experimentell induzierten Emphysems, belegt durch eine Normalisierung
der Alveolargrofle, verbesserte Lungenfunktion, reduzierten Kollagengehalt und erhohter
Expression von Epithelzellmarkern durch WNT/B-catenin Aktivierung.

Zusammenfassung: Der Parenchymverlust in emphysematdosen Lungen ist mit einer
verminderten  Aktivitit des WNT/B-catenin  Signalwegs sowie eingeschrinkten
Reparaturkapazitit in emphysematosen Lungen assoziiert. Diese Daten lassen eine wichtige
Rolle des WNT/B-catenin Signalwegs in Reparaturprozessen der Lunge in vivo vermuten, und
heben die Aktivierung des WNT/B-catenin Signalwegs als therapeutische Option in

Lungenemphysem hervor.
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INTRODUCTION

According to the latest estimates from World Health Organisation (WHO) about
chronic respiratory diseases, currently 210 million people have chronic obstructive pulmonary
disease (COPD) (1). COPD is an emerging serious global health problem, expected to become
the third leading cause of death by 2020 (2), although COPD is often not diagnosed. Nearly
half of the world population lives in or near areas with poor air quality (1).

Due to its frequency and poor outcome, COPD is associated with a tremendous
socioeconomic and individual disease burden (3). Currently, no causal therapy for COPD is
available. Optimal therapeutic management of patients suffering from COPD requires a
multidisciplinary  approach. Pharmacological therapy with bronchodilators and
glucocorticoids, long term oxygen therapy, pulmonary rehabilitation, and surgery are the
cornerstones of COPD management. Nevertheless, the avoidance of the major risk factor
cigarette smoke exposure is the only effective strategy to slow down COPD progression (4,
5). Importantly, COPD can also develop in never smokers (6) and has been associated with a
variety of endogenous and exogenous risk factors, such as coal dust or air pollution (7, 8).

COPD is a very heterogeneous disease which is nowadays more and more regarded as
a syndrome instead of a single disease. COPD is effecting all compartments of the lung and is
known to have systemic effects which are associated with a number of co-morbidities. The
two airflow limiting lesions in COPD are small airway disease (SAD) and pulmonary
emphysema. SAD, also termed obstructive bronchiolitis, includes airway inflammation with
increased mucous production, airway wall remodeling and peribronchiolar fibrosis (9-11).
Emphysema is defined as destruction of the alveolar architecture due to distal airspace
enlargement (12, 13) (Figure 1). Lungs affected with centrilobular emphysema, which is
mainly caused by cigarette smoking develop airspace enlargement mainly in the upper lobe.
Persons with alpha I-antitrypsin (A1AT) deficiency in contrast usually develop emphysema
in the lower lobes of the lung, which is known as panlobular emphysema (14).

The degree of airflow limitation can be easily assessed by spirometry (15-17). The
severity of COPD is spirometrically classified according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) criteria using the ratio of forced expiratory volume in one

second (FEV1) / forced vital capacity (FVC) (12).
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Figure 1. Small airway disease (left panel) and emphysema (right panel) characterizing COPD.
Immunohistochemical staining was performed on tissue sections derived from COPD Gold IV lungs.
Sections were stained a-smooth muscle actin. Representative pictures of two independent experiments
using four different transplant donor or COPD lung tissues, respectively. Magnification is indicated in
the pictures.

The above mentioned systemic manifestations and co-morbidities of COPD are
following: cardiovascular disease, diabetes, cancer, skeletal muscle dysfunction, or weight
loss (18-22). These are proposed to result from the systemic effects of smoking and ongoing
systemic inflammation (23, 24). Systemic inflammation in COPD has been clearly
demonstrated in past years, assessed by increased oxidative stress (25, 26), activated
inflammatory cells (27-29), or increased cytokine levels in the systemic circulation (30-32).

Due to the limited number of symptomatic treatment and the lack of diseases
modifying agents, the pathobiology of COPD has received a lot of attention over the last
decade. Currently the following hypotheses are believed to be involved in the pathogenesis of

COPD:

Extracellular Matrix Proteolysis: Protease/Antiprotease Imbalance

The first indications supporting the protease/antiprotease hypothesis came from
Laurell and Eriksson who, in 1963, described five patients with deficiency of A1AT, the
primary inhibitor of the neutral serine proteinase neutrophil elastase who had emphysema
(33). Subsequently, investigators instilled a variety of proteinases, like papain (34) or
pancreatic elastase into the lungs of rodents which caused emphysema (35-38), supporting the
idea that an imbalance of proteases and antiproteases is responsible for emphysema

development. A1AT is produced in the liver, and as mentioned above, one of its functions is

-12 -



to protect the lungs from the neutrophil elastase enzyme, which can disrupt connective tissue
(39). Patients with mutations in the A1AT gene (especially with the PiZZ phenotype)
have deficiency in this enzyme and develop subsequently early onset emphysema. Cigarette
smoke is especially harmful to individuals with ATAT deficiency. In addition to increasing
the inflammatory reaction in the airways, cigarette smoke directly inactivates A1AT by
oxidizing essential methionine residues to sulfoxide forms, decreasing the enzyme activity
(39). These observations firmly established neutrophil elastase as the proteinase most likely
responsible for tissue destruction in emphysema. Animal experiments were performed
supporting the need for a protease/antiprotease balance. Neutrophil elastase-null mice were
significantly protected against chronic cigarette smoke-induced emphysema (40).
Furthermore, macrophages are the primary inflammatory cell in the lower airspace under
normal conditions, and particularly in response to long-term cigarette smoking (41).
Macrophages also contain elastolytic enzymes. Because it degrades elastin and is
predominantly produced by alveolar macrophages, matrix metalloproteases (MMP)-12
activation has been another leading candidate proteinase responsible for pulmonary
emphysema. Shapiro and colleagues demonstrated that MMP-12-null mice are protected from
the development of cigarette smoke-induced emphysema (41). MMP-127"" mice also failed to
recruit monocytes into their lungs in response to cigarette smoke. This subsequently led to the
finding that cigarette smoke causes constitutive macrophages to produce MMP-12, which, in
turn, cleaves elastin into fragments chemotactic for monocytes.
So far, there have been no long-term clinical trials of synthetic proteinase inhibitors

agents in COPD patients due mainly to the high cost of such trials.

Oxidative Stress

There is considerable evidence for increased oxidative stress due to an imbalance
between oxidants and antioxidants in the lungs of patients with COPD. Studies have
documented increased expression of markers of oxidative stress in the lungs of patients with
COPD, compared with healthy subjects or smokers with a similar smoking history who have
not developed COPD (42). A key mediator of oxidant-induced cell signaling and apoptosis is
4-Hydroxy-2-nonenal (4-HNE), a highly reactive diffusible product of lipid peroxidation has
been found to be present in greater quantities in airway epithelial and endothelial cells in the
lungs of patients with COPD, compared with smokers with a similar smoking history who

have not developed the disease (43).
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There are many actions of oxidative stress that can potentially play a role in the
pathogenic mechanisms in COPD. These include the inactivation of antiproteases (such as
A1AT or secretory leukoprotease inhibitor) (44) or activation of metalloproteases (45) by
oxidants, which in turn results in a protease/antiprotease imbalance in the lungs (46). Oxidants
can directly damage components of the lung matrix (e.g., elastin and collagen) and can also
interfere with elastin synthesis and repair (42).

Furthermore, molecular mechanisms such as transcription factor activation and
chromatin remodeling, as a result of increased oxidative stress, may be responsible for
perpetuating inflammation in COPD (47, 48). The master antioxidant transcription factor
nuclear erythroid-related factor 2 (Nrf2), whose activity is decreased in COPD lungs (49),
appears to be a central player in the susceptibility to emphysema (50). The protective role of
Nrf2 in emphysema is underscored by the increased susceptibility to Nrf2-null mice to
cigarette smoke— (50, 51) and elastase-induced emphysema (52). Furthermore, enhancement
of Nrf2 expression using a small molecule activator protected wild-type mice against cigarette
smoke—induced emphysema (53). In these mice, the protection afforded by the Nrf2 activator

correlated with decreased alveolar cell death rather than inflammation.

Alveolar Cell Apoptosis and Proliferation

Apoptosis  programmed cell death or necrosis is a consequence of
protease/antiprotease imbalance. However, studies have recently shown that apoptosis can
occur independently of the preceding matrix protease degradation (54). Apoptosis was shown
to occur predominantly in endothelial cells in the alveolar walls, compared with lungs from
normal subjects or from smokers without COPD (55). Rodents with loss of vascular
endothelial growth factor (VEGF) and VEGEF receptor (VEGFR), respectively had apoptosis-
dependent emphysema (56, 57). Furthermore, in subsequent experimental studies cigarette
smoke was shown to reduced expression levels of VEGFR2 supporting this idea (58).
Intratracheal instillation of active caspase-3 caused acute apoptosis and alveolar enlargement
supporting the idea that apoptosis could initiate alveolar enlargement. These alterations were
reversible one week after the initial caspase-3 instillation (59). Apoptotic cells in turn may
release intracellular proteases, oxidants, and inflammatory mediators and also express several
caspases on their cell surface (60). The exact apoptotic pathways involved in cigarette smoke-

induced emphysema have not been elucidated thus far.
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The net result of alveolar cell death on alveolar structure depends also on the lung’s
ability to undergo cell proliferation, which is pivotal for the maintenance of normal tissue
homeostasis. Calabrese et al. observed a marked alveolar apoptosis/proliferation imbalance in

favor of apoptosis in end-stage pulmonary emphysema (61).
Aging and Senescence

As the lung ages, there is a progressive air space enlargement, which has been
considered as the result of a nondestructive process opposed to a destructive process as seen
in cigarette-smoke-induced emphysema (62). However, this observation gave rise to the idea
that premature aging of the lung is involved in the pathogenesis of emphysema. The cellular
equivalent of aging is senescence, which is characterized by a nonproliferative state in which
cells are metabolically active and apoptosis-resistant. Studies reported the presence of cellular
senescence in the emphysematous lungs and in COPD patients. Peripheral blood mononuclear
cells of patients with COPD have decreased telomere length, a hallmark of senescing cells
(63). Furthermore, enhanced expression of markers of cell senescence including p161“k4a and
p21CIP”WAF“Sd“ and telomere shortening in alveolar epithelial and endothelial cells of
emphysema patients when compared with smokers without emphysema and normal
individuals were observed (64). Cigarette smoke extract leads to increased senescence-
associated B-galactosidase (SA—f-gal) expression in cultured alveolar type II cells (65) or
lung fibroblasts (66), which has also been shown in lung fibroblasts from emphysematous
lungs (67).

Senescence marker protein-30 (SMP-30) knockout mice developed aging-related
changes in the lung, including alveolar enlargement that resembled emphysema (68, 69)
which was aggravated when mice were additionally exposed to cigarette smoke (70)
suggesting a synergistic effect in the pathogenesis of emphysema.

Sirtuin I (SIRT-1) is essential for maintaining silent chromatin via the deacetylation of
histones and has been shown to be decreased in lung cells from patients with COPD,
compared with smokers who have not developed the disease, as a result of post-translational
oxidative modification (71). This would accelerate the process of aging and also enhance

inflammation.
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Disruption of Alveolar Cell and Adult lung structure maintenance program

The finding that decreased VEGF signaling caused experimental emphysema (56, 57)
and the evidence that COPD lungs have decreased expression of VEGF and VEGFR-2 led to
the concept that alveolar maintenance was required for structural preservation of the lung.
Cigarette-smoke would then disrupt this maintenance program, causing emphysema (72). As
mentioned above it has been demonstrated that an increase of endothelial cell apoptosis
correlated with reduced expression of these molecules in human tissues (55), and it was
shown that VEGF levels in induced sputum of patients with COPD (73), and bronchoalveolar
lavage (BAL) from healthy smokers were decreased (74). Although the emphysema caused by
VEGFR2 blockade is a model independent of inflammation, inhibition of VEGF and
VEGFR?2 signaling was mediated by oxidative stress in rodents (75, 76).

Hepatocyte growth factor (HGF) is another multifunctional factor which has been
implicated in the pathogenesis of COPD. HGF is known to act on repairing lung injury and
promoting angiogenesis (77, 78). Reduced levels of HGF correlated with progressive
emphysematous changes and deterioration in pulmonary physiology in elastase-induced
emphysema (79). HGF likely induced proliferation of bone marrow derived cells and resident
endothelial cells in alveolar walls of mice treated with intratracheal instillation of pancreatic
elastase (80). However, a role of HGF in the pathogenesis of COPD remains still
controversial.

The transforming growth factor (TGF)-B superfamily constitutes more than 40
members, which are essential during organ development, a process often recapitulated in
chronic diseases (81, 82). Emerging interest in the role of TGF-f in the pathogenesis of
COPD has recently evolved (83), particularly since genetic studies have demonstrated an
association of gene polymorphisms of the TGF-f superfamily with COPD (84, 85). In
addition, increased expression of TGF-1 in COPD lungs and primary cells, such as epithelial
cells, macrophages, or fibroblasts isolated from COPD specimens, was reported, suggesting
an impact of TGF-B signaling on the development and progression of COPD (86-88).
Furthermore, latent TGF-$ binding proteins (LTBPs)-3 (89) and -4 knock out (90), as well as
Smad3-null mice (91) showed air space enlargement, indicating emphysema. These mice had
reduced expression of TGF-f and TGF-f activation based on decreased expression of

phospho-smad 2 and/or 3.
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Developmentally active signaling pathways are thought to be reactivated during
disease state to turn on repair processes taking place in the lungs of affected individuals,
whereas this is the case in patients with COPD remains controversial.

Since emphysema, one main feature of COPD, is characterized by alveolar airspace
enlargement, parenchymal tissue destruction, and impaired pulmonary regeneration (13),
signaling pathways active during lung development exhibit potential therapeutic relevance. In
this respect, WNT/B-catenin signaling is one of the most prominent signaling pathways, as a
lack of WNT2A/2B activity results in complete lung agenesis (92). Furthermore, recent
evidence has detected increased WNT/B-catenin signaling in pulmonary fibrosis and cancer
(93-96), diseases associated with lung epithelial hyperplasia.

In non—small cell lung cancer (NSCLC) increased expression of WNT proteins, along
with decreased expression of WNT regulators, is likely involved in the initial phase of
tumorigenesis, as well as in the ongoing, multistep process of lung cancerogenesis (97).
WNT signaling seems to be reactivated in response to an unknown injurious stimulus in
idiopathic pulmonary fibrosis (IPF), most likely as ‘‘attempted regeneration’ of lung
epithelium. This may explain the findings of hyperplastic epithelium and epithelial to
mesenchymal transition (EMT) in IPF lungs. Unfortunately, this ‘attempted regeneration’” is
not only insufficient to restore normal lung architecture in IPF, but, moreover, further drives
fibrogenesis and IPF progression by paracrine actions on fibroblasts (94, 97, 98).

