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SUMMARY

I

I. SUMMARY
Idiopathic pulmonary fibrosis (IPF) is a fatal respiratory disease characterized by excessive
extracellular matrix deposition leading to scarring of the lungs. Recently two drugs proven
to slow disease progression, nintedanib (Ofev®, Boehringer Ingelheim), and pirfenidone
(Esbriet®, Roche), have become available for the treatment of IPF.
Although the activation of β2-adrenergic receptors (β2-AR) has previously been shown to
inhibit pro-fibrotic events primarily in cell lines, the role of β2-AR agonism has not yet
been fully characterized in primary cells and in in vivo models of pulmonary fibrosis. Thus,
the primary aim of this study was to explore the anti-fibrotic activity of the long-acting β2AR agonist olodaterol in primary human lung cells, and in murine models of pulmonary
fibrosis. Additionally, the suitability of olodaterol as a combination partner for nintedanib
to further inhibit pro-fibrotic events was assessed. Different in vitro assays with primary
human lung fibroblasts form control donors (HLF) and patients with IPF (IPF-LF) or primary human lung epithelial cells, and ex vivo assays with precision cut lung slices from
rats and humans, were performed. Furthermoer, the in vivo anti-fibrotic activity of olodaterol or a combination of olodaterol and nintedanib was explored in murine models of lung
fibrosis induced by either bleomycin or the overexpression of transforming growth factor
(TGF)-β1.
Olodaterol attenuated TGF-β-induced fibroblast to myofibroblast transition, fibroblast
growth factor (FGF) and platelet-derived growth factor (PDGF)-induced motility and proliferation, and TGF-β/ET1-induced contraction in human lung fibroblasts. In contrast, attenuation of the TGF-β-induced resistance to FasL induced apoptosis, or TGF-β-induced
mediator release from epithelial cells could not be observed. In vivo olodaterol significantly attenuated the bleomycin-induced increase in lung weight, reduced bronchoalveolar lavage (BAL) cell counts and increased the forced vital capacity (FVC) with the preventive
treatment regimen. In the TGF-β1 overexpressing model, olodaterol exhibited similar effects. A combination of olodaterol and nintedanib only showed trends towards additional
effects for some of the tested parameters. However a different mode of (pharmacological)
action of both drugs was observed.
In conclusion, olodaterol showed anti-fibrotic properties in primary lung fibroblasts and in
animal models of lung fibrosis after inhalative administration. A combination with
nintedanib only had additional inhibitory efficacy in some of the tested in vitro assays.
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II. ZUSAMMENFASSUNG
Die Idiopathische Lungenfibrose (IPF), ist eine tödliche Atemwegserkrankung, charakterisiert durch eine überhöhte Ausschüttung von extrazellulärer Matrix und der daraus folgenden „Vernarbung“ der Lunge. Kürzlich wurden zwei Medikamente, welche das Voranschreiten der Krankheit bewiesenermaßen verlangsamen, für die Behandlung von IPF zugelassen. Der Tyrosin-Kinase Inhibitor Nintedanib (Ofev®, Boehringer Ingelheim), und
Pirfenidon (Esbriet®, Roche).
In Zelllinien wurde durch Aktivierung β2-adrenerger Rezeptoren (β2-AR) bereits eine antifibrotische Wirkung erzielt, jedoch ist die Rolle des β2-AR-Agonismus in humanen Primärzellen und in in vivo Modellen der Lungenfibrose noch weitgehend unklar. Daher was
das Ziel dieser Arbeit die anti-fibrotische Wirkung des β2-AR Agonisten Olodaterol in
primären humanen Lungenzellen und in Mausmodellen der Lungenfibrose zu testen. Außerdem wurde die Eignung von Olodaterol als Kombinationspartner für Nintedanib untersucht. Hierfür wurden verschiedene in vitro Modelle mit primären humanen Fibroblasten
von Kontrollspendern und IPF Patienten, sowie primären humanen Epithelzellen, und ex
vivo Modelle mit humanen und Ratten- Präzisionslungenschnitten durchgeführt. Des Weiteren wurde die anti-fibrotische Aktivität von Olodaterol alleine oder in Kombination mit
Nintedanib in vivo, im Bleomycin- und AAV-TGF-β1-induzierten Mausmodellen, getestet.
Olodaterol verminderte die TGF-β-induzierte Fibroblasten-zu-Myofibroblasten-Transition,
FGF- und PDGF-induzierte Motilität und Proliferation, und TGF-β/ET1-induzierte Kontraktion in humanen Lungenfibroblasten. Im Gegensatz dazu konnte eine Aufhebung der
TGF-β-induzierten Apoptoseresistenz, oder die Mediatorausschüttung von Epithelzellen
nach TGF-β Stimulation nicht beobachtet werden. In vivo verminderte die präventive Gabe
von Olodaterol signifikant die Bleomycin-induzierte Gewichtszunahme der Lunge, reduzierte bronchoalveoläre Lavagezellzahlen und erhöhte die forcierte Vitalkapazität der Lunge. Ähnliche Effekte von Olodaterol wurden in dem TGF-β1 Überexpressionsmodell beobachtet. Eine Kombination von Olodaterol mit Nintedanib hatte nur auf einzelne der getesteten Parameter zusätzliche Effekte. Nichtsdestotrotz wurde eine alternative (pharmakologische) Wirkweise der beiden Substanzen dargelegt.
Zusammenfassend, zeigte Olodaterol anti-fibrotische Wirkung auf primäre Lungenfibroblasten und in Tiermodellen der Lungenfibrose nach inhalativer Gabe. Eine Kombina-
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tion mit Nintedanib zeigte nur in manchen der getesteten in vitro Versuchen eine zusätzliche hemmende Wirkung.