Emphysema is one main feature of COPD, characterised by alveolar airspace
enlargement and parenchymal tissue destruction (13, 99). Lung tissue maintenance is believed

to be a balanced process of lung injury and repair, which is impaired in COPD (100, 101).

WNT/B-catenin signaling

As mentioned above, recent evidence revealed that increased WNT/B-catenin
signaling, which is essential for lung morphogenesis, is linked with parenchymal lung
diseases, particularly with cancer and pulmonary fibrosis (93-96, 102). As shown in Figure 2,
WNT/B-catenin signaling involves WNT ligand binding to cell surface receptors and cytosolic
stabilization and nuclear translocation of B-catenin for target gene expression (103, 104). In
the absence of active WNT ligands, PB-catenin is constitutively phosphorylated by its
interaction with axin, adenomatosis polyposis coli (APC), and glycogen synthase kinase
(GSK)-B (called “beta-catenin destruction complex”), and subsequently degraded. In the

presence of WNT ligands, two distinct membrane receptors, the frizzled (FZD) or the low
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density lipoprotein receptor-related proteins (LRP) 5 and 6, are phosphorylated and activated
upon ligand binding, leading to disruption of the B-catenin destruction complex. Cytosolic -
catenin then accumulates and undergoes nuclear translocation, where it regulates target gene
expression through interaction with members of the T-cell-specific transcription

factor/lymphoid enhancer-binding factor (TCF/LEF) family.
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Figure 2. Canonical WN'T/B-catenin signaling. The best characterized WNT signaling pathway is
the B-catenin-dependent, or canonical, WNT signaling pathway. Here, in the absence of active Wnt
ligands, B-catenin is constitutively phosphorylated by its interaction with axin, adenomatosis polyposis
coli (APC), and glycogen synthase kinase (Gsk)-3p, and subsequently degraded (left panel). In the
presence of Wnt ligands, two distinct membrane receptors, the frizzled (Fzd) or the low density
lipoprotein receptor-related proteins (Lrp) 5 and 6, are activated upon ligand binding (left panel). In
detail, Wnt stimulation leads to phosphorylation of Lrp6 by Gsk-3B and casein kinase y in its
cytoplasmic region, which leads to the recruitment of axin. Subsequently, f-catenin phosphorylation is
attenuated, its degradation inhibited, and accumulated B-catenin undergoes nuclear translocation,
where it regulates target gene expression through interaction with members of the T-cell-specific
transcription factor/lymphoid enhancer-binding factor (Tcf/Lef) family (right panel).
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Importantly, WNT/B-catenin signaling is involved in lung epithelial injury and repair
processes (102, 105, 106). Canonical WNT/B-catenin activation has been demonstrated to
lead to increased proliferation of lung epithelial cells, in concert with upregulation of WNT
target genes, suggesting a role of active WNT signaling in epithelial cell repair mechanism in
vitro and in vivo (94, 96, 98, 107). Furthermore, inhibition of the WNT target gene WISP1 led
to decreased alveolar epithelial proliferation and attenuation of experimental lung fibrosis
(94). The impact of WNT/B-catenin signaling on the pathogenesis of COPD, however, has not

been investigated thus far.
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AIM OF THE STUDY

The aim of this study was to test whether disturbed WNT/B-catenin signaling is

involved in impaired parenchymal tissue repair and destruction in emphysema. WNT/f-

catenin activation may thus participate in lung regeneration by initiating alveolar epithelial

cell repair processes.

To address this aim the following experimental setup was applied

1)

2)

3)

4)

the expression (qRT-PCR), activity (immunoblot) and localization
(immunohistochemistry) of WNT/B-catenin signaling components were
assessed in human COPD

the expression (qRT-PCR), activity (TOPGAL reporter mice) and
localization  (immunohistochemistry) of WNT/B-catenin  signaling
components were assessed in experimental emphysema in mice

the lung structure (immunohistochemistry and lung morphology) and lung
function (dynamic compliance and resistance) were assessed in a
preventive and therapeutic approach of WNT/B-catenin activation in
experimental lung emphysema

the functional impact of WNT/B-catenin activation on extracellular matrix
deposition and alveolar epithelial cell marker expression (QRT-PCR and
immunoblot) was assessed after activation of WNT/B-catenin in

experimental lung emphysema
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MATERIALS AND METHODS

Equipment

ABI PRISM 7500 Detection System
Bioanalyzer 2100

Cell Culture Incubator; Cytoperm2
Developing machine X Omat 2000
Electrophoresis chambers

Film cassette

Filter Tip FT: 10, 20, 100, 200, 1000
Freezer -20 °C

Freezer -40 °C

Freezer -80 °C

Fridge +4 °C

Fusion A153601 Reader Packard
Gel blotting paper 70 x 100 mm
Glass bottles: 250, 500, 1000 ml
GS-800TM Calibrated Densitometer
Light microscope Olympus BX51
Microscope LEICA AS MDW

Mini spin centrifuge

Multifuge centrifuge, 3 s-R
Multipette® plus

Nanodrop®

PCR-thermocycler

Pipetboy

Pipetman: P10, P20, P100, P200, P1000
Pipette tip: 200, 1000 pl,

Pipette tip: 10 pl, 20 pl, 100 pl
Quantity One software
Radiographic film X-Omat LS

Test tubes: 15, 50 ml

Thermo-Fast® 96 PCR Plate
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Applied Biosystems, USA
Agilent Technologies, USA
Heraeus, Germany

Kodak, USA

Bio-Rad, USA
Sigma-Aldrich, Germany
Greiner Bio-One, Germany
Bosch, Germany

Kryotec, Germany
Heraeus, Germany

Bosch, Germany
Bioscience, Germany
Bioscience, Germany
Fischer, Germany
Bio-Rad, USA

Olympus, Germany

Leica, Germany
Eppendorf, Germany
Heraeus, Germany
Eppendorf, Germany
Peqlab, Germany

MJ Research, USA
Eppendorf, Germany
Gilson, France

Sarstedt, Germany

Gilson, USA

Bio-Rad, USA
Sigma-Aldrich, Germany
Greiner Bio-One, Germany

Thermo Scientific, USA



Western Blot Chambers: Mini Trans-Blot Bio-Rad, USA

Vortex machine Eppendorf, Germany

Vacuum centrifuge Eppendorf, Germany

Antibodies and reagents

The following antibodies were used in this study:

active B-catenin (#05-665) Cell Signaling Technology, Beverly, MA
Surfactant Protein C (SP-C) (#3786) Cell Signaling Technology, Beverly, MA
total B-catenin (#9562) Cell Signaling Technology, Beverly, MA
phospho-S9-GSK-3p (#9336) Cell Signaling Technology, Beverly, MA
total GSK-3f3 and (#9315) Cell Signaling Technology, Beverly, MA
phospho-LRP6 (#2568) Cell Signaling Technology, Beverly, MA
total LRP6 (#2560) Cell Signaling Technology, Beverly, MA
WNT1 (#ab15251)  Abcam, Cambridge, UK

WNT3a (#38-2700) Zymed Laboratories/Invitrogen, CA
o-smooth muscle actin (#A2547) Sigma-Aldrich, Saint Louis, MO
Aquaporin V (#ab52054)  Abcam, Cambridge, UK

Antibodies for immunohistochemistry:

Surfactant Protein C (SP-C) (#ab28744) Abcam, Cambridge, UK
-catenin (#ab32572)  Abcam, Cambridge, UK

The following reagents were used:

Acrylamide solution, Rotiphorese Gel 30 Roth, Germany
-mercaptoethanol Sigma-Aldrich, Germany
CompleteTM Protease inhibitor Roche, Germany

DNA Ladder (100 bp, 1kb) Promega, USA
Dulbecco’s phosphate buffered saline 10x PAA Laboratories, Austria
Dulbecco’s phosphate buffered saline 1x PAA Laboratories, Austria
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Ethanol absolute Riedel-de Haén, Germany

ECL Plus Western Blotting Detection System Amersham Biosciences, UK
Glycine Roth, Germany

GoTaq® Flexi DNA polymerase Promega, USA
Hydrochloric acid Sigma-Aldrich, Germany
Lithium chloride, > 99% Sigma-Aldrich, Germany
Magnesium chloride Sigma-Aldrich, Germany
MuLV Reverse Transcriptase Applied Biosystems, USA
Quick StartTM Bradford Dye Reagent Bio-Rad, USA

Random Hexamers (50 uM) Applied Biosystems, USA
RNase inhibitor Applied Biosystems, USA
RNaseZAP® Sigma-Aldrich, Germany
pancreatic elastase from porcine pancreas Sigma-Aldrich, Saint Louis, MO
PeqGOLD Total RNA Kit Peqglab, Germany
Roti®-Quick-Kit Roth, Germany

SircolTM, Soluble Collagen Assay Biocolor, UK

SYBER® Green PCT Kit Invitrogen, UK

Tris Roth, Germany

Tween 20 Sigma-Aldrich, Germany
Triton X-100 Promega, USA

Human tissues

Lung tissue was obtained from 12 COPD patients classified as Global Initiative for Chronic
Obstructive Lung Disease (GOLD) IV undergoing lung transplant due to their underlying
COPD (5 females, 7 males; mean age = 56+5 years; mean FEV1= 16.1£2.8%; mean
FEVI/FVC = 43.4+14.6%) and 12 control subjects (transplant donors; 6 females, 6 males;
mean age 42+10 years). COPD samples were taken from the parenchyma with histological
validation of emphysematous changes. The IPF tissue was obtained as described previously
(94). The study protocol was approved by the Ethics Committee of the Justus-Liebig-
University School of Medicine. Informed consent was obtained in written form from each

subject for the study protocol.
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Animals

Six- to eight-week-old pathogen-free female C5S7BL/6N mice (Charles River Laboratories)
were used throughout this study. All experiments were performed in accordance with the
guidelines of the Ethics Committee of the University of Giessen School of Medicine and
approved by the Regierungsprisidium Giessen, Hessen, Germany. Mice had free access to

water and rodent laboratory chow.

Mouse model of Elastase-induced pulmonary emphysema

Pancreatic elastase was dissolved in sterile PBS and applied orotracheally (100U/kg BW).
Control mice received 80 pl sterile PBS. Lung tissues were excised and snap-frozen or
inflated with 4 % (m/v) paraformaldehyde in PBS (PAA Laboratories) at 21 cm H,O pressure

for histological analyses.

Mouse model of WNT activation

The TOPGAL mice were purchased from Jackson Laboratories. The derivation of TOPGAL
mice has been described in detail previously (108). Mice were bred under specific pathogen-
free (SPF) conditions. The following primers were used for identification of transgenic
animals:
Lac(Z)-F 5-gttgcagtgcacggcagatacacttgetga-37;
Lac(Z)-R5-gccactggtgtgggccataattcattcge-3”.

Six to eight week old mice were used for all experiments.

WNT/B-catenin pathway activation in vivo

The WNT/B-catenin signaling pathway in lungs from C57BL/6N mice was activated via
intraperitoneal injection of lithium chloride (200mg/KG/BW/day) (92). Lithium chloride
mimics members of the WNT family of signaling proteins by inhibiting the activity of GSK-
3B, causing intracellular accumulation of B-catenin, a feature associated with the canonical
WNT/B-catenin signaling pathway (109). Lithium chloride was diluted in sterile water and

fresh stock was prepared for every injection. Mice were treated on a daily basis, from day 0
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(the day of elastase instillation) to day 7 in the preventive regimen and from day 7 to 14 in the

therapeutic regimen.

Quantitative morphometry

To assess air space enlargement, the mean chord length (MCL) was quantified by
superimposing a line grid on the images of lung sections at a magnification of 200x. Points on
the lines of the grid hitting the air spaces, and intercepts of the lines with alveolar septa were
counted to calculate MCL according to the formula: MCL = X Pair x L(p) / (Isepta / 2) (um),
where X Pair is the sum of the points of the grid overlaid air spaces, L(p) is the line length per
point and Isepta is the sum of the intercepts of alveolar septa with the lines of the grid. For the
morphometric assessment of alveolar surface area per unit volume of lung parenchyma (Sv)
were determined by counting the number of points that fell on alveolar septal tissue and
alveolar space, and by counting the number of intercepts with alveolar septal surface at a
magnification of 200x according to the following formulas: Sv = 2 x Isepta / (£ Ppar x
L(p)/3) (1/um), where X Ppar is the sum of the points of hitting parenchyma, L(p) is the line

length per test point in um, and Isepta the sum of the intercepts with alveolar septa.

Reverse transcription and quantitative RT-PCR

Total RNA was extracted using Qiagen extraction kits according to the manufacturer’s
protocol, and cDNAs were generated by reverse transcription using SuperScriptTM 1I
(Invitrogen). Quantitative (q)RT-PCR was performed using fluorogenic SYBR Green and the
Sequence Detection System Fast 7500 (PE Applied Biosystems). HPRT1 and PBGD,
ubiquitously and equally expressed genes free of pseudogenes, were used as a reference gene
in all human and mouse qRT-PCR reactions, respectively. PCR was performed using the
primers listed in Table 1 and 2, at a final concentration of 200 nM. Relative transcript

f t i i
greierenee _ Ct, Relative changes in

abundance of a gene is expressed in ACt values (ACt =C
transcript levels compared to controls are AACt values (AACt =ACt™¢ — ACt™™). All
AACt values correspond approximately to the binary logarithm of the fold change as
mentioned in the text. When relative transcript abundance is of information, expression levels

are given in ACt levels.
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Table 1. Primer sequences and amplicon sizes for human tissues. All primer sets worked
under identical quantitative PCR cycling conditions with similar efficiencies to obtain
simultaneous amplification in the same run. Sequences were taken from GeneBank, all

accession numbers are denoted.