TABLE OF CONTENTS

III.

IV

TABLE OF CONTENTS

I.

SUMMARY ............................................................................................................ I

II.

ZUSAMMENFASSUNG ...................................................................................... II

III. TABLE OF CONTENTS.................................................................................... IV
IV.

ABBREVIATIONS ............................................................................................ VII

1

INTRODUCTION .................................................................................................. 1
1.1

Pulmonary fibrosis/idiopathic pulmonary fibrosis ......................................... 1

1.1.1
1.1.2
1.1.3
1.1.4
1.2

G-Protein coupled receptors ........................................................................... 16

1.2.1
1.2.2
1.3
1.4
1.5

2

Definitions, etiology, and epidemiology ..................................... 1
Cellular and molecular mechanisms ............................................ 2
In vivo model systems of pulmonary fibrosis ............................ 13
Therapeutic options ................................................................... 15
General overview ....................................................................... 16
β2-adrenergic receptors and cAMP signaling pathway .............. 17

cAMP signaling in fibrosis .............................................................................. 18
Olodaterol (Striverdi®) ................................................................................... 19
Aim of this study .............................................................................................. 20

MATERIAL AND METHODS........................................................................... 22
2.1

Material ............................................................................................................ 22

2.1.1
2.1.2
2.1.3
2.1.4
2.1.5
2.2

Reagents and kits ....................................................................... 22
Antibodies .................................................................................. 22
Cells ........................................................................................... 23
Buffers and cell culture media ................................................... 23
Software ..................................................................................... 25

Methods ............................................................................................................ 25

2.2.1
2.2.1.1
2.2.1.2
2.2.1.3
2.2.1.4
2.2.1.5
2.2.1.6
2.2.2
2.2.2.1
2.2.2.2
2.2.3
2.2.3.1.
2.2.3.2.
2.2.3.3.
2.2.3.4.

In vitro assays ............................................................................ 25
Cell culture conditions and assay set up - fibroblasts ................ 25
Cell culture conditions and assay set up – epithelial cells ......... 26
Cyclic adenosine monophosphate (cAMP) assay ...................... 26
Compound Treatment ................................................................ 26
Fibroblast assays .......................................................................27
Epithelial-cell assays .................................................................29
Ex vivo assays ............................................................................ 29
Precision cut lung slices (rat) ..................................................... 29
Precision cut lung slices (human) .............................................. 30
In vivo assays ............................................................................. 31
Animal housing and handling .................................................... 31
Bleomycin induced lung fibrosis ............................................... 31
AAV-TGFβ induced lung fibrosis ............................................. 31
Compound treatment ................................................................. 31

TABLE OF CONTENTS

V

2.2.3.5. Analysis of compound efficacy ................................................. 32
2.2.4.
Calculations and statistics ......................................................... 33
3

RESULTS ............................................................................................................. 34
3.1

Olodaterol attenuates pro-fibrotic mechanisms in fibroblast associated in vitro
assays ................................................................................................................ 34

3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.1.6
3.1.7
3.2

Olodaterol has marginal effects on pro-fibrotic mechanisms in epithelial cellassociated in vitro assays ................................................................................. 52

3.2.1

3.2.2
3.3

TGF-β induces fibrotic marker expression in PCLS from rats .. 59
TGF-β only in part induces fibrotic marker expression in human
PCLS .......................................................................................... 64

Olodaterol attenuates pro-fibrotic and pro-inflammatory mechanisms in
different in vivo mouse models of lung fibrosis ............................................. 67

3.4.1
3.4.2
3.5

Olodaterol has no effect on the release of pro-fibrotic mediators of
air liquid interface cell cultures stimulated with TGF-β and TNF-α
...................................................................................................53
Olodaterol slightly attenuates mediator release of submerged
epithelial cells stimulated with TGF-β ...................................... 56

Olodaterol shows potential to interfere with TGF-β-mediated pro-fibrotic
cytokine release from PCLS ........................................................................... 59

3.3.1
3.3.2
3.4

Human lung fibroblasts from IPF and control donors slightly differ
in β2-adrenergic receptor expression and functionality ............. 34
Olodaterol inhibits expression and release of pro-fibrotic markers
after TGF-β stimulation .............................................................35
Olodaterol reduces human lung fibroblast proliferation induced by
different pro-fibrotic stimuli ...................................................... 41
Olodaterol impedes growth factor induced motility of human lung
fibroblasts .................................................................................. 46
Olodaterol weakens the contraction ability of human lung
fibroblasts in collagen matrices ................................................. 47
Olodaterol has no effects on TGF-β-mediated resistance to FasL
plus cycloheximide-induced apoptosis in human lung fibroblasts49
Olodaterol interferes with FGF-receptor signaling in human lung
fibroblasts .................................................................................. 50

Olodaterol weakens bleomycin-induced lung fibrosis in mice.. 67
Olodaterol reduces fibrosis-associated markers in the adenoassociated virus-induced TGF-β overexpression model ............ 73

A combination of olodaterol and nintedanib shows additional anti-fibrotic
effects only for some read outs ....................................................................... 76

3.5.1
3.5.2

A combination of olodaterol and nintedanib does not hinder TGFβ-induced fibroblast to myofibroblast transformation ............... 77
A combination of olodaterol and nintedanib shows additional
inhibitory effects on the proliferation of human lung fibroblasts81

TABLE OF CONTENTS

3.5.3

3.5.4
4

VI

A combination of olodaterol and nintedanib does not further
attenuate TGF-β-induced apoptosis-resistance in human lung
fibroblasts .................................................................................. 84
A combination of olodaterol and nintedanib does not further inhibit
bleomycin-induced lung fibrosis in mice ..................................85

DISCUSSION ....................................................................................................... 90
4.1
4.2
4.3
4.4
4.5
4.6

Olodaterol attenuates pro-fibrotic mechanisms in fibroblast associated in vitro
assays ................................................................................................................ 91
Olodaterol has marginal effects on pro-fibrotic mechanisms in epithelial cellassociated in vitro assays ................................................................................. 94
Olodaterol shows potential to interfere with TGF-β-mediated pro-fibrotic
cytokine release from PCLS ........................................................................... 96
Olodaterol attenuates pro-fibrotic and pro-inflammatory mechanisms in
different in vivo mouse models of lung fibrosis ............................................. 97
A combination of olodaterol and nintedanib shows additional anti-fibrotic
effects only for some read outs ....................................................................... 99
Conclusion ...................................................................................................... 100

7

REFERENCES ................................................................................................... 102

8

ACKNOWLEDGEMENTS............................................................................... 114

9

PUBLICATIONS ............................................................................................... 115

ABBREVIATIONS

IV.

VII

ABBREVIATIONS

α-SMA

α-smooth muscle actin

TGF-β

Transforming growth factor-β

µCT

Microcomputed tomography

AAV

Adeno-associated-virus

ADRB

Beta adrenergic receptor

Akt

Protein kinase B

ANOVA

Analysis of variance

BALF

Bronchoalveolar lavage fluid

BSA

Bovine serum albumin

cAMP

Cyclic adenosine mono phosphate

e.g.

"exempli gratia" = for example

ECM

Extracellular matrix

EGF

Epidermal growth factor

ELISA

Enzyme-linked immunosorbent assay

EMT

Epithelial-to-mesenchymal-transition

ERK

Extracellular-signal regulated kinase

ET-1

Endothelin-1

FBS

Fetal bovine serum

FGF

Fibroblast growth factor

FMT

Fibroblast-to-Myofibroblast-transition

FVC

Forced vital capacity

GPCR

G-protein coupled receptor

i.p.

intraperitoneal

ABBREVIATIONS

VIII

i.t.

intratracheal

IFN

Interferon

IL

Interleukin

IPF

Idiopathic pulmonary fibrosis

JNK

c-Jun N-terminal kinase

KC

Keratinocyte-derived cytokine

MAPK

Mitogen-activated protein kinase

MCP-1

Monocyte chemotactic protein-1

MMP

Matrix metalloproteinase

p.o.

per os

PBS

Phosphate buffered saline

PCLS

Precision cut lung slice(s)

PDGF

Platelet-derived growth factor

PKA

Protein kinase A

PLC-γ

Phospholipase Cγ

RIPA

Radioimmunoprecipitation assay buffer

RT

Room temperature

SDS (PAGE)

Sodium dodecyl sulphate (polyacrylamide gel electrophoresis)