Gene Accession Sequences (5'—3") Length  Amplicon
for AAGTGGGTGGTATAGAGGCTCTTG 24 bp

p-catenin  NMO001904 77 bp
rev.  GATGGCAGGCTCAGTGATGTC 21 bp
for AGCGCCGTGGAGTTCGT 17 bp

FZD1 NMO003505 64 bp
rev.  CGAAAGAGAGTTGTCTAGTGAGGAAAC 27bp
for CACGCCGCGCATGTC 15 bp

FZD2 NM001466 63 bp
rev.  ACGATGAGCGTCATGAGGTATIT 23 bp
for GGTGTTCCTTGGCCTGAAGA 20 bp

FZD3 NMO017412 72 bp
rev. CACAAGTCGAGGATATGGCTCAT 23 bp
for GACAACTTTCACACCGCTCATC 22 bp

FZD4 NMO012193 164 bp
rev.  CCTTCAGGACGGGTTCACA 19bp
for CTCATGCTCGGATTCAAGCA 20 bp

GSK-3p NM002093 86 bp
rev.  GGTCTGTCCACGGTCTCCAGTA 22 bp
for CATCAGGTACAGGTCCAAGAATGA 24 bp

LEFI NMO016269 93 bp
rev.  GTCGCTGCCTTGGCTTTG 18 bp
for GATTCAGATCTCCGGCGAATT 21 bp

LRP6 NM002336 83 bp
rev.  GGCTGCAAGATATTGGAGTCTTCT 24 bp
for ACCATCTCCAGCACACTTGTCTAATA 26 bp

TCF3 NMO031283 71 bp
rev.  GAGTCAGCGGATGCATGTGA 20 bp
for GCGCGGGATAACTATGGAAAG 21 bp

TCF4 NMO030756 89 bp
rev  GGATTTAGGAAACATTCGCTGTGT 24 bp
for CCTGATGAATCTTCACAACAACAGA 25 bp

WNT2 NM003391 78 bp
rev. CCGTGGCACTTGCACTCTIT 19 bp
for GCCCCACTCGGATACTTCTTACT 23 bp

WNT3a NMO033131 98 bp
rev.  GAGGAATACTGTGGCCCAACA 21 bp
for GCAAGTGGATTTTCTACGTGTTICT 25 bp

WNT7b NMO058238 65 bp
rev.  TGACAGTGCTCCGAGCTTCA 20 bp
for GCGCCAGGTGGTAACTGAA 19 bp

WNT10b  NMO003394 59 bp
rev. TGCCTGATGTGCCATGACA 19 bp
for AAGGACCCCACGAAGTGTTG 20 bp

HPRT 1 NMO000194 137 bp
rev  GGCTTTGTATTTTGCTTTTCCA 22 bp
for GAGGATGCGGAGAAGAACCA 20 bp

Axinl NMO008312 112 bp

rev.  GACAAGGGTCTGGAGTTCTCATG 23 bp
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Axin2

NMO008313

for

rev

AGAAATGCATCGCAGTGTGAAG
GGTGGGITCTCGGGAAATG
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Table 2. Primer sequences and amplicon sizes for mouse tissues. All primer sets worked
under identical quantitative PCR cycling conditions with similar efficiencies to obtain
simultaneous amplification in the same run. Sequences were taken from GeneBank, all

accession numbers are denoted.

Amplico
Gene Accession Sequences (5'—3") Length
n
for TCAAGAGAGCAAGCTCATCATTCT 24 bp
p-catenin  NMO007614 115 bp
rev.  CACCTTCAGCACTCTGCTTGTG 22 bp
for CCTTATCCATTIGGCTIGTCG 20bp
APS5 NMO009701 115bp
rev.  CTGAACCGATTCATGACCAC 20bp
for CCATCCTCGGAATCCTTGG 19bp
CDH1 NMO009864 89bp
rev TTTGACCACCGTTCTCCTCC 20bp
for CCAAGAAGACATCCCTGAAGTCA 23bp
Collal NMO007742 128bp
rev. TGCACGTCATCGCACACA 18bp
for AAACAGCACAGGTTCTGCAAAA 22 bp
FZD1 NMO021457 58 bp
rev. TGGGCCCTCTCGTICIT 18 bp
for TCCATCTGGTGGGTGATTCTG 21 bp
FZD2 NM020510 66 bp
rev.  CTCGTGGCCCCACTTCATT 19 bp
for TTTGAGCTGGATCCCTAGGATGA 23 bp
GSK-38  NMO019827 75 bp
rev  TTCTTCGCTTTCCGATGCA 19 bp
for GGCGGCGTTGGACAGAT 17 bp
LEF1 NM010703 67 bp
rev. CACCCGTGATGGGATAAACAG 21 bp
for CAACGTGGACGTGTITTTATTCTTC 24 bp
LRP5 NMO008513 138 bp
rev. CAGCGACTGGTGGTGCTGTAGTCA 21 bp
for CCATTCCTCTCACTGGTGTCAA 22 bp
LRP6 NMO008514 146 bp
rev. GCCAAACTCTACCACATG TTCCA 23 bp
for GGTACAAGGCTTTCACGATCGC 22bp
PBGD NMO013551 135bp
rev.  ATGTCCGGTAACGGCGGC 18bp
for TCTGCTCATGGGCCTCCAC 19bp
SpP-C NMO0011286 116bp
rev  CGATGGTGTCTGCTCGCTC 19bp
for GTGGGAACTGCCCCGTIT 18 bp
TCF4 NMO009333 59 bp
rev.  GTTCCTGATGAACCTTCACAAC 23 bp
for AGCTTCCGAAGCCGAAGTATC 21bp
TTF1 NMO009442 98bp
rev  AGAACGGAGTCGTGTGCTTTG 21bp
for AGCCCTGATGAACCTTCACAAC 22 bp
WNT2 NMO023653 78 bp
rev.  TGACACTTGCATTCTTGTTTCAAG 24 bp
WNT3a  NMO009522 for GCACCACCGTCAGCAACA 18 bp 57 bp
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rev.  GGGTGGCTTTGTCCAGAACA 20 bp

for TCGAAAGTGGATCTTTTACGTGTIT 25bp
WNT7b NMO009528 67 bp
rev.  TGACAATGCTCCGAGCITCA 20 bp
for TGGGACGCCAGGTGGTAA 18 bp
WNT10b NMO11718 60 bp
rev  CTGACGTTCCATGGCATTTG 20 bp
for ACACAGATAGCTCCGAAGACGTIGT 25bp 140 bp
FGFR2 NMO014183
rev. CCCAGCCGGACAGCGGAACT 20 bp
for ATTCGGAGCGACGCACTGCC 20 bp 146 bp
BMP4  NMO012159
rev.  ACGACCATCAGCATTCGGTTACCA 24 bp
for CATCTTCTCAAAATTCGAGTGACAA 25 bp 174 bp
TNF-a NMO021926
rev. TGGGAGTAGACAAGGTACAACCC 24 bp
for ATCCAGAGCITTGAGTGTGACGC 22 bp 89 bp
- NMO02031
MIP-2 020310 rev.  AAGGCAAACTTTTTGACCGCC 21 bp
for AGTTGACGGACCCCAAAAGAT 21 bp 57 bp
- NMO1617
IL-1p 016176 rev. GGACAGCCCAGGTCAAAGG 19 bp
for CGAAGGGAGATGCAGGAGAGTA 22 bp 67 bp
Axinl NMO012005
rev. AAGTGCGAGGAATGTGAGGTAGA 23 bp
for TGCATCICTCTCTGGAGCTG 19 bp 118 bp
Axin2 NMO012006
rev ACAGCGAGITATCCAGCGAC 20 bp

Immunohistochemistry

Lungs were placed in 4% (w/v) paraformaldehyde after explantation, and processed for
paraffin embedding. Sections (3 pm) were cut, mounted on slides, subjected to antigen
retrieval, and quenching of endogenous peroxidase activity using 3% (v/v) H,O, for 20 min.
Immune complexes were visualized using suitable peroxidase-coupled secondary antibodies,

according to the manufacturer’s protocol (Histostain Plus Kit; Zymed/Invitrogen).

Western blot analysis

Human lung tissue specimens were homogenized in extraction buffer [20 mM Tris-Cl, 150

mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton X-100, supplemented with
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Complete™ Proteinase Inhibitor Cocktail (Merck Biosciences)] and whole proteins were
extracted by centrifugation (12.000 x g) for 10 min at 4°C. Samples containing 25 mg of
protein were separated by electrophoresis on a 10% SDS-polyacrylamide gels. The separated
proteins were transferred to nitrocellulose membranes (Invitrogen), blocked with 5% skim
milk, and incubated with the indicated antibodies. Proteins were then visualized by enhanced
chemiluminescence detection (ECL, Amersham Biosciences, Uppsala, Sweden), as reported.
Prior to reprobing, nitrocellulose membranes were incubated with stripping stripping buffer

[100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCI (pH 6.7)] at 50°C for 30 min.
Collagen assay

Whole-mouse lung homogenates were used for in vivo analysis. Total collagen content was
determined using the Sircol Collagen Assay kit (Biocolor). Equal amounts of protein lysates
were added to 1 ml Sircol dye reagent, followed by 30 minutes of mixing. After centrifugation
at 10.000 x g for 10 minutes, the supernatant was aspirated, and 1 ml of alkali reagent was
added. Samples and collagen standards were then read at 540 nm in a spectrophotometer (Bio-
Rad). Collagen concentrations were calculated using a standard curve with acid-soluble type I

collagen.

Detection of p-galactosidase in TOPGAL mice

The p-galactosidase was detected using the X-Gal (5-bromo-4-chloro-3-indolyl [B-D-
galactosidase) reporter gene staining kit from Sigma-Aldrich. Lung tissues were excised and
immediately transferred to fixative containing 0.2% glutaraldehyde, SmM EGTA, 100mM
MgCl, in 0.1 M NaPOy (pH 7.3) for 4h at 4°C with one solution change. The samples were
transferred to 15% sucrose in PBS for 4h and subsequently to 30% sucrose in PBS at 4°C
overnight. Samples were embedded in Tissue-Tek O.C.T. and 15um sections were cut. The
sections were dried at RT for 2h before staining. For staining, the sections were washed twice
with PBS and the X-Gal staining solution was incubated overnight at 37°C. Counterstain was

performed with Nuclear Red.
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Pulmonary function studies in mice

Mouse pulmonary function testings were performed and analyzed using a FinePointe RC
invasive pulmonary function device (Buxco Research Systems; Wilmington, NC) as
published previously (110). All mice were anesthetized i.p. with MMF (Medetomidin,
Midazolam, Fentanyl), intubated and placed in a FinePointe RC system. In a heated
plethysmograph chamber, mice were ventilated at an average rate of 150 breaths per minute,
and flow, mouth and esophageal pressure and heart rate were monitored to measure resistance
and dynamic compliance. After an initial acclimation period of three minutes, two subsequent

one-minute measurements were performed and averaged.

Quantification nuclear localization of f-catenin in ATII cells

Double staining with SP-C (antibody: rabbit, Fast red as chromogen, and B-catenin: antibody
mouse, grey SG as chromogen). Digital pictures of whole lobe were made by a Mirax system
(Zeiss, Oberkochen, Germany) and printed at size of 25x18 cm (Approximately x 15
magnification). Using a square grid system B100 (111) points falling on the alveolar region
were counted, and at least 8 sites were selected in volume-weighted random manner. Each site
was analyzed at final magnification of x870 on the screen or directly under light microscope
using objective x40. ATII cells with nuclear localization of B-catenin were counted when
gray/dark blue staining was found in the nucleus (no counterstaing for the nuclear was done).
Data are shown as percentage of number of cells with nuclear localization of B-catenin to total
number of ATII cells analyzed. Four lung sections from donors and COPD patients were

analyzed.

Statistical analysis

All ACt values obtained from real-time RT-PCR were analyzed for normal distribution using
the Shapiro-Wilk test, using assignment of a normal distribution with p > 0.05. Normality of
data was confirmed using quantile-quantile plots. The means of indicated groups were
compared using two-tailed Student’s #-test, or a one-way analysis of variance (ANOVA) with
Tukey HSD post hoc test for studies with more than 2 groups. Results were considered

statistically significant when p < 0.05.
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RESULTS

WNT/p-catenin signaling in chronic obstructive pulmonary disease (COPD)

Initially, we sought to investigate whether components of the WNT/B-catenin
signaling pathway are differentially regulated in COPD. The mRNA levels of the main
WNT/B-catenin signaling components were quantified in lung tissue specimen of transplant
donors and COPD patients (GOLD 1V) using quantitative (q)RT-PCR. Samples underwent
pathological examination and were taken from emphysematous areas. As depicted in Figure
3A, WNT ligands were variably expressed in the human adult lung, with low expression of
WNT10b. In COPD lung specimens, only WNT10b mRNA levels were statistically significant
upregulated (log-fold change of 2.23 + 0.64). Next, we analyzed the expression of common
WNT receptors and co-receptors. As shown in Figure 3B, the most abundant receptors in the
human lung were frizzled (FZD) I and 4, and the co-receptor low density lipoprotein
receptor-related protein (LRP) 6. Interestingly, all receptors exhibited similar expression
pattern in COPD and transplant donor lungs. Likewise, the intracellular mediators glycogen
synthase kinase (GSK)-3B and f-catenin were equally expressed in COPD and transplant
donor lungs (Figure 3C). All members of the T-cell-specific transcription factor/lymphoid
enhancer-binding factor TCF/LEF family of transcription factors, except TCFI, were

expressed, but not differentially regulated, in COPD or transplant donor lungs (Figure 3C).

-32-



0
1 - 2
S S
Q5 2 1
° °
3 3
< 3 = °
g g
£ -4 - s -1+
® [] Donor ® || Donor
.5 W corp 2 B corp
3
6 WNT2 WNT3a WNT7b WNT10b FZD1 FZD2 FZD3 FZD4 LRP6
6 -
= 51 D Donor
Q
a 4 M corp
°
FRER
Z 2
-4
£ 1 -
3
=1 0 1
1
-2 ' GSK3-p P-catenin LEFI1 TCF3 TCF4

Figure 3. The expression and activity of WNT/p-catenin signaling components in COPD and
transplant donor patients. The mRNA levels of (A) the WNT ligands WNT2, 3a, 7b, and 10b, (B)
the receptors frizzled (FZD) 1-4, low density lipoprotein-related protein (LRP) 6, and (C) the
intracellular signal transducers glycogen synthase kinase (GSK)-38, [S-catenin, lymphoid enhancer-
binding factor (LEF) 1, T-cell-specific transcription factor (TCF) 3, TCF 4, were assessed in transplant
donor and COPD lung specimen by quantitative RT-PCR. Results are derived from 12 donors and 12
COPD patients and presented as mean +s.e.m., * p<0.05.

We went on to specifically determine WNT/B-catenin signaling activity in COPD by
phosphorylation analysis of LRP6 and GSK-3f, which has recently been demonstrated to be a
sensitive indicator of WNT activity in tissue sections (112, 113). Western Blot analysis of
phosphorylated GSK-3f and total GSK-3p, phosphorylated LRP6 and total LRP6, as well as
active B-catenin and total B-catenin revealed that there was no difference between COPD and
transplant donor samples on a tissue homogenate level (Figure 4A, for densitometry see

Figure 4B).
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Figure 4. Activity of the WNT/B-catenin pathway in lung homogenates of COPD and transplant
donor patients. (A) The expression of active WNT components in lung homogenates of transplant
donor and COPD patients was analyzed by immunoblotting of phosphorylated and total GSK-3 and
low density lipoprotein-related protein (LRP) 6, respectively, as well as active and total B-catenin.
Blotting of total f-catenin GSK-3f, LRP6 and B-actin served as loading controls. Immunoblotting of
surfactant protein-C (SP-C) was used as a positive control. (B) Results were confirmed by
densitometry and presented as mean +s.e.m., * p<0.05.