SEM

Standard error of the mean

TBS

Tris buffered saline

TNF-α

Tumor necrosis factor-α

WBC

White blood cell

1

INTRODUCTION

1

INTRODUCTION

1.1

Pulmonary fibrosis/idiopathic pulmonary fibrosis

1

1.1.1 Definitions, etiology, and epidemiology
Fibrosis is defined as the abnormal formation of connective tissue and the subsequent scarring of the affected organ. Connective tissue is present in between other tissues everywhere
in the human body, and serves important functions such as protecting organs, providing
structural framework, giving nutritional support and storing energy. It is composed of a
ground substance, including glycosaminoglycans and proteoglycan, collagenous or elastic
fibers, and cells, such as fibroblasts. The ground substance and fibers are commonly referred to as extracellular matrix (ECM). Caused by extrinsic or intrinsic factors, the deposition of excess ECM can degrade the biological architecture and will lead to impaired organ
function and ultimately to organ failure. Fibrosis can occur in almost any tissue. Most
common forms are pulmonary fibrosis (idiopathic pulmonary fibrosis (IPF)), liver fibrosis
(cirrhosis), heart fibrosis (endomyocardial fibrosis) or skin fibrosis (systemic sclerosis).
Pulmonary fibrosis (PF) is also described as “scarring in the lung”. The exchange of normal lung parenchyma by fibrotic scar tissue leads to an irreversible decrease in oxygen
diffusion capacity. Low oxygen levels and the stiff scar tissue cause typical symptoms like
shortness of breath, dry cough, fatigue, and weakness. Pulmonary fibrosis is a family
which consists of more than 200 different lung diseases with similar symptoms and is part
of an even larger group of diffuse parenchymal lung diseases (DPLD), also known as interstitial lung diseases (ILD). All these diseases affect the interstitium - the tissue compartment between endothelium of capillaries and epithelium of alveoli – but only when scar
tissue in the lung is observed it is called PF. Sustained lung injury, caused by inhalation of
environmental and occupational pollutants (dusts, such as asbestos or silica, certain gases
or chemicals, cigarette smoke), viral infections or autoimmune disorders may result in PF
(www.pulmonaryfibrosis.org, 2016). Furthermore, obesity (Alakhras et al., 2007), diabetes
mellitus, gastro-esophageal reflux (Gribbin et al., 2009), obstructive sleep apnoea
(Lancaster et al., 2009) or autoimmune diseases like rheumatoid arthritis and scleroderma
(Ferri et al., 2016) are possible fibrogenic triggers.
However, PF can also appear without any known cause, thus termed idiopathic. The most
common and severe form is called idiopathic pulmonary fibrosis (IPF) and is usually diagnosed in adults between 50 and 70 years of age. IPF affects approximately 5 million people
worldwide, particularly those with a history of cigarette smoking. Besides, a polymorphism
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in the MUC5B gene promoter or a mutation in the telomerase (TERT) or the surfactant
protein (SP) –A or SP-C gene were described as genetic risk factors to develop IPF
(Kolahian et al., 2016; Gunther et al., 2012). A common theme for all identified mutations
in IPF so far, is that they affect genes expressed in lung epithelium (Wolters et al., 2014).
The progression of this rare disease is associated with an estimated median survival time of
2 to 5 years after diagnosis (Meltzer and Noble, 2008) and is associated with the histologic
pattern of usual interstitial pneumonia (UIP) (Raghu et al., 2011) (Fig 1). IPF can be identified histologically by a diverse distribution of normal, unaffected regions, alternating with
mainly paraseptal or subpleural areas of aberrant wound healing, basal membrane disruption, and interstitial fibrosis with honeycombing and fibroblastic foci (regions of myofibroblast accumulation with excessive ECM release) (King, Jr. et al., 2011). Fibroblastic
foci are often located next to regions of alveolar epithelial cells that are hyperplastic or
apoptotic (Fernandez and Eickelberg, 2012a).

chronic
fibrosis

preserved lung

fibrotic
focus

honeycomb
cysts

Fig 1: Surgical lung biopsy specimens demonstrating UIP pattern (Raghu et al., 2011)

1.1.2 Cellular and molecular mechanisms
Cells involved in (idiopathic) pulmonary fibrosis
Although the exact underlying pathogenic processes of IPF are not yet fully understood,
fibroblasts and epithelial cells, in particular myofibroblasts and alveolar type (AT) II cells,
are thought to be the main contributors to this disease (Sakai and Tager, 2013). The histological characteristics indicate that an initial epithelial damage triggers abnormal epithelialmesenchymal interactions, leading to a deregulated wound healing response. The following

1

INTRODUCTION

3

fibrotic repair process is characterized by the excessive deposition of ECM components
(like hyaluronan, fibronectin, and interstitial collagen) and disturbed breakdown mechanisms, causing the thickening of alveolar and peribronchial walls.
Myofibroblasts
While the lung contains more than 40 different cell types, the activated myofibroblast
seems to be the principal player, which exert traction forces and releases most of the increased ECM during aberrant wound healing and scarring (Hinz et al., 2007). In addition to
ECM production, the spindle-shaped cells, are characterized by the expression of α-smooth
muscle actin (αSMA) (which confers the cells contractile properties), and the release of
reactive oxygen species (ROS) (like hydrogen peroxide) (Camelo et al., 2014). Furthermore, they are highly responsive to growth factors and cytokines like connective-tissue
growth factor (CTGF), platelet-derived growth factor (PDGF) (Kendall and FeghaliBostwick, 2014), fibroblast growth factor (FGF) (Chen et al., 2003), transforming growth
factor-β (TGF-β) (Fernandez and Eickelberg, 2012b), interleukin (IL)-1β or IL-13
(Kolahian et al., 2016). Besides, some pathways playing a role in fibrogenesis, such as
TGF-β, Wnt (Konigshoff et al., 2009), Sonic Hedgehog (Bolanos et al., 2012), or Notch
(Liu et al., 2009) are aberrantly activated in diseased myofibroblasts.
The origins of myofibroblasts are discussed in many review articles (Hetzel et al., 2005;
Kramann et al., 2013) but not finally clarified. Potential mechanisms for myofibroblast
generation are epithelial-mesenchymal transition (Kasai et al., 2005), invasion of fibrocytes from the systemic circulation (Andersson-Sjoland et al., 2008), proliferation of resident fibroblasts, and fibroblast to myofibroblast transition (Bagnato and Harari, 2015).
Currently, the main progenitor cells are believed to be resident fibroblasts. Unlike fibroblasts from healthy individuals, IPF fibroblasts are resistant to apoptosis when exposed to
Fas ligand (CD95L) and show a greater proliferative potential. Furthermore, they acquire
an invasive phenotype (Wolters et al., 2014).
Alternatively, circulating C-X-C chemokine receptor type 4 (CXCR4)-positive fibrocytes,
recruited to the sites of injury by the expression of stromal cell-derived factor 1 (CXCL12)
by epithelial cells, may be precursors of myofibroblasts. Fibrocytes were described to express both, myeloid markers (like the leukocyte common antigen CD45 and the stem cell
marker CD34) and fibroblast markers (like collagen-I and vimentin) (Pilling et al., 2009).
Additionally, they produce ECM components (collagens and fibronectin) as well as profibrotic mediators, like IL-10, PDGF, granulocyte-macrophage colony-stimulating factor
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(GM-CSF), monocyte chemotactic protein (MCP)-1, and matrix metalloproteases (MMPs)
(e.g. MMP-9) (Quan et al., 2006). Their elevation in IPF patients serves as a prognostic
marker and is seen as a predictor of early mortality (Moeller et al., 2009).
The third possible source of myofibroblasts are epithelial cells that have undergone epithelial-mesenchymal-transition (EMT) by losing E-Cadherin expression and gaining mesenchymal markers, like α-SMA and fibronectin (Camelo et al., 2014; Kalluri and Neilson,
2003). Due to the changes in protein expression, these transformed epithelial cells lose
their tight junctions and become more mobile (Wolters et al., 2014). While the process of
EMT was confirmed in mice, data from humans are controversial, and the importance of
this mechanism in IPF patients remains uncertain (Bagnato and Harari, 2015).
Epithelial cells
However, the contribution of epithelial cells to IPF is more than just EMT. Actually the
chronic injury of alveolar epithelium is considered a key mechanism in the pathophysiology of the disease (Gunther et al., 2012). To execute functions like representing the physical
barrier and activating innate and adaptive immune responses after inhaled insults, two
types of alveolar epithelial cells cover the lower airways. Flattened alveolar type (AT) I
and cuboidal AT II cells. 95% of the airway surface are lined by AT I cells, which bear
surface receptors for ECM proteins, growth factors and cytokines and are responsible for
gas exchange. The less abundant AT II cells, which secrete all components of surfactant,
function as antigen presenting cells, and are able to regenerate the alveolar epithelium after
lung injury (White et al., 2003). In addition, AT II cells produce defensins, collectins, and
lysozyme, all of which being compounds of the innate immune system. A loss or deficiency of AT II cells (e.g. by mutations or/and endoplasmatic reticulum (ER) stress) leads to an
altered composition of the surfactant pool, resulting in increased surface tension and further decreased lung compliance (Gunther et al., 2012). Once the epithelium is injured, cytokines, chemokines, and danger-associated molecular patterns (DAMPs), which in turn
activate the coagulation cascade, are released. In healthy individuals the inflammatory and
wound repair phases resolve via apoptosis and phagocytosis of contributing cells with the
subsequent restoration of normal pulmonary architecture (Coward et al., 2010). However,
in IPF, these pathways are out of control and the release of TGF-β, IL-13 or ROS provides
additional repeated stimulation to epithelial cells, leading to loss in integrity of the alveolar
epithelium. Apoptosis and hyperproliferation of alveolar epithelial cells results in an altera-
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tion in phenotypes of the surviving cells, and the collapse of the alveolar structure (Sakai
and Tager, 2013).
Macrophages, neutrophils, and T-cells
Other important cells contributing to IPF, are cells of the innate (macrophages and neutrophils) and adaptive immune system (T-cells). Regardless of the observation that immunesuppressive agents, like steroids, are ineffective in the treatment of IPF in humans, innate
and adaptive immune cell responses have been linked to (myo)fibroblast biology and fibrogenesis (Luzina et al., 2008; Wynn and Barron, 2010).