To further elucidate WNT/B-catenin signal activity in COPD lung tissue, we
performed immunohistochemical staining of B-catenin, the main signal transducer of the
WNT/B-catenin pathway. As demonstrated by co-localization with SP-C, B-catenin expression
was detected in alveolar epithelial type II (ATII) cells in COPD and transplant donor lung
tissue (Figure 5). Remarkably, f-catenin was mainly localized to the basolateral side of ATII
cells in COPD and donor lungs, indicating inactive WNT/B-catenin signaling (Figure 5,

arrows).
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Figure 5. Expression and localization of B-catenin in lung tissues of COPD and transplant donor
patients. Immunohistochemical staining was performed on tissue sections derived from transplant
donor and COPD lungs. Sections with co-staining of SP-C (Fast red as chromogen) and [B-catenin
(grey SG as chromogen) were used to demonstrate co-localization of SP-C and B-catenin in alveolar
epithelial type IT (ATII) cells. Arrows indicate absence of nuclear f-catenin in tissue sections of COPD
and donor lungs (right lower panel). Representative pictures of two independent experiments using
four different transplant donor or COPD lung tissues, respectively. Magnification is indicated in the
pictures.

Furthermore, immunofluorescence staining of B-catenin was performed (Figure 6).
Nuclear B-catenin staining was only rarely detected in COPD lung tissue. As a positive
control, we analyzed ATII cells in fibrotic lung tissue, demonstrating increased active
WNT/B-catenin signaling in ATII cells (Figure 6, left panel, arrows), thereby confirming

previous findings of enhanced WNT/B-catenin activity in lung fibrosis (98).
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Figure 6. Expression and localization of B-catenin in lung tissues of COPD, fibrosis and
transplant donor patients. Immunofluorescence staining of B-catenin was performed on tissue
sections derived from transplant donor, IPF, or COPD lungs, respectively. Counterstaining was
performed with hematoxylin to visualize cell nuclei. Nuclear -catenin positive cells are indicated by
arrows. Representative pictures of two independent experiments using three different transplant donor
or COPD and two different IPF lung tissues, respectively. Magnification is indicated in the pictures.

Importantly, quantification of ATII cells exhibiting nuclear localization of B-catenin
demonstrated decreased numbers of positive cells in COPD lung tissue compared with

transplant donor lung tissue (donor: 19.0%=+4.0 vs. COPD: 4.7%=*1.5; p<0.019) (Figure 7).
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Figure 7. Numbers of P-catenin positive cells in transplant donor und COPD lung tissue.
Quantification of [B-catenin-positive cells was performed using four tissue sections derived from
transplant donor and COPD lungs, as described in the materials and methods of this manuscript. Data
are presented as mean +s.e.m., * p<0.05.

In summary, WNT/B-catenin signaling components were largely expressed in alveolar
epithelium in human COPD lungs. In COPD, quantification of nuclear -catenin staining

revealed reduced WNT/B-catenin signaling in COPD compared with transplant donors.
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WNT/B-catenin signaling in experimental pulmonary emphysema

The results obtained thus far were obtained from human lung tissue derived from end-
stage COPD patients. To gain a more comprehensive view about the role of WNT/B-catenin
signaling and modulation thereof in earlier stages of emphysema, we preceded our studies
using the mouse model of elastase-induced emphysema. Mice were subjected to a single
orotracheal application of elastase and developed emphysema over a two-week time course

(Figure 8).

Figure 8. Histological assessment of lung structure in experimental emphysema. Mice were
subjected to elastase instillation, and lungs were obtained on day 1, 3, 7, and 14 after challenge for
immunohistochemistry. Stainings are representative of two independent experiments using at least
three different elastase- or control-treated lung tissues for each time point.

As depicted in Figure 9A-C, we analyzed in detail the mRNA expression profile of the
main WNT/B-catenin signaling components during emphysema development in elastase-
treated mice compared with their respective controls. All investigated WNT/B-catenin

signaling components were expressed in emphysematous lungs, and, most importantly,

-38 -



exhibited mainly reduced expression in elastase-treated mice compared with their respective
controls. Significant downregulation was observed for WNT2 and WNT10b as early as 1 day
after induction (log-fold change day 1 for WNT2: 1.33+0.10; p<0.0001 and WNTI0b: -
1.2620.35; p=0.0064) (Figure 9A). Further, LRP6 and FZD1 exhibited significantly decreased
expression after emphysema induction at day 1 and day 7, respectively (log-fold change day 1
LRP6: -1.04+0.22; p=0.0056, day 7 FZDI: -1.78+0.20; p=0.0043) (Figure 9B). In addition,
the transcription factor LEF] was significantly downregulated as early as day 1 (log-fold
change -1.85+0.37; p=0.0036), while TCF4 was significantly downregulated on day 7 (log-
fold change -1.58+0.32; p=0.0172, Figure 9C).
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Figure 9. The mRNA expression profile of WNT/p-catenin signaling components in experimental
emphysema in mice. Mice were subjected to elastase instillation, and lungs were obtained on day 1,
3,7, and 14 after challenge for RNA isolation. The mRNA levels of (A) the WNT ligands WNT2, 3a,
7b, and 10b, (B) the receptors LRPS, 6, FZDI and 2, and (C) the intracellular signal transducers and
transcription factors GSK-3f, f-catenin, LEF1, and TCF4 were assessed in mice subjected to elastase
after the indicated time points (n=4 each). At each time point, mice subjected to elastase were
compared with 4 control littermates. Results are presented as log-fold change (mean +s.e.m.), *
p<0.05.
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Importantly, reduced expression of WNT/B-catenin signaling components remained
for up to 28 days after the initial challenge, accompanied by constant airspace enlargement

and altered lung function (Figure 10A-C).
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Figure 10. The late course mRNA expression profile of WNT/B-catenin signaling components
and lung function in experimental emphysema. Mice were subjected to elastase instillation, and
lungs were obtained on day 14, 21, or 28 days after challenge for immunohistochemistry and RNA
isolation. Stainings (A) are representative of two independent experiments using at least three different
elastase- or control-treated lung tissues for each time point. The dynamic compliance (B) was assessed
by lung function analysis at different time points after elastase administration and compared with
untreated mice on day 7 and day 28, respectively. The mRNA levels (C) of the WNT ligands WNT3a
and /0b, the receptors FZDI and LRP6 and the intracellular signal transducers and transcription
factors f-catenin and LEFI and TCF4 were assessed in mice subjected to elastase after the indicated
time points (n = 4 each). At each time point, mice subjected to elastase were compared with 4 control
littermates. Results are presented as log-fold change (mean +s.e.m.), * p<0.05.

Next, TOPGAL reporter mice were used to elucidate WNT/B-catenin signal activity

during the development of experimental lung emphysema in vivo. Mice subjected to elastase
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did not exhibit activation of WNT/B-catenin signaling during emphysema development, as

indicated by the absence of B-galactosidase ($-Gal) staining (Figure 11).

ctrl elastase

pos. ctrl

100pm 100pm

S0pm S0pm

Figure 11. Activity of WNT/B-catenin signaling in experimental emphysema. TOPGAL reporter
mice were treated orotracheally with elastase or vehicle orotracheally (n =3 each), as described in
detail in methods. The absence of B-gal staining indicates no activation of WNT/B-catenin in the lungs
in elatsase- or vehicle-treated mice. The positive control represents mice treated orotracheally with
WNT3a to activated WNT/B-catenin signaling. Pictures are representative of at least 2 independent
experiments, using at least three different lung tissues for each condition. Magnification is indicated in
the pictures.

WNT/p-catenin activation as a therapeutic approach in experimental emphysema

Next, we assessed whether WNT/B-catenin activation represented an effective
therapeutic option in emphysema. We used lithium chloride (LiCl), which mimics WNT
signaling by inhibiting the activity of GSK-3p, causing intracellular accumulation of B-catenin
and WNT target gene expression (109). To demonstrate that LiCl indeed leads to WNT/B-

catenin activation in the lung, we treated TOPGAL reporter mice or CS7BL/6N wild type
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mice, both subjected to elastase or vehicle, with LiCl. We started LiCl treatment on the day of
emphysema induction followed by daily application for 7 days (referred to as “preventive

approach”, detailed treatment scheme in Figure 12).

preventive approach therapeutic approach

PBS 80 plat day 0 (CS7BL/6,n=12) | Sterile Water o.t. 600pul/day or 1
PBS 80 plat day 0 (TOPGAL,n=3) | Lithium Chloride i.p. 200mg/kg BW/day

Elastase 100 Urkg BW at day 0 (C57BL/6, n=12) | Sterile Wateri,p. 600 pl/day or +
Elastase 100 U/kg BW at day 0 (TOPGAL,n=3)  Lithium Chloride i.p. 200 mg/kgBW/day

No treatment | Sterile Wateri.p. 600 pl/'dayor |
! Lithium Chloride i.p. 200 mg!kgB\VﬁdJ}-’

PBS 80 platday 0 (1=12) |

. | No treatment | Sterile Water i.p. 600 pl/day or 1
Elastase 100 U/kg BW at day 0 (n=12) | |

Lithium Chloride i.p. 200 mg!kgB\WdI}-‘
day of subjection 7 days 14 days
Figure 12. Treatment regimen for preventive and therapeutic activation of WNT/B-catenin
signaling in experimental emphysema. Mice were subjected to a single orotracheal application of
elastase, which led to the development of pulmonary emphysema from day 1 to 14. WNT/B-catenin
activation by lithium chloride (LiCl) was initiated on the day of elastase subjection to day 7 (referred
to as preventive approach), or from day 7 to day 14 (referred to as therapeutic approach), using the

indicated concentrations (daily application intraperitonal (i.p.), C57BL/6: n=12, TOPGAL: n = 3 for
each group)

Importantly, bronchial and alveolar epithelial cells regularly stained for B-Gal in
response to LiCl (Figure 13), which is in accordance with B-Gal staining after WNT3a
treatment in the lung (94). Interestingly, enhanced B-Gal staining in the alveolar epithelium
was observed in the elastase-challenged mice, while in control mice, bronchial staining was

predominant (Figure 13).

-42 -



ctrl / LiCl elastase / LiCl

“  100pm 100pm

50pm 50pm

Figure 13. Activation of WNT/B-catenin signaling in experimental emphysema I. TOPGAL
reporter mice were treated orotracheally with elastase followed either by LiCl or vehicle
intraperitoneally (n =3 each), as described in detail in methods. The B-gal staining indicates WNT/pB-
catenin activity in the lungs in LiCl- or vehicle-treated mice (arrows). Pictures are representative of at
least 2 independent experiments, using at least three different lung tissues for each condition.
Magnification is indicated in the pictures.

Moreover, we observed increased expression of several WNT target genes and WNT
components in LiCl-treated emphysematous lungs compared with vehicle-treated
emphysematous lungs. As shown in Figure 14A and 14B the mRNA levels of the WNT target
genes fibroblast growth factor receptor (FGFR) 2 (elastase/vehicle vs. elastase/LiCl:
2.44+0.25 vs. 3.31£0.075; p=0.029), Axinl (-0.15£0.09 vs. 0.34+0.05; p=0.006) and Axin2 (-
0.27£0.17 wvs. 0.39£0.06; p=0,031) were increased in lung homogenates of emphysematous
mice treated with LiCl compared with control mice, while bone morphogenetic protein (BMP)
4 did not reach statistical significance (1.22+0.20 vs. 1.49+0.10) (Figure 14A). The WNT
components B-catenin, GSK-3p, LEF1 and TCF4 were upregulated in lung homogenates of

emphysematous mice treated with LiCl compared with control mice with statistical
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significance for LEF1 (-2.88+0.14 vs. -2.17£0.09; p=0.007) and TCF4 (0.18+£0.13 vs.
0.84+0.11; p=0.019) (Figure 14B).
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Figure 14. Activation of WNT/B-catenin signaling in experimental emphysema II. Mice were
treated orotracheally with elastase followed either by LiCl or vehicle intraperitoneally (n =12 each), as
described in detail in methods. (A) The mRNA levels of the WNT target genes fibroblast growth
factor receptor (FGFR) 2, bone morphogenetic protein (BMP) 4, Axinl and Axin2, and (B) the WNT
components f-catenin, GSK-3f, LEFI, and TCF4 were assessed in lung homogenates of
emphysematous mice treated with LiCl compared with control mice (n=6). Results are presented as
mean +s.e.m.; *p< 0.05.

To further corroborate active WNT/B-catenin signaling upon LiCl treatment, we
assessed nuclear f-catenin staining in ATII cells using double immunohistochemstry of SP-C
and B-catenin (Figure 15A), as well as immunofluorescence staining of B-catenin (Figure
15B) in LiCl-or vehicle-treated lungs elastase-challenged or control lungs.
Immunohistochemical analysis demonstrated increased staining of SP-C/B-catenin-positive
cells, as well as nuclear B-catenin staining, compared with vehicle-treated mice (Figure 15A,

15B, lower panels, arrows).
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Figure 15. Expression and localization of p-catenin in experimental emphysema. (A)
Immunohistochemical staining was performed on tissue sections derived from emphysematous or
control mouse lungs treated with LiCl or vehicle, as indicated, and were used to demonstrate co-
localization and nuclear -catenin in alveolar epithelial type I (ATII) cells (gray/dark blue staining in
the nucleus). Nuclear -catenin-negative ATII cells (right upper panel) and nuclear -catenin-positive
cells (right lower panel) are indicated by arrows. (B) Furthermore, single immunofluorescence staining
of B-catenin was performed on tissue sections derived from emphysematous mouse lungs treated with
LiCl or vehicle, as indicated. Counterstaining was performed with hematoxylin to visualize cell nuclei.
Nuclear B-catenin positive cells (lower panels) are indicated by arrows. Representative pictures of two
independent experiments using at least three different mouse lung tissues, respectively. Magnification
is indicated in the pictures. Low magnification pictures are provided in inlays in the respective
pictures.