One major cell type described in IPF pathogenesis is the macrophage. They have been reported to exert both pro-fibrotic effects, i.e. stimulation of fibroblasts, or anti-fibrotic effects, such as resolving inflammation, removing apoptotic cells and supporting cell proliferation after injury (Lech and Anders, 2013).
In the lungs, there are two populations of macrophages. On the one hand alveolar macrophages (AM), located in the airways, and on the other hand interstitial macrophages (IM),
placed within the lung parenchymal tissue (Byrne et al., 2016). They may be further classified according to their activation status into M1 macrophages (classically activated), expressing IL-1β, IL-6 and TNF-α, and M2 macrophages (alternatively activated), characterized by the expression of IL-10, mannose-receptor-1 (CD206), arginase-1 (Arg-1), and
distinct chemokines, like CCL17 or CCL18 (Prasse et al., 2006; Gordon and Martinez,
2010). During disease they might also co-express markers of M1 and M2 activation. Depending on their polarization, the local micromilieu, and the stage of fibrotic disease, alveolar macrophages have been reported to exert both pro- or anti-fibrotic effects. However,
alternatively activated AMs produce pro-fibrotic cytokines (like TGF-β and PDGF), chemokines, and matrix metalloproteases (MMPs) and thus serve as regulators for fibroblast
accumulation, myofibroblast activation, ECM remodeling, and circulating fibrocyte- or
inflammatory cell-recruitment (Wynn, 2011). In addition, data from animal models and
patients with IPF suggest that in fibrosis AMs display a M2 phenotype with higher expression levels of CD206 and Arg-1 and release higher amounts of CCL17 and CCL18, compared to control subjects (Todd et al., 2012).
Besides, defects in the self-renewal properties of AMs, due to infection or age, might lead
to a colonization of lung tissue by bone-marrow derived precursors. As recruited and resident macrophages display a distinct expression profile of cytokines, the re-seeding of the
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tissue with a distinct population may be relevant for the development of fibrosis (Byrne et
al., 2016).
Another specialized cell from the innate immune-system found to be elevated in bronchoalveolar lavage fluids (BALF) from patients with IPF is the neutrophil. Especially in
acute exacerbations, neutrophil influx is a common observation and is associated with early mortality. In addition, the key chemotactic and key growth factors of neutrophils, IL-8
(Xaubet et al., 1998) and granulocyte-colony stimulating factor (G-CSF) (Ashitani et al.,
1999), respectively, are elevated in human IPF and correlate with the decline in lung function, as well as with prognosis (Southcott et al., 1995). After epithelial damage or upon
activation of macrophages, neutrophils are recruited to the site of injury. Through the production of ROS and neutrophil elastase (NE) (an activator and modulator of TGF-β and
ECM break down) (Wynn and Ramalingam, 2012), they further exacerbate the fibrotic
cascade. Furthermore, they are characterized by the release of various pro-fibrotic matrix
metalloproteases, like MMP-2, MMP-8, and MMP-9 (Coward et al., 2010).
Besides the contribution of the innate immune system to IPF pathogenesis, cells from the
adaptive immune system, like different T cell subtypes, may also play roles in the progression of the disease. The presence of T cells in IPF tissue and BALF is inevitable and it is
now clear that the different subsets have diverse roles in fibrogenesis (Wynn, 2008). The
mechanisms by which they contribute to the disease progression are mainly pro- or antifibrotic cytokine release and cell surface molecule interactions with epithelial or mesenchymal cells (Todd et al., 2012). It is believed that an imbalance of Th1/Th2 T-helper cell
subsets, with more Th2 cells present in tissue, plays a key role during modulation of the
inflammatory phase and fibrosis. While Th1 cytokines, like interferon-gamma (IFN-γ and
IL-12), serve as anti-fibrotic mediators (Keane et al., 2001), Th2 cytokines, like IL-4, IL-5,
and IL-13, are thought to be pro-fibrotic (Saito et al., 2003).
Other cell types
In addition to the above mentioned key players and regulators many other cell types were
described to contribute to the progression of IPF or other fibrotic disorders.
Several studies suggest a role for mast cells (MC) in the pathogenesis of IPF, as their numbers are elevated in lungs of patients and higher levels of the MC mediator tryptase were
reported to correlate with poor disease outcome (Wygrecka et al., 2013). There are two
different subsets of MCs, characterized by their protease as well as their receptor expres-
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sion and by their mediator release after various stimuli. MCT are tryptase positive cells,
whereas MCTC express both, chymase and tryptase. In addition to proteases which are released within minutes after activation (together with histamine and proteoglycans), mast
cells were also described to release cytokines, chemokines, and growth factors (like IL-4,
IL-5, IL-6, IL-13, TGF-β, PDGF or FGF), although in a much slower pace. While the density and percentage of tryptase positive mast cells in IPF were described to negatively correlate with lung function, chymase positive MCs were suggested to have protective effects
(Overed-Sayer et al., 2013). Thus, the role for MCs in the development of IPF seems controversial. Possibly different subtypes contribute to disease progression in different ways.
Endothelial cells were also ascribed to the development of fibrotic disorders. However, the
contribution to the improvement of IPF seems still under debate. They may contribute to
the disease by releasing pro-fibrotic or inflammatory mediators or by altering existing vessels through angiogenesis (Bagnato and Harari, 2015). A recent publication by PieraVelazquez et al. (Piera-Velazquez et al., 2016) further suggested an endothelial to mesenchymal transition (EndoMT) in the pathogenesis of fibrotic diseases.

Fig 2: Cells and mediators in fibrotic airway remodeling (Camelo et al., 2014)
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Mediators of (idiopathic) pulmonary fibrosis
TGF-β
Like myofibroblasts and epithelial cells are considered the cellular key players in tissue
fibrosis, TGF-β is regarded as the major pro-fibrotic mediator with diverse roles in the development of fibrotic diseases. High levels of the growth factor are found in tissue samples
and BALF in both patients and animal models of IPF (Coward et al., 2010).
There are three mammalian isoforms of TGF-β (TGF-β1, -β2, -β3) with TGF- β1 being the
best described in pulmonary fibrosis (Ask et al., 2008). The growth factor is universally
expressed by all cells and tissues, with the main source being injured alveolar epithelial
cells and alternatively activated macrophages. Nevertheless other cells, like fibroblasts,
mast cells or endothelial cells may contribute to an excessive TGF-β increase as well
(Fernandez and Eickelberg, 2012b; Overed-Sayer et al., 2013).
In fibrotic lungs TGF-β induces fibroblast accumulation, differentiation (FMT), secretion
of collagens and other ECM components (e.g. fibronectin), and resistance to apoptosis.
Furthermore, the growth factor promotes epithelial cell apoptosis, and EMT. On other
cells, like endothelial cells, macrophages, neutrophils or mast cells it acts pro-angiogenic
(by inducing the expression of VEGF or CTGF in fibroblasts and epithelial cells), drives
EndoMT or recruits the cells to the site of fibrosis. In addition TGF-β has modulatory effects on ECM assembly, as it induces the expression, secretion, and activation of various
MMPs (like MMP-2, MMP-9) and the down-regulation of tissue inhibitor of metalloproteases (TIMPs) (Fernandez and Eickelberg, 2012b; Coward et al., 2010; Overed-Sayer et al.,
2013).
Before TGF-β can exert its pro-fibrotic role on various cell types it needs to be activated.
All forms of TGF-β are secreted in an inactive form, bound to the latency-associated peptide (LAP) which is further cross-linked to the ECM by latent TGF-β binding proteins
(LTBPs). Oxidation, proteolytic cleavage (e.g. MMP-2 or MMP-9) or traction by integrins
on epithelial cells (e.g. integrin αvβ6) release the growth factor from the complex and thus
convert it to its active form (Aschner and Downey, 2016). Once activated, TGF-β binds to
the TGF-β type II receptor (TβRII). This binding in turn causes a heterodimerization of the
TβRII with the TβRI (also known as activin receptor-like kinase (ALK)-5), leading to the
activation of two different signaling cascades: the SMAD dependent canonical pathway
and the SMAD independent non-canonical pathway (Akhurst and Hata, 2012).
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In the canonical signaling pathway, receptor SMADs (SMAD2 and SMAD3) get phosphorylated by the activated Tβ1R and further bind to a co-SMAD protein (SMAD4). This
complex then translocates to the nucleus, where it interacts with several other co-factors
and transcriptional regulators. Inhibitory SMADs (SMAD6 or SMAD7) serve as negative
regulators of TGF-β signaling by interfering with receptor-SMAD interactions. Furthermore, phosphorylation or de-phosphorylation of the receptor or SMADs proteins may also
control signal transduction.
The non-canonical signaling pathway signals through other molecules, like p38 mitogen
activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK), c-Jun Nterminal kinase (JNK), phosphoinositide 3-kinase (PI3K) or nuclear factor-κB (NFκB).
Extensive crosstalk between canonical and non-canonical TGF-β signaling and between
TGF-β signaling and other pathways, like WNT, Notch, tumor necrosis factor (TNF) or
PI3K-Akt is also observed (Akhurst and Hata, 2012; Aschner and Downey, 2016).
Although TGF-β is the best studied and most prominent growth factor of pulmonary fibrosis, many other growth factors play crucial roles in the development of the disease.
Platelet-derived growth factor
Platelet-derived growth factor (PDGF), is another potent driver of the fibrotic pathology. In
lungs of IPF patients PDGF was found to be increased in epithelial cells and macrophages.
Once expressed, the growth factor serves as a chemoattractant and mitogen for fibroblasts
and leads to the activation and survival of myofibroblasts (Bonner, 2004).
The PDGF family consists of dimeric proteins made up of four polypeptide chains: A, B,
C, and D that bind to homo- or heterodimers of PDGF-receptors α- and β. Only PDGF-B is
capable of activating all three dimer-variations of the receptor. Upon binding, and subsequent auto-phosphorylation of the receptor, signaling occurs via the small GTPase Ras,
rapidly accelerated fibrosarcoma (Raf), mitogen-activated protein kinase kinase (MEK),
ERK and PI3K, amongst others (Wollin et al., 2015).
Fibroblast growth factor
Besides PDGF, fibroblast growth factor (FGF) represents another potent fibrogenic growth
factor involved in the pathogenesis of lung fibrosis. Increased FGF-2 levels and higher
FGFR-1, and -2 expression on different cell types has been observed in patients with IPF
(Inoue et al., 1996; Inoue et al., 2002).
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FGF-2 is one out of 22 structurally related family members. While alveolar macrophages,
fibroblasts, endothelial cells and T-lymphocytes are known to produce FGF-2, mast cells
seem to be the major source of the growth factor in IPF (Inoue et al., 1996; Henke et al.,
1993). FGF-2 regulates proliferation, differentiation, migration and survival of fibroblasts,
smooth muscle cells and epithelial cells. It does so through signaling via fibroblast growth
factor receptor substrate 2 (FRS2), PI3K, protein kinase B (AKT), ERK1/2 and
Ras/Raf/MAPK pathways. Furthermore, it is capable to induce collagen synthesis in lung
myofibroblasts (Wollin et al., 2015). Interestingly, stimulation with TGF-β induces the upregulation of FGFR-1 and FGF-2 in human lung fibroblasts, which demonstrates the interplay of different growth factors in disease (Thannickal et al., 1998). However, other members of the FGF family, like FGF-1 or FGF-10, were described to have an anti-fibrotic potential (Ramos et al., 2006).
Epidermal growth factor
Epidermal growth factor (EGF) and its receptor system (the ErbB system) are also described to play crucial roles in the development of pulmonary fibrosis. Upon differential
binding of EGF family ligands to the different receptors, these undergo homo- or heterodimerization and signal through MAP kinases, PI3K and transcription factors, such as signal transducer and activator of transcription (STAT) -3. Binding of EGF acts as survival
factor for the epithelium and further promotes fibroblast accumulation and the production
of ECM proteins (Beyer and Distler, 2013).
Chemokines
In addition to the above mentioned growth factors, chemokines such as CCL2 (monocyte