In order to elucidate the effects of WNT/B-catenin activation by LiCl on emphysema
development, we analyzed key features of emphysema, such as destroyed lung architecture
and surface, decreased ATII cells, or enhanced collagen deposition. Notably, histological
assessment of the lung structure revealed marked attenuated emphysematous changes after
preventive  WNT/B-catenin activation in experimental lung emphysema (Figure 16A).
Quantitative morphometric analysis of airspace enlargement confirmed beneficial effects of
WNT/B-catenin activation by depicting improvement of elastase-induced changes. In LiCl-
treated mice, decreased mean chord length (109.9+7.8 um vs. 74.0£6.6 pm; p=0.0021, Figure
16B) and increased surface area (560.7+55.7 cm?® vs. 317.8+27.5 cm?; p=0.0067, Figure 16C)

were observed compared with vehicle-treated mice.
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Figure 16. Assessment of lung structure after preventive WNT/B-catenin activation in
experimental lung emphysema. Mice were subjected to elastase instillation, and treated with LiCl or
vehicle, as described in Figure 12. (A) After seven days, lungs were processed for hematoxylin and
eosin staining of lung sections (magnification as indicated). Stainings are representative of two
independent experiments using three different elastase- or control-treated lung tissues. (B) The mean
chord length and (C) surface area were assessed by morphometric analysis, as described in detail in the
methods of this manuscript.

In addition, we analyzed clinically relevant variables, such as lung function
parameters. Importantly, the dynamic compliance improved in emphysematous LiCl-treated
mice compared with emphysematous vehicle-treated mice (0.0358+0.004 ml/cmH,O vs.
0.0287+0.003 ml/cmH,0; p=0.0374, Figure 17A), while no significant alterations were
observed in lung resistance (1.463+0.365 cmH20.s/L vs. 1.438+0.195 cmH20.s/L; Figure
17B).
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Figure 17. Assessment of lung function after preventive WN'T/B-catenin activation in
experimental lung emphysema. Mice were subjected to elastase instillation, and treated with LiCl or
vehicle, as described in Figure 12. After seven days, dynamic compliance (A) and resistance (B) were
assessed by lung function analysis, as described in detail in the methods of this manuscript.

Next, we went on to analyze alterations in collagen and alveolar epithelial marker
expression. The mRNA level of type I collagen al was significantly reduced in LiCl-treated
animals (log-fold change -0.86+0.33; p=0.0496, Figure 18A), which was further substantiated
by decreased total collagen content in lung homogenates in emphysematous mice treated with
LiCl compared with vehicle-treated mice (29.6pug/m+4.1 vs. 16.1ug/ml+3.9, p=0.042, Figure
18B). To further delineate the functional impact of WNT/B-catenin activation on alveolar
structure, we assessed the mRINA levels of several alveolar epithelial cell markers (Figure
18A). The expression SP-C was increased in LiCl-treated mice (log-fold change -1.21+0.42;
p=0.0475). Furthermore, elevated mRNA level of cadherin 1 (cdhl), thyroid transcription
factor 1 (ttf1), forkhead box P2 (foxp2), and aquaporin 5 (agp5) were observed after WNT/B-
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catenin activation in experimental emphysema (log-fold change cdhl 0.97+£0.20, p=0.003; tzf1
1.20+0.30, p=0.033; foxp2 1.38+0.59, p=0.146; and agp5 0.63+0.18, p=0.025, Figure 18A).
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Figure 18. Quantitative analysis of lung structure after preventive WNT/B-catenin activation in
experimental emphysema I. (A) The mRNA levels of the ECM component type I collagen al
(collal), the epithelial cell marker cadherin 1 (cdhl), surfactant protein-C (sp-c), thyroid transcription
factor 1 (#1f1), forkhead box P2 (foxp2), and aquaporin 5 (agp5) were assessed by qRT-PCR. (B) The
collagen content was measured in total lung homogenates using the Sircol Collagen Assay kit
(Biocolor). Results are presented as log-fold change of mRNA levels in LiCl-treated versus untreated
lungs or relative expression levels (mean +s.e.m.), * p<0.05.

Alterations of the mRNA levels of SP-C and AQP5 were confirmed on the protein
level, as depicted by increased protein expression LiCl-treated mice compared with vehicle-
treated mice, suggesting an improved alveolar structure due to WNT/B-catenin activation in
experimental emphysema (Figure 19A). To assess a possible effect of WNT/B-catenin
activation on inflammation, we analyzed mRNA levels of the pro-inflammatory genes

interleukin B (IL1f), tumor necrosis factor-a (TNFa), and macrophage inflammatory protein
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(MIP) 2. For all investigated transcripts, no significant alterations were observed (Figure

19B).
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Figure 19. Quantitative analysis of lung structure after preventive WNT/B-catenin activation in
experimental emphysema II. (A) The expression of SP-C and Aquaporin 5 (AQPS) in lung
homogenates of emphysematous mice treated with LiCl compared with control mice, was analyzed by
immunoblotting (n=6 each). (B) The mRNA levels of pro-inflammatory genes interleukin B (IL1p),
tumor necrosis factor-a (TNFa), and macrophage inflammatory protein 2 (MIP) 2 were assessed by
gRT-PCR. Results are presented as log-fold change of mRNA levels in LiCl-treated versus untreated
lungs or relative expression levels (mean +s.e.m.), * p<0.05.

In summary, preventive WNT/B-catenin activation led to an attenuation of
experimental emphysema, as measured by decreased airspace enlargement, collagen content,
improved lung function, and restored alveolar structure upon WNT/B-catenin activation.

Finally, we wanted to evaluate, whether WNT/B-catenin activation exhibit beneficial
effects on established emphysema. Therefore, we initiated LiCl treatment on day 7 after

emphysema induction followed by daily application until day 14 (referred to as “therapeutic
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approach”, detailed treatment scheme in Figure 12). Histological assessment of the lung
structure revealed a marked attenuation of emphysema along with restored lung architecture
(Figure 20A) and significantly decreased airspace enlargement after therapeutic WNT/pB-
catenin activation (mean chord length: 106.44+2.3 vs. 85.3£2.5; p=0.021, Figure 20B).
Furthermore, WNT/B-catenin activation by LiCl was demonstrated by increased mRNA levels
of the WNT target genes Axinl and Axin2 (elastase/vehicle vs. elastase/LiCl, Axinl:
0.18+0.05 vs. 0.78+0.14; p=0.006), (Axin2: 0.09+0.11 vs. 0.91+0.17; p=0.003) in lung

homogenates of emphysematous mice upon therapeutic LiCl treatment (Figure 20C).
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Figure 20. Assessment of lung structure after therapeutic WNT/B-catenin activation in
experimental emphysema. Mice were subjected to elastase instillation and treated with LiCl or
vehicle, as described in Figure 12. After 14 days, lungs were processed for hematoxylin and eosin
staining of lung sections (magnification as indicated). Stainings are representative of two independent
experiments using three different elastase- or control-treated lung tissues. (B) The mean chord length
was assessed by morphometric analysis as described in detail in the methods of this manuscript. (C)
The mRNA levels of the WNT target genes fibroblast growth factor receptor (FGFR) 2, Axinl, and
Axin2 and were assessed in lung homogenates of emphysematous mice treated with LiCl compared
with control mice (n=6). Results are presented as mean +s.e.m; *p<0.05.
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Moreover,

analysis of lung function parameters revealed improved dynamic

compliance in emphysematous LiCl-treated mice compared with emphysematous vehicle-
treated mice (0.0381+0.003 ml/cmH,0O vs. 0.032+0.003 ml/cmH,0; p=0.024, Figure 21A).
The resistance remained unchanged (1.700+£0.230 cmH20.s/L vs. 2.337+0.568 cmH20.s/L;

Figure 21B).
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Figure 21. Assessment of lung function after therapeutic WNT/B-catenin activation in
experimental emphysema. Mice were subjected to elastase instillation and treated with LiCl or
vehicle, as described in Figure 12. After 14 days (A) dynamic compliance and (B) resistance were
assessed by lung function analysis, as described in detail in the methods of this manuscript.
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DISCUSSION

COPD is a progressive and devastating disease and patients diagnosed with COPD
have only limited therapeutic options (4, 114). COPD is characterized by irreversible
expiratory airflow limitation due to two main intrapulmonary features: small airway disease
(SAD) and emphysema. SAD is characterized by airway inflammation with increased mucus
production and peribronchiolar fibrosis, while emphysema is defined as destruction of the
alveolar architecture due to distal airspace enlargement (115, 116). Cigarette smoking is the
most important risk factor for COPD, and believed to activate several signaling cascades,
which impair cellular and molecular maintenance, finally leading to destruction of alveolar
structure (8, 117). Strong evidence supports a major role of inflammatory processes and
protease / antiprotease imbalance in the development of emphysema, however, recent studies
have also pointed out that additional or complimentary pathway abnormalities are involved in
the development and progression of alveolar destruction (100, 118). Recently, Yildirim and
colleagues demonstrated that activation of keratinocyte growth factor (KGF) by palifermin is
able to induce alveolar maintenance programs in emphysematous lungs. Palifermin induced
expression of TGF-B1 in and release of active TGF-B1 from primary mouse alveolar epithelial
type 2 cells, in vitro recombinant TGF-f1 was able to induce elastin gene expression (119).
These findings suggested that this effect of palifermin is linked to alveolar epithelial type II
(ATII) cell-derived growth factors, such as TGF-B1, thus highlighting a novel target for
emphysema therapy.

Along these lines, developmentally active pathways have been suggested to operate
during lung development such as the WNT/B-catenin pathway (120-122). Importantly, a
recent study demonstrated that mouse embryos deficient for WNT2/2b expression display
complete lung agenesis, further highlighting the importance of this signal pathway in lung
morphogenesis (92).

Here, we took a comprehensive approach investigating the quantitative assessment of
canonical WNT/B-catenin signaling components at the mRNA and protein level, localization,
as well as activity of WNT/B-catenin signaling in emphysematous COPD specimen. We
demonstrated, for the first time, that active WNT/B-catenin signaling is decreased in
emphysema.

Recently, the WNT/B-catenin pathway has been linked with parenchymal lung
diseases, such as pulmonary fibrosis (96). Canonical WNT/B-catenin activation has been

demonstrated to be activated in idiopathic pulmonary fibrosis (IPF), and, in particular, to be
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involved in epithelial cell repair mechanism in vitro and in vivo (94-96, 98). The finding that
WNT/B-catenin signaling is decreased in emphysema further substantiates a critical role of
WNT/B-catenin signaling in alveolar epithelial cell homeostasis, and reveals a reasonable
mechanism for alveolar tissue destruction in emphysema.

The investigated human COPD tissues were obtained from patients undergoing lung
transplantation, representing end-stage diseased lungs (GOLD IV). At this stage, efforts of the
lung to repair or reverse may be diminished or even extinct. Early intervention therapy is
unquestioned and patients suffering from COPD would benefit from immediate therapy.
However, some patients have only few complaints in early stages of disease, and symptoms,
like dyspnea on exertion, cough and sputum production are often neglected or attributed to
lack of exercise and smoking habits (123), therefore COPD is usually diagnosed in GOLD
stage III-IV (124). Undoubtedly, it will be important to investigate the role of WNT/B-catenin
signaling in earlier stages of COPD or even smokers in future studies.

To further evaluate the impact of WNT/B-catenin signaling during development of
emphysema, and to be able to therapeutically intervene and analyze structural and functional
differences in a reasonable time frame, we therefore focused our studies on the elastase-
induced emphysema model in mice (125). In our experimental emphysema model, reduced
expression of the WNT/B-catenin signaling pathway was observed, which was further
confirmed using TOPGAL reporter mice that displayed no WNT/B-catenin activity upon
elastase treatment.

One of the most frequently investigated hypothesis and supported by strong evidence
is the protease/antiprotease imbalance hypothesis (40, 41). The hypothesis states that an
excess of neutrophil elastase and matrix metalloproteases results in a destructive process of
the collagen and elastin fibers in the lung parenchyma. Therefore, we decided to proceed with
the elastase-induced emphysema in mice. In this model the administration of an elastolytic
enzyme leads to a progression of airspace enlargement and loss of alveolar architecture over
the course of one week after administration, thus enabling easy and economic investigations
and interventions opposed to long-lasting models like the cigarette-smoke-induced model of
COPD. However, the early and acute onset of this model is criticized because it is in contrast
to the slow and chronic process seen in human COPD. Furthermore, it is believed that
elastase-induced emphysema does not model the multifactorial process seen with cigarette-
smoke exposure (125). On the other hand, the cigarette-smoke-induced model of emphysema
is very time and money consuming. It usually takes up to eight months and the

emphysematous changes produced in this model can be subtle. A limitation of elastase- and
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smoke-induced emphysema is that both models lack small airway remodeling (126). It has
been described that small airway walls of guinea pigs after long-term cigarette-smoke
exposure are thickened (127) and might be therefore used as a model for small airway disease.

Importantly, our results are in accordance with a recent publication by Blacquiere et
al., reporting that maternal smoking during pregnancy decreases WNT signaling in mice.
Although the elastase model does not reflect all of the events seen with smoke (125), these
results suggest that reduced activity of WNT/B-catenin signaling is a common and relevant
feature of emphysema development. It has to be stated, however, that a recent publication by
Liu et al. reported activation of WNT/B-catenin upon cigarette smoke condensate exposure on
lung epithelial cell lines in vitro (128). Future studies using different animal models, such as
cigarette-smoke exposure, in combination with relevant in vitro studies, will extend our
insight on WNT/B-catenin signaling in emphysema.

Following our initial observations, we aimed to assess whether WNT/B-catenin
activation represented an effective therapeutic option in emphysema. To this end, we used
lithium chloride (LiCl), which is a well-known activator of WNT/B-catenin signaling by
inhibiting glycogen synthase kinase 3 (GSK-3f) (109). In addition to LiCl, several small
molecule inhibitors, such as SB216763 or SB415286, are available and may be taken into
account for future studies. LiCl may influence other signaling pathways besides WNT/f-
catenin (112, 129). To assure this, we demonstrated that LiCl treatment led to 1) enhanced
WNT/B-catenin signal activity in lung epithelial cells in TOPGAL reporter mice, 2) increased
nuclear staining of f-catenin in ATII cells, and 3) induced WNT target gene expression in the
lung. As such, we provide several lines of evidence that the main effects of LiCl reported in
this study are mediated by active WNT/B-catenin signaling.

We decided to pursue two different approaches, preventive as well as therapeutic
WNT/B-catenin activation in our emphysema model. Most importantly, WNT/B-catenin
activation resulted in a marked attenuation of airspace enlargement and improved lung
morphology in both treatment regimen. Moreover, improvement of clinically relevant
parameters, such as dynamic lung compliance, further emphasized that WNT/B-catenin
activation may be a suitable future therapeutic option for emphysema.

WNT/B-catenin activation led to a reduction of collagen on the protein as well as
mRNA level. Higher collagen content in the elastase-induced emphysema model was initially
found in hamsters and has been shown to correlate with the degree of parenchyma destruction
(130, 131). Increased collagen level after elastase administration have been suggested to

present inefficient tissue repair attempts, implicating that decreased collagen level after

-55-



WNT/B-catenin activation may be reflecting an improved tissue maintenance. Moreover,
WNT/B-catenin activation led to a marked increase in several ATII and I cell marker, such as
SP-C and TTF1 (ATII), as well as AQPS (ATI), suggesting an increased maintenance of the
alveolar structure due to WNT/B-catenin activation. Surfactant proteins play an important role
in the maintenance of alveolar structure, thus impairment in surfactant metabolism in ATII
cells may lead to enlargement and destruction of the alveolar space (100, 132). Increased
expression of AQPS, which is a water channel that resides in the ATI cell apical plasma
membrane (133), further underlines that alveolar structure is restored after WNT/B-catenin
activation in experimental emphysema.

With respect to inflammatory processes involved in emphysema development, no
significant impact of WNT/B-catenin activation on the inflammatory process has been
observed in our model. The expression analysis, however, was performed in lung homogenate
samples, which implies that the expression profiles are subject to the cellular composition of
the samples used. Furthermore, it has been shown that active WNT/B-catenin signaling occurs
in the fibroproliferative phase after acute lung inflammation in a mouse model of oxidant-
induced injury (134), supporting an involvement of WNT/B-catenin signaling in the resolution
and regeneration phase after lung injury.

Matrix degradation is a prominent feature in emphysema, which leads to destruction of
the normal alveolar structure and damaged alveolar epithelial cells (117, 135, 136). We
propose that the inability of activating WNT/B-catenin signaling as a survival signal in the
alveolar epithelium in emphysema may represent a crucial mechanism, initiating or
potentiating the loss of alveolar epithelial cells in emphysema. Therefore, WNT/B-catenin
activation may be a future therapeutic tool to drive alveolar epithelial cell repair processes. In
conditions different from emphysema.

Our results suggest that active WNT/B-catenin signaling affects extracellular matrix
turnover and alveolar epithelial cell survival. Previous reports demonstrated that WNT/j-
catenin activation, by recombinant WNT proteins as well as LiCl, led to enhanced epithelial
cell proliferation and survival (94, 98, 137-139). Moreover, WNT/B-catenin activation also
impacts fibroblast behavior and extracellular matrix production (98, 140, 141). Along these
lines, it is most apparent that the detailed mechanisms, which underline the beneficial effects
of WNT/B-catenin activation in emphysema involves several cell types. In this respect,
different stem cell populations have been described with respect to lung repair and
regeneration, such as bronchioalveolar stem cells (BASC) or bone-marrow-derived stem cells

(142-145). An involvement of WNT/B-catenin signaling on BASC regulation has been
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reported. Moreover, it has been demonstrated that WNT/B-catenin is critical for normal
hematopoietic stem cell (HSC) maintenance (146), and may be an important regulator of
organ regeneration (147). Future studies are therefore clearly needed to elucidate whether
stem cells are involved in the beneficial effects of WNT/B-catenin activation in emphysema.

Finally, the role of WNT signaling in lung cancer needs to be assessed carefully, in
particular for future therapeutic developments. COPD patients exhibit a 4.5 fold increased risk
for the development of lung cancer (148). Several WNT proteins have been found to be
differentially expressed in non-small cell lung carcinoma specimen, driving epithelial cell
proliferation and apparently taken part in the multi-step oncogenic process (149). In patients
at high risk to develop lung cancer, activation of WNT/B-catenin signaling may have
devastating effects. Cigarette smoke is the main risk factor for both, COPD and lung cancer
(150). In this respect, it has to be further explored how the same trigger can have two
opposing effects on the alveolar epithelium. On the one hand, increased activity of WNT/B-
catenin signaling is linked to lung cancer and on the other hand, as reported here, silenced
WNT/B-catenin signaling is associated with emphysema. Understanding the diverse responses
of the alveolar epithelium to cigarette-smoke in respect to WNT/B-catenin signaling activity
will be necessary to use WNT/B-catenin signaling as therapeutic target for both.

Taken together, this study demonstrates decreased active WNT/B-catenin signaling in
COPD specimen and in experimental emphysema. Preventive, as well as therapeutic WNT/(3-
catenin activation led to a significant reduction of experimental emphysema with restored
alveolar epithelial structure and function.

To further investigate the role of WNT/B-catenin signaling in the pathogenesis of
COPD further experimental evidence would be of great interest but were beyond the scope of
this study. Some of this experiments could be as following: First, to study the expression and
activity of WNT/B-catenin signaling components in lungs from COPD patients a) with
different GOLD stages, b) with and without smoking history, and c) in subpopulations of
COPD, like in patients with alpha-1 antitrypsin deficiency or patients with combined diseases
(fibrosis and emphysema or lung cancer and emphysema). Second, to investigate the
expression profile of WNT/B-catenin signaling components in different lung compartments,
such as small airways (site of small airway disease), parenchyma (site of emphysematous
changes), or vessels (site of vascular abnormalities), to overcome the limitation of using total
lung homogenates. Thirdly, it would be interesting to test therapeutically activation of
WNT/B-catenin signaling in other animal models of COPD, such as the cigarette-smoke-

induced emphysema in mice. Further, genetically modified mice could be used and subjected
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to elastase or cigarette-smoke. For example, gain-of-function of WNT/B-catenin signaling
could be achieved by mutation of the phosphorylation sites of GSK-3B or B-catenin.
Conditional gain-of-function mutations could be introduced in the ATII cells of the alveolar
epithelium using a SP-C cre line.

In summary, future in vitro and in vivo studies will certainly provide more insights on
the mechanistic principles underlying decreased WNT/B-catenin signaling in COPD, and
whether therapeutic WNT/B-catenin activation will present as a future therapeutic tool in this

devastating disease.

-58-



REFERENCES

10.

11.

12.

Global Alliance against Chronic Respiratory Diseases. Stop the global epidemic of
chronic disease. http://www.who.int/gard/en

Jemal, A., Ward, E., Hao, Y., and Thun, M. (2005) Trends in the leading causes of
death in the United States, 1970-2002. JAMA 294, 1255-1259

Sullivan, S. D., Ramsey, S. D., and Lee, T. A. (2000) The economic burden of COPD.
Chest 117, 55-9S

Barnes, P. J. (2008) Future treatments for chronic obstructive pulmonary disease and
its comorbidities. Proc Am Thorac Soc 5, 857-864

Chen, Z. H., Kim, H. P., Ryter, S. W., and Choi, A. M. (2008) Identifying targets for
COPD treatment through gene expression analyses. Int J Chron Obstruct Pulmon Dis
3, 359-370

Lamprecht, B., Schirnhofer, L., Kaiser, B., Buist, S., and Studnicka, M. (2008) Non-
reversible airway obstruction in never smokers: results from the Austrian BOLD
study. Respir Med 102, 1833-1838

Walter, R., Gottlieb, D. J., and O'Connor, G. T. (2000) Environmental and genetic risk
factors and gene-environment interactions in the pathogenesis of chronic obstructive
lung disease. Environ Health Perspect 108 Suppl 4, 733-742

Tuder, R. M., Yoshida, T., Arap, W., Pasqualini, R., and Petrache, 1. (2006) State of
the art. Cellular and molecular mechanisms of alveolar destruction in emphysema: an
evolutionary perspective. Proc Am Thorac Soc 3, 503-510

Hogg, J. C., Chu, F., Utokaparch, S., Woods, R., Elliott, W. M., Buzatu, L.,
Cherniack, R. M., Rogers, R. M., Sciurba, F. C., Coxson, H. O., and Pare, P. D. (2004)
The nature of small-airway obstruction in chronic obstructive pulmonary disease. N
Engl J Med 350, 2645-2653

Sturton, G., Persson, C., and Barnes, P. J. (2008) Small airways: an important but
neglected target in the treatment of obstructive airway diseases. Trends Pharmacol Sci
29, 340-345

Chung, K. F. (2006) Cytokines as targets in chronic obstructive pulmonary disease.
Curr Drug Targets 7, 675-681

Rabe, K. F., Hurd, S., Anzueto, A., Barnes, P. J., Buist, S. A., Calverley, P., Fukuchi,
Y., Jenkins, C., Rodriguez-Roisin, R., van Weel, C., and Zielinski, J. (2007) Global

strategy for the diagnosis, management, and prevention of chronic obstructive
-59-



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

pulmonary disease: GOLD executive summary. Am J Respir Crit Care Med 176, 532-
555

Minai, O. A., Benditt, J., and Martinez, F. J. (2008) Natural history of emphysema.
Proc Am Thorac Soc 5, 468-474

Hogg, J. C., and Timens, W. (2009) The pathology of chronic obstructive pulmonary
disease. Annu Rev Pathol 4, 435-459

Matsuba, K., Wright, J. L., Wiggs, B. R., Pare, P. D., and Hogg, J. C. (1989) The
changes in airways structure associated with reduced forced expiratory volume in one
second. Eur Respir J 2, 834-839

Cosio, M., Ghezzo, H., Hogg, J. C., Corbin, R., Loveland, M., Dosman, J., and
Macklem, P. T. (1978) The relations between structural changes in small airways and
pulmonary-function tests. N Engl J Med 298, 1277-1281

Lamb, D., McLean, A., Gillooly, M., Warren, P. M., Gould, G. A., and MacNee, W.
(1993) Relation between distal airspace size, bronchiolar attachments, and lung
function. Thorax 48, 1012-1017

Luppi, F., Franco, F., Beghe, B., and Fabbri, L. M. (2008) Treatment of chronic
obstructive pulmonary disease and its comorbidities. Proc Am Thorac Soc 5, 848-856
Chatila, W. M., Thomashow, B. M., Minai, O. A., Criner, G. J., and Make, B. J.
(2008) Comorbidities in chronic obstructive pulmonary disease. Proc Am Thorac Soc
5, 549-555

King, D. A., Cordova, F., and Scharf, S. M. (2008) Nutritional aspects of chronic
obstructive pulmonary disease. Proc Am Thorac Soc 5, 519-523

Agusti, A. (2008) Systemic effects of COPD: just the tip of the Iceberg. COPD 5, 205-
206

MacNee, W. (2005) Pathogenesis of chronic obstructive pulmonary disease. Proc Am
Thorac Soc 2, 258-266; discussion 290-251

Agusti, A. G., Noguera, A., Sauleda, J., Sala, E., Pons, J., and Busquets, X. (2003)
Systemic effects of chronic obstructive pulmonary disease. Eur Respir J 21, 347-360
Yanbaeva, D. G., Dentener, M. A., Creutzberg, E. C., Wesseling, G., and Wouters, E.
F. (2007) Systemic effects of smoking. Chest 131, 1557-1566

Rahman, 1., Morrison, D., Donaldson, K., and MacNee, W. (1996) Systemic oxidative
stress in asthma, COPD, and smokers. Am J Respir Crit Care Med 154, 1055-1060
Pratico, D., Basili, S., Vieri, M., Cordova, C., Violi, F., and Fitzgerald, G. A. (1998)

Chronic obstructive pulmonary disease is associated with an increase in urinary levels

-60 -



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

of isoprostane F2alpha-III, an index of oxidant stress. Am J Respir Crit Care Med 158,
1709-1714

Noguera, A., Busquets, X., Sauleda, J., Villaverde, J. M., MacNee, W., and Agusti, A.
G. (1998) Expression of adhesion molecules and G proteins in circulating neutrophils
in chronic obstructive pulmonary disease. Am J Respir Crit Care Med 158, 1664-1668
Barcelo, B., Pons, J., Ferrer, J. M., Sauleda, J., Fuster, A., and Agusti, A. G. (2008)
Phenotypic characterisation of T-lymphocytes in COPD: abnormal CD4+CD25+
regulatory T-lymphocyte response to tobacco smoking. Eur Respir J 31, 555-562
Tetley, T. D. (2005) Inflammatory cells and chronic obstructive pulmonary disease.
Curr Drug Targets Inflamm Allergy 4, 607-618

Broekhuizen, R., Wouters, E. F., Creutzberg, E. C., and Schols, A. M. (2006) Raised
CRP levels mark metabolic and functional impairment in advanced COPD. Thorax 61,
17-22

Noguera, A., Batle, S., Miralles, C., Iglesias, J., Busquets, X., MacNee, W., and
Agusti, A. G. (2001) Enhanced neutrophil response in chronic obstructive pulmonary
disease. Thorax 56, 432-437

van Durme, Y. M., Verhamme, K. M., Aarnoudse, A. J., Van Pottelberge, G. R.,
Hofman, A., Witteman, J. C., Joos, G. F., Brusselle, G. G., and Stricker, B. H. (2009)
C-reactive protein levels, haplotypes, and the risk of incident chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 179, 375-382

Laurell, C. B., and Eriksson, S. (1965) The Serum Alpha-L-Antitrypsin in Families
with Hypo-Alpha-L-Antitrypsinemia. Clin Chim Acta 11, 395-398

Gross, P., Pfitzer, E. A., Tolker, E., Babyak, M. A., and Kaschak, M. (1965)
Experimental Emphysema: Its Production with Papain in Normal and Silicotic Rats.
Arch Environ Health 11, 50-58

Kuhn, C., Yu, S. Y., Chraplyvy, M., Linder, H. E., and Senior, R. M. (1976) The
induction of emphysema with elastase. II. Changes in connective tissue. Lab Invest 34,
372-380

Senior, R. M., Tegner, H., Kuhn, C., Ohlsson, K., Starcher, B. C., and Pierce, J. A.
(1977) The induction of pulmonary emphysema with human leukocyte elastase. Am
Rev Respir Dis 116, 469-475

Janoff, A., Sloan, B., Weinbaum, G., Damiano, V., Sandhaus, R. A., Elias, J., and
Kimbel, P. (1977) Experimental emphysema induced with purified human neutrophil

elastase: tissue localization of the instilled protease. Am Rev Respir Dis 115, 461-478

-61-



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Snider, G. L., Lucey, E. C., Christensen, T. G., Stone, P. J., Calore, J. D., Catanese,
A., and Franzblau, C. (1984) Emphysema and bronchial secretory cell metaplasia
induced in hamsters by human neutrophil products. Am Rev Respir Dis 129, 155-160
Kumar V, Abbas AK, Fausto N, ed (2005). Robbin and Cotran Pathological Basis of
Disease (7th ed.). Elsevier/Saunders. pp. 911-2. ISBN 978-0-7216-0187-3

Shapiro, S. D., Goldstein, N. M., Houghton, A. M., Kobayashi, D. K., Kelley, D., and
Belaaouaj, A. (2003) Neutrophil elastase contributes to cigarette smoke-induced
emphysema in mice. Am J Pathol 163, 2329-2335

Hautamaki, R. D., Kobayashi, D. K., Senior, R. M., and Shapiro, S. D. (1997)
Requirement for macrophage elastase for cigarette smoke-induced emphysema in
mice. Science 277, 2002-2004

MacNee, W. (2005) Oxidants and COPD. Curr Drug Targets Inflamm Allergy 4, 627-
641

Rahman, 1., van Schadewijk, A. A., Crowther, A. J., Hiemstra, P. S., Stolk, J.,
MacNee, W., and De Boer, W. 1. (2002) 4-Hydroxy-2-nonenal, a specific lipid
peroxidation product, is elevated in lungs of patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 166, 490-495

Cavarra, E., Lucattelli, M., Gambelli, F., Bartalesi, B., Fineschi, S., Szarka, A.,
Giannerini, F., Martorana, P. A., and Lungarella, G. (2001) Human SLPI inactivation
after cigarette smoke exposure in a new in vivo model of pulmonary oxidative stress.
Am J Physiol Lung Cell Mol Physiol 281, 1.412-417

Shapiro, S. D. (2003) Proteolysis in the lung. Eur Respir J Suppl 44, 30s-32s

Shapiro, S. D. (2002) Proteinases in chronic obstructive pulmonary disease. Biochem
Soc Trans 30, 98-102

Cosio, B. G., Tsaprouni, L., Ito, K., Jazrawi, E., Adcock, I. M., and Barnes, P. J.
(2004) Theophylline restores histone deacetylase activity and steroid responses in
COPD macrophages. J Exp Med 200, 689-695

Marwick, J. A., Kirkham, P. A., Stevenson, C. S., Danahay, H., Giddings, J., Butler,
K., Donaldson, K., Macnee, W., and Rahman, 1. (2004) Cigarette smoke alters
chromatin remodeling and induces proinflammatory genes in rat lungs. Am J Respir
Cell Mol Biol 31, 633-642

Malhotra, D., Thimmulappa, R., Navas-Acien, A., Sandford, A., Elliott, M., Singh, A.,
Chen, L., Zhuang, X., Hogg, J., Pare, P., Tuder, R. M., and Biswal, S. (2008) Decline

-62 -



50.

51.

52.

53.

54.

55.

56.

57.

58.

in NRF2-regulated antioxidants in chronic obstructive pulmonary disease lungs due to
loss of its positive regulator, DJ-1. Am J Respir Crit Care Med 178, 592-604
Rangasamy, T., Cho, C. Y., Thimmulappa, R. K., Zhen, L., Srisuma, S. S., Kensler, T.
W., Yamamoto, M., Petrache, 1., Tuder, R. M., and Biswal, S. (2004) Genetic ablation
of Nrf2 enhances susceptibility to cigarette smoke-induced emphysema in mice. J Clin
Invest 114, 1248-1259

Tizuka, T., Ishii, Y., Itoh, K., Kiwamoto, T., Kimura, T., Matsuno, Y., Morishima, Y.,
Hegab, A. E., Homma, S., Nomura, A., Sakamoto, T., Shimura, M., Yoshida, A,
Yamamoto, M., and Sekizawa, K. (2005) Nrf2-deficient mice are highly susceptible to
cigarette smoke-induced emphysema. Genes Cells 10, 1113-1125

Ishii, Y., Itoh, K., Morishima, Y., Kimura, T., Kiwamoto, T., lizuka, T., Hegab, A. E.,
Hosoya, T., Nomura, A., Sakamoto, T., Yamamoto, M., and Sekizawa, K. (2005)
Transcription factor Nrf2 plays a pivotal role in protection against elastase-induced
pulmonary inflammation and emphysema. J Immunol 175, 6968-6975

Sussan, T. E., Rangasamy, T., Blake, D. J., Malhotra, D., El-Haddad, H., Bedja, D.,
Yates, M. S., Kombairaju, P., Yamamoto, M., Liby, K. T., Sporn, M. B., Gabrielson,
K. L., Champion, H. C., Tuder, R. M., Kensler, T. W., and Biswal, S. (2009)
Targeting Nrf2 with the triterpenoid CDDO-imidazolide attenuates cigarette smoke-
induced emphysema and cardiac dysfunction in mice. Proc Natl Acad Sci U S A 106,
250-255

Aoshiba, K., and Nagai, A. (1999) [Apoptosis in chronic obstructive pulmonary
disease]. Nippon Rinsho 57, 1972-1975

Kasahara, Y., Tuder, R. M., Cool, C. D., Lynch, D. A., Flores, S. C., and Voelkel, N.
F. (2001) Endothelial cell death and decreased expression of vascular endothelial
growth factor and vascular endothelial growth factor receptor 2 in emphysema. Am J
Respir Crit Care Med 163, 737-744

Kasahara, Y., Tuder, R. M., Taraseviciene-Stewart, L., Le Cras, T. D., Abman, S.,
Hirth, P. K., Waltenberger, J., and Voelkel, N. F. (2000) Inhibition of VEGF receptors
causes lung cell apoptosis and emphysema. J Clin Invest 106, 1311-1319

Tang, K., Rossiter, H. B., Wagner, P. D., and Breen, E. C. (2004) Lung-targeted
VEGF inactivation leads to an emphysema phenotype in mice. J Appl Physiol 97,
1559-1566; discussion 1549

Marwick, J. A., Stevenson, C. S., Giddings, J., MacNee, W., Butler, K., Rahman, I,
and Kirkham, P. A. (2006) Cigarette smoke disrupts VEGF165-VEGFR-2 receptor

-63 -



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

signaling complex in rat lungs and patients with COPD: morphological impact of
VEGFR-2 inhibition. Am J Physiol Lung Cell Mol Physiol 290, L897-908

Aoshiba, K., Yokohori, N., and Nagai, A. (2003) Alveolar wall apoptosis causes lung
destruction and emphysematous changes. Am J Respir Cell Mol Biol 28, 555-562
Vandivier, R. W., Henson, P. M., and Douglas, I. S. (2006) Burying the dead: the
impact of failed apoptotic cell removal (efferocytosis) on chronic inflammatory lung
disease. Chest 129, 1673-1682

Calabrese, F., Giacometti, C., Beghe, B., Rea, F., Loy, M., Zuin, R., Marulli, G,
Baraldo, S., Saetta, M., and Valente, M. (2005) Marked alveolar
apoptosis/proliferation imbalance in end-stage emphysema. Respir Res 6, 14

Janssens, J. P., Pache, J. C., and Nicod, L. P. (1999) Physiological changes in
respiratory function associated with ageing. Eur Respir J 13, 197-205

Morla, M., Busquets, X., Pons, J., Sauleda, J., MacNee, W., and Agusti, A. G. (2006)
Telomere shortening in smokers with and without COPD. Eur Respir J 27, 525-528
Tsuji, T., Aoshiba, K., and Nagai, A. (2006) Alveolar cell senescence in patients with
pulmonary emphysema. Am J Respir Crit Care Med 174, 886-893

Tsuji, T., Aoshiba, K., and Nagai, A. (2004) Cigarette smoke induces senescence in
alveolar epithelial cells. Am J Respir Cell Mol Biol 31, 643-649

Nyunoya, T., Monick, M. M., Klingelhutz, A., Yarovinsky, T. O., Cagley, J. R., and
Hunninghake, G. W. (2006) Cigarette smoke induces cellular senescence. Am J Respir
Cell Mol Biol 35, 681-688

Muller, K. C., Welker, L., Paasch, K., Feindt, B., Erpenbeck, V. J., Hohlfeld, J. M.,
Krug, N., Nakashima, M., Branscheid, D., Magnussen, H., Jorres, R. A., and Holz, O.
(2006) Lung fibroblasts from patients with emphysema show markers of senescence in
vitro. Respir Res 7, 32

Ishigami, A., Fujita, T., Handa, S., Shirasawa, T., Koseki, H., Kitamura, T., Enomoto,
N., Sato, N., Shimosawa, T., and Maruyama, N. (2002) Senescence marker protein-30
knockout mouse liver is highly susceptible to tumor necrosis factor-alpha- and Fas-
mediated apoptosis. Am J Pathol 161, 1273-1281

Mori, T., Ishigami, A., Seyama, K., Onai, R., Kubo, S., Shimizu, K., Maruyama, N.,
and Fukuchi, Y. (2004) Senescence marker protein-30 knockout mouse as a novel
murine model of senile lung. Pathol Int 54, 167-173

Sato, T., Seyama, K., Sato, Y., Mori, H., Souma, S., Akiyoshi, T., Kodama, Y., Mori,
T., Goto, S., Takahashi, K., Fukuchi, Y., Maruyama, N., and Ishigami, A. (2006)

- 64 -



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Senescence marker protein-30 protects mice lungs from oxidative stress, aging, and
smoking. Am J Respir Crit Care Med 174, 530-537

Rajendrasozhan, S., Yang, S. R., Kinnula, V. L., and Rahman, 1. (2008) SIRT1, an
antiinflammatory and antiaging protein, is decreased in lungs of patients with chronic
obstructive pulmonary disease. Am J Respir Crit Care Med 177, 861-870

Tuder RM, Voelkel NF. Pathology of chronic bronchitis and emphysema. In: Chronic
Obstructive Lung Disease, edited by Voelkel NF and MacNee W. Montreal, Canada:
Dekker, 2001, p. 90-113.

Kanazawa, H., Hirata, K., and Yoshikawa, J. (2003) Imbalance between vascular
endothelial growth factor and endostatin in emphysema. Eur Respir J 22, 609-612
Koyama, S., Sato, E., Haniuda, M., Numanami, H., Nagai, S., and Izumi, T. (2002)
Decreased level of vascular endothelial growth factor in bronchoalveolar lavage fluid
of normal smokers and patients with pulmonary fibrosis. Am J Respir Crit Care Med
166, 382-385

Kanazawa, H., and Yoshikawa, J. (2005) Elevated oxidative stress and reciprocal
reduction of vascular endothelial growth factor levels with severity of COPD. Chest
128, 3191-3197

Tuder, R. M., Zhen, L., Cho, C. Y., Taraseviciene-Stewart, L., Kasahara, Y.,
Salvemini, D., Voelkel, N. F., and Flores, S. C. (2003) Oxidative stress and apoptosis
interact and cause emphysema due to vascular endothelial growth factor receptor
blockade. Am J Respir Cell Mol Biol 29, 88-97

Ono, M., Sawa, Y., Matsumoto, K., Nakamura, T., Kaneda, Y., and Matsuda, H.
(2002) In vivo gene transfection with hepatocyte growth factor via the pulmonary
artery induces angiogenesis in the rat lung. Circulation 106, 1264-269

Sakamaki, Y., Matsumoto, K., Mizuno, S., Miyoshi, S., Matsuda, H., and Nakamura,
T. (2002) Hepatocyte growth factor stimulates proliferation of respiratory epithelial
cells during postpneumonectomy compensatory lung growth in mice. Am J Respir Cell
Mol Biol 26, 525-533

Shigemura, N., Sawa, Y., Mizuno, S., Ono, M., Ohta, M., Nakamura, T., Kaneda, Y.,
and Matsuda, H. (2005) Amelioration of pulmonary emphysema by in vivo gene
transfection with hepatocyte growth factor in rats. Circulation 111, 1407-1414
Ishizawa, K., Kubo, H., Yamada, M., Kobayashi, S., Suzuki, T., Mizuno, S,

Nakamura, T., and Sasaki, H. (2004) Hepatocyte growth factor induces angiogenesis

- 65 -



1.

82.

83.

84.

85.

86.

87.

88.

89.

in injured lungs through mobilizing endothelial progenitor cells. Biochem Biophys Res
Commun 324, 276-280

Gatherer, D., Ten Dijke, P., Baird, D. T., and Akhurst, R. J. (1990) Expression of
TGF-beta isoforms during first trimester human embryogenesis. Development 110,
445-460

Kim, I. Y., Kim, M. M., and Kim, S. J. (2005) Transforming growth factor-beta :
biology and clinical relevance. J Biochem Mol Biol 38, 1-8

Konigshoff, M., Kneidinger, N., and Eickelberg, O. (2009) TGF-beta signaling in
COPD: deciphering genetic and cellular susceptibilities for future therapeutic regimen.
Swiss Med Wkly 139, 554-563

Celedon, J. C., Lange, C., Raby, B. A., Litonjua, A. A., Palmer, L. J., DeMeo, D. L.,
Reilly, J. J., Kwiatkowski, D. J., Chapman, H. A., Laird, N., Sylvia, J. S., Hernandez,
M., Speizer, F. E., Weiss, S. T., and Silverman, E. K. (2004) The transforming growth
factor-betal (TGFB1) gene is associated with chronic obstructive pulmonary disease
(COPD). Hum Mol Genet 13, 1649-1656

van Diemen, C. C., Postma, D. S., Vonk, J. M., Bruinenberg, M., Nolte, I. M., and
Boezen, H. M. (2006) Decorin and TGF-betal polymorphisms and development of
COPD in a general population. Respir Res 7, 89

de Boer, W. L., van Schadewijk, A., Sont, J. K., Sharma, H. S., Stolk, J., Hiemstra, P.
S., and van Krieken, J. H. (1998) Transforming growth factor betal and recruitment of
macrophages and mast cells in airways in chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 158, 1951-1957

Pons, A. R., Sauleda, J., Noguera, A., Pons, J., Barcelo, B., Fuster, A., and Agusti, A.
G. (2005) Decreased macrophage release of TGF-beta and TIMP-1 in chronic
obstructive pulmonary disease. Eur Respir J 26, 60-66

Togo, S., Holz, O., Liu, X., Sugiura, H., Kamio, K., Wang, X., Kawasaki, S., Ahn, Y.,
Fredriksson, K., Skold, C. M., Mueller, K. C., Branscheid, D., Welker, L., Watz, H.,
Magnussen, H., and Rennard, S. 1. (2008) Lung fibroblast repair functions in patients
with chronic obstructive pulmonary disease are altered by multiple mechanisms. Am J
Respir Crit Care Med 178, 248-260

Colarossi, C., Chen, Y., Obata, H., Jurukovski, V., Fontana, L., Dabovic, B., and
Rifkin, D. B. (2005) Lung alveolar septation defects in Ltbp-3-null mice. Am J Pathol
167, 419-428

- 66 -



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Sterner-Kock, A., Thorey, I. S., Koli, K., Wempe, F., Otte, J., Bangsow, T.,
Kuhlmeier, K., Kirchner, T., Jin, S., Keski-Oja, J., and von Melchner, H. (2002)
Disruption of the gene encoding the latent transforming growth factor-beta binding
protein 4 (LTBP-4) causes abnormal lung development, cardiomyopathy, and
colorectal cancer. Genes Dev 16, 2264-2273

Bonniaud, P., Kolb, M., Galt, T., Robertson, J., Robbins, C., Stampfli, M., Lavery, C.,
Margetts, P. J., Roberts, A. B., and Gauldie, J. (2004) Smad3 null mice develop
airspace enlargement and are resistant to TGF-beta-mediated pulmonary fibrosis. J
Immunol 173, 2099-2108

Goss, A. M., Tian, Y., Tsukiyama, T., Cohen, E. D., Zhou, D., Lu, M. M., Yamaguchi,
T. P., and Morrisey, E. E. (2009) Wnt2/2b and beta-catenin signaling are necessary
and sufficient to specify lung progenitors in the foregut. Dev Cell 17, 290-298

Moon, R. T., Kohn, A. D., De Ferrari, G. V., and Kaykas, A. (2004) WNT and beta-
catenin signalling: diseases and therapies. Nat Rev Genet 5, 691-701

Konigshoff, M., Kramer, M., Balsara, N., Wilhelm, J., Amarie, O. V., Jahn, A., Rose,
F., Fink, L., Seeger, W., Schaefer, L., Gunther, A., and Eickelberg, O. (2009) WNT1-
inducible signaling protein-1 mediates pulmonary fibrosis in mice and is upregulated
in humans with idiopathic pulmonary fibrosis. J Clin Invest 119, 772-787

Selman, M., Pardo, A., Barrera, L., Estrada, A., Watson, S. R., Wilson, K., Aziz, N.,
Kaminski, N., and Zlotnik, A. (2006) Gene expression profiles distinguish idiopathic
pulmonary fibrosis from hypersensitivity pneumonitis. Am J Respir Crit Care Med
173, 188-198

Chilosi, M., Poletti, V., Zamo, A., Lestani, M., Montagna, L., Piccoli, P., Pedron, S.,
Bertaso, M., Scarpa, A., Murer, B., Cancellieri, A., Maestro, R., Semenzato, G., and
Doglioni, C. (2003) Aberrant Wnt/beta-catenin pathway activation in idiopathic
pulmonary fibrosis. Am J Pathol 162, 1495-1502

Konigshoff, M., and Eickelberg, O. (2010) WNT signaling in lung disease: a failure or
a regeneration signal? Am J Respir Cell Mol Biol 42, 21-31

Konigshoff, M., Balsara, N., Pfaff, E. M., Kramer, M., Chrobak, 1., Seeger, W., and
Eickelberg, O. (2008) Functional Wnt signaling is increased in idiopathic pulmonary
fibrosis. PLoS One 3, 2142

Thorley, A. J., and Tetley, T. D. (2007) Pulmonary epithelium, cigarette smoke, and

chronic obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis 2, 409-428

-67 -



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Sharafkhaneh, A., Hanania, N. A., and Kim, V. (2008) Pathogenesis of emphysema:
from the bench to the bedside. Proc Am Thorac Soc 5, 475-477

Taraseviciene-Stewart, L., and Voelkel, N. F. (2008) Molecular pathogenesis of
emphysema. J Clin Invest 118, 394-402

Konigshoff, M., and Eickelberg, O. (2009) WNT Signaling in Lung Disease: A Failure
or a Regeneration Signal? Am J Respir Cell Mol Biol

Cadigan, K. M., and Liu, Y. I. (2006) Wnt signaling: complexity at the surface. J Cell
Sci 119, 395-402

Logan, C. Y., and Nusse, R. (2004) The Wnt signaling pathway in development and
disease. Annu Rev Cell Dev Biol 20, 781-810

Stripp, B. R., and Reynolds, S. D. (2008) Maintenance and repair of the bronchiolar
epithelium. Proc Am Thorac Soc 5, 328-333

Crosby, L. M., and Waters, C. M. Epithelial repair mechanisms in the lung. Am J
Physiol Lung Cell Mol Physiol 298, L715-731

Liu, L., Carron, B., Yee, H. T, Yie, T. A., Hajjou, M., and Rom, W. (2009) Wnt
pathway in pulmonary fibrosis in the bleomycin mouse model. J Environ Pathol
Toxicol Oncol 28, 99-108

DasGupta, R., and Fuchs, E. (1999) Multiple roles for activated LEF/TCF
transcription complexes during hair follicle development and differentiation.
Development 126, 4557-4568

Hedgepeth, C. M., Conrad, L. J., Zhang, J., Huang, H. C., Lee, V. M., and Klein, P. S.
(1997) Activation of the Wnt signaling pathway: a molecular mechanism for lithium
action. Dev Biol 185, 82-91

Vanoirbeek, J. A., Rinaldi, M., De Vooght, V., Haenen, S., Bobic, S., Gayan-Ramirez,
G., Hoet, P. H., Verbeken, E., Decramer, M., Nemery, B., and Janssens, W. (2010)
Noninvasive and invasive pulmonary function in mouse models of obstructive and
restrictive respiratory diseases. Am J Respir Cell Mol Biol 42, 96-104

Weibel, E. R. (1979) Morphometry of the human lung: the state of the art after two
decades. Bull Eur Physiopathol Respir 15, 999-1013

Forde, J. E., and Dale, T. C. (2007) Glycogen synthase kinase 3: a key regulator of
cellular fate. Cell Mol Life Sci 64, 1930-1944

Bilic, J., Huang, Y. L., Davidson, G., Zimmermann, T., Cruciat, C. M., Bienz, M., and
Niehrs, C. (2007) Wnt induces LRP6 signalosomes and promotes dishevelled-
dependent LRP6 phosphorylation. Science 316, 1619-1622

-68 -



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Viegi, G., Pistelli, F., Sherrill, D. L., Maio, S., Baldacci, S., and Carrozzi, L. (2007)
Definition, epidemiology and natural history of COPD. Eur Respir J 30, 993-1013
Macnee, W. (2007) Pathogenesis of chronic obstructive pulmonary disease. Clin Chest
Med 28, 479-513, v

Hogg, J. C. (2004) Pathophysiology of airflow limitation in chronic obstructive
pulmonary disease. Lancet 364, 709-721

Rennard, S. I., Togo, S., and Holz, O. (2006) Cigarette smoke inhibits alveolar repair:
a mechanism for the development of emphysema. Proc Am Thorac Soc 3, 703-708
Henson, P. M., Vandivier, R. W., and Douglas, I. S. (2006) Cell death, remodeling,
and repair in chronic obstructive pulmonary disease? Proc Am Thorac Soc 3, 713-717
Yildirim, A. O., Muyal, V., John, G., Muller, B., Seifart, C., Kasper, M., and
Fehrenbach, H. (2010) Palifermin induces alveolar maintenance programs in
emphysematous mice. Am J Respir Crit Care Med 181, 705-717

Shi, W., Bellusci, S., and Warburton, D. (2007) Lung development and adult lung
diseases. Chest 132, 651-656

Shu, W., Jiang, Y. Q., Lu, M. M., and Morrisey, E. E. (2002) Wnt7b regulates
mesenchymal proliferation and vascular development in the lung. Development 129,
4831-4842

Cardoso, W. V., and Lu, J. (2006) Regulation of early lung morphogenesis: questions,
facts and controversies. Development 133, 1611-1624

Rennard, S., Decramer, M., Calverley, P. M., Pride, N. B., Soriano, J. B., Vermeire, P.
A., and Vestbo, J. (2002) Impact of COPD in North America and Europe in 2000:
subjects' perspective of Confronting COPD International Survey. Eur Respir J 20,
799-805

Holleman, D. R., Jr., and Simel, D. L. (1995) Does the clinical examination predict
airflow limitation? JAMA 273, 313-319

Wright, J. L., Cosio, M., and Churg, A. (2008) Animal models of chronic obstructive
pulmonary disease. Am J Physiol Lung Cell Mol Physiol 295, L1-15

Wright, J. L., and Churg, A. (2008) Animal models of COPD: Barriers, successes, and
challenges. Pulm Pharmacol Ther 21, 696-698

Wright, J. L., Postma, D. S., Kerstjens, H. A., Timens, W., Whittaker, P., and Churg,
A. (2007) Airway remodeling in the smoke exposed guinea pig model. Inhal Toxicol
19, 915-923

-69 -



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Liu, F., Killian, J. K., Yang, M., Walker, R. L., Hong, J. A., Zhang, M., Davis, S.,
Zhang, Y., Hussain, M., Xi, S., Rao, M., Meltzer, P. A., and Schrump, D. S.
Epigenomic alterations and gene expression profiles in respiratory epithelia exposed to
cigarette smoke condensate. Oncogene

Doble, B. W., and Woodgett, J. R. (2003) GSK-3: tricks of the trade for a multi-
tasking kinase. J Cell Sci 116, 1175-1186

Lucey, E. C., Goldstein, R. H., Stone, P. J., and Snider, G. L. (1998) Remodeling of
alveolar walls after elastase treatment of hamsters. Results of elastin and collagen
mRNA in situ hybridization. Am J Respir Crit Care Med 158, 555-564

Rubio, M. L., Martin-Mosquero, M. C., Ortega, M., Peces-Barba, G., and Gonzalez-
Mangado, N. (2004) Oral N-acetylcysteine attenuates elastase-induced pulmonary
emphysema in rats. Chest 125, 1500-1506

Yokohori, N., Aoshiba, K., and Nagai, A. (2004) Increased levels of cell death and
proliferation in alveolar wall cells in patients with pulmonary emphysema. Chest 125,
626-632

Verkman, A. S. (2007) Role of aquaporins in lung liquid physiology. Respir Physiol
Neurobiol 159, 324-330

Douglas, 1. S., Diaz del Valle, F., Winn, R. A., and Voelkel, N. F. (2006) Beta-catenin
in the fibroproliferative response to acute lung injury. Am J Respir Cell Mol Biol 34,
274-285

Chung, K. F., and Adcock, I. M. (2008) Multifaceted mechanisms in COPD:
inflammation, immunity, and tissue repair and destruction. Eur Respir J 31, 1334-
1356

Barnes, P. J., Shapiro, S. D., and Pauwels, R. A. (2003) Chronic obstructive
pulmonary disease: molecular and cellular mechanisms. Eur Respir J 22, 672-688
Teng, Y., Wang, X., Wang, Y., and Ma, D. Wnt/beta-catenin signaling regulates
cancer stem cells in lung cancer A549 cells. Biochem Biophys Res Commun 392, 373-
379

(2002) American Thoracic Society/European Respiratory Society International
Multidisciplinary Consensus Classification of the Idiopathic Interstitial Pneumonias.
This joint statement of the American Thoracic Society (ATS), and the European
Respiratory Society (ERS) was adopted by the ATS board of directors, June 2001 and
by the ERS Executive Committee, June 2001. Am J Respir Crit Care Med 165, 277-
304

-70 -



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

You, L., He, B., Xu, Z., Uematsu, K., Mazieres, J., Mikami, 1., Reguart, N., Moody, T.
W., Kitajewski, J., McCormick, F., and Jablons, D. M. (2004) Inhibition of Wnt-2-
mediated signaling induces programmed cell death in non-small-cell lung cancer cells.
Oncogene 23, 6170-6174

Vuga, L. J., Ben-Yehudah, A., Kovkarova-Naumovski, E., Oriss, T., Gibson, K. F,,
Feghali-Bostwick, C., and Kaminski, N. (2009) WNT5A is a regulator of fibroblast
proliferation and resistance to apoptosis. Am J Respir Cell Mol Biol 41, 583-589
Chilosi, M., Zamo, A., Doglioni, C., Reghellin, D., Lestani, M., Montagna, L., Pedron,
S., Ennas, M. G., Cancellieri, A., Murer, B., and Poletti, V. (2006) Migratory marker
expression in fibroblast foci of idiopathic pulmonary fibrosis. Respir Res 7, 95

Kim, C. F., Jackson, E. L., Woolfenden, A. E., Lawrence, S., Babar, 1., Vogel, S,
Crowley, D., Bronson, R. T., and Jacks, T. (2005) Identification of bronchioalveolar
stem cells in normal lung and lung cancer. Cell 121, 823-835

Stripp, B. R., and Shapiro, S. D. (2006) Stem cells in lung disease, repair, and the
potential for therapeutic interventions: State-of-the-art and future challenges. Am J
Respir Cell Mol Biol 34, 517-518

Giangreco, A., Reynolds, S. D., and Stripp, B. R. (2002) Terminal bronchioles harbor
a unique airway stem cell population that localizes to the bronchoalveolar duct
junction. Am J Pathol 161, 173-182

Loebinger, M. R., and Janes, S. M. (2007) Stem cells for lung disease. Chest 132, 279-
285

Reya, T., Duncan, A. W, Ailles, L., Domen, J., Scherer, D. C., Willert, K., Hintz, L.,
Nusse, R., and Weissman, I. L. (2003) A role for Wnt signalling in self-renewal of
haematopoietic stem cells. Nature 423, 409-414

Goessling, W., North, T. E., Loewer, S., Lord, A. M., Lee, S., Stoick-Cooper, C. L.,
Weidinger, G., Puder, M., Daley, G. Q., Moon, R. T., and Zon, L. I. (2009) Genetic
interaction of PGE2 and Wnt signaling regulates developmental specification of stem
cells and regeneration. Cell 136, 1136-1147

Houghton, A. M., Mouded, M., and Shapiro, S. D. (2008) Common origins of lung
cancer and COPD. Nat Med 14, 1023-1024

Mazieres, J., He, B., You, L., Xu, Z., and Jablons, D. M. (2005) Wnt signaling in lung
cancer. Cancer Lett 222, 1-10

Ben-Zaken Cohen, S., Pare, P. D., Man, S. F., and Sin, D. D. (2007) The growing

burden of chronic obstructive pulmonary disease and lung cancer in women:

-71-



examining sex differences in cigarette smoke metabolism. Am J Respir Crit Care Med

176, 113-120

-72 -



FUNDING

Helmholtz Association, German Research Foundation (DFG) Excellence Cluster
“Cardiopulmonary ~ System (ECCPS), and a  Career Development Grant

(“‘Anschubfinanzierung”) from the School of Medicine, Justus-Liebig-University Giessen,

Germany.

-73 -



DECLARATION

I declare that I have completed this dissertation single-handedly without the unauthorized help
of a second party and only with the assistance acknowledged therein. I have appropriately
acknowledged and referenced all text passages that are derived literally from or are based on
the content of published or unpublished work of others, and all information that relates to
verbal communications. I have abided by the principles of good scientific conduct laid down
in the charter of the Justus Liebig University of Giessen in carrying out the investigations

described in the dissertation.

Place and Date Nikolaus Kneidinger

-74 -



ACKNOWLEDGEMENTS

I would like to thank Dr. Dr. Melanie Konigshoff and Professor Oliver Eickelberg for
supervising and mentoring me. [ am very grateful for their constant help, encouragement,

support and excellent scientific discussions throughout my graduate work.
I would like to thank the Molecular Biology and Medicine of the Lung (MBML) graduate
program and in particular my instructors Dr. Rory E. Morty and Dr. Grazyna Kwapiszewska

for excellent teaching.

I would like to thank Professor Werner Seeger for creating an excellent scientific environment

at the University of Giessen Lung Center.

I sincerely thank Simone Becker and Maria Magdalena Stein for outstanding technical

assistance and help.

I thank my family and friends for all their love and support.

-75-