chemoattractant protein (MCP) -1) and CCL3 (macrophage inflammatory protein (MIP) 1α), also play a prominent role in the pathogenesis of IPF. CCL2, for example, was found
to be increased in BAL fluids and serum of IPF patients. Mainly released from macrophages or epithelial cells, MCP-1 attracts mononuclear leucocytes, such as macrophages or fibrocytes, to sites of tissue injury (Moore et al., 2005). Another chemokine, elevated in
BAL fluid and serum from IPF patients is CCL18. It is produced by neutrophils, blood
monocytes and macrophages (Prasse et al., 2006) and promotes fibrosis as it is chemotactic
for T-lymphocytes and promotes collagen production by lung fibroblasts (Luzina et al.,
2006).
Endothelin-1
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Endothelin-1 (ET-1) is another important mediator, that was demonstrated to participate in
the pathogenesis of pulmonary fibrosis. ET-1 is a 21-amino acid peptide which has potent
vasoconstrictive, bronchoconstrictive, and mitogenic activities (Gallelli et al., 2005). In the
lung, fibroblasts, endothelial cells, alveolar macrophages, and epithelial cells are the major
sources of ET-1. In addition to its well-known contribution to pulmonary hypertension
(Ahmedat et al., 2012), it exerts various pro-fibrotic functions, like enhancing fibroblast
resistance to apoptosis, cytokine release, fibroblast proliferation, and inducing the expression of matrix associated genes and ECM proteins. Moreover, ET-1 cooperates with TGF-β
to exert its pro-fibrotic events (Swigris and Brown, 2010).
Interleukins
Many of the interleukins (IL) were shown to contribute to fibrogenesis as well. Probably
best known are the Th2 cytokines IL-4 and IL-13. Many studies report elevated levels of
the cytokines in patients with IPF and several models of PF. Increased IL-13 levels in patients with IPF correlate with disease severity (Kolahian et al., 2016). IL-4 and IL-13 activate fibroblast chemotaxis, proliferation and ECM deposition, and further induce alternative activation of macrophages (Luzina et al., 2015). These effects are mediated by a complex receptor system involving IL-4 receptor (R) α, IL-13Rα and/or IL-13Rα2 (Hilton et
al., 1996).
Other interleukins with possible functions in fibrotic diseases (either late or early stage) are
IL-1β and IL-17. Both cytokines are associated with inflammation and appear to be indirectly pro-fibrotic by inducing other mediators. The exact mechanisms how they contribute
to development of fibrosis are unknown (Luzina et al., 2015).
Connective tissue growth factor
Although called connective tissue growth factor (CTGF), this prominent mediator of lung
fibrosis appears to have no unique receptor and thus acts more like a matricellular protein
than a growth factor. But in contrast to a real ECM protein, CTGF does not provide a
structural function, but modulates cellular functions by different mechanisms. For example, it interacts with different cytokines and growth factors, such as TGF-β and acts as an
adaptor protein by helping to present them to their receptors. CTGF can also alter matrix
signaling, cell adhesion, and motility by blocking or creating new matrix binding sites. The
expression of CTGF in fibrous diseases causes the formation of myofibroblasts and ECM
deposition. In addition, it induces the expression of various other pro-fibrotic mediators,
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such as TGF-β (Lipson et al., 2012). Lung tissue from IPF patients revealed increased
CTGF mRNA and protein levels in epithelial cells and fibroblasts, as compared to control
lungs (Sakai and Tager, 2013).
Extracellular matrix in (idiopathic) pulmonary fibrosis
All mediators mentioned above, affect the composition of the extracellular matrix in a direct or indirect manner. Under normal conditions the ECM provides a structural scaffold
for cells which express integrins, discoidin domain receptors and syndecans. Furthermore,
it plays a mechanical role in lung function. In IPF, excessive ECM deposition leads to
stiffening of the lung and alterations in architecture and lung function (Tschumperlin,
2015; Frantz et al., 2010).
The extracellular matrix of the lung is composed of several structural proteins, such as collagens, elastin, fibronectin, laminin, and proteoglycans, filling the tissue with a hydrated
gel. Collagens make up approximately 20% of the dry weight of the lung. Mainly secreted
by fibroblasts, collagens provide tensile strength and regulate adhesion and migration. For
physical and mechanical properties cross-linking by enzymatic proteins, such as lysyl oxidases (LOX), is essential. The latter is also true for the fibrous protein elastin (Kristensen
et al., 2014; Frantz et al., 2010), which, as its name suggests, provides elasticity to the
lung.
Fibronectin (FN) is mainly involved in cell attachment, migration, and cellular function.
Upon stretch, the unfolding of the protein exposes integrin binding sites which in turn influence cellular behavior by transducing signals from the ECM to the cells and vice versa.
Overall, not only the quantity of ECM proteins plays a role in IPF development, but also
the quality, established by proteolytic cleavage, oxidation, and cross linking, is essential
for the appropriate function of the ECM (Kristensen et al., 2014).
Last but not least, matrix metalloproteinases (MMPs) and their inhibitors, tissue inhibitors
of metalloproteinases (TIMPs) play a key role in ECM remodeling and the pathogenesis of
IPF. MMPs and TIMPs can be expressed by various cell types, such as neutrophils, epithelial cells or fibroblasts but mainly derive from macrophages or fibrocytes. Several MMPs,
such as MMP-1, MMP-3, MMP-7, and MMP-9 are upregulated in IPF lungs. They contribute to the disease not only through ECM remodeling but also due to the activation of
growth factors and the respective receptors or indirectly by facilitating neutrophil and fibrocyte influx (Pardo and Selman, 2012; Giannandrea and Parks, 2014).
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1.1.3 In vivo model systems of pulmonary fibrosis
Albeit various cell types, their mediators, and abnormalities in the composition of extracellular matrix are described to contribute to the development of pulmonary fibrosis, the pathogenesis of the disease is still poorly defined and understood. Hence, the establishment of
suitable models mimicking fibrotic lung disease is quite complex and thus, the development of new treatment strategies remains challenging.
Table 1 shows some of the different models of pulmonary fibrosis, established in the past,
however, none of them is able to mimic all features of human IPF.

Table 1: Pathogenic mechanisms in animal models of lung fibrosis

(Moore et al., 2013).

Probably the most popular in vivo model used over the last 20 years is the bleomycin
(BLM) model in rodents. Bleomycin is an antibiotic isolated from Streptomyces verticillius, causing single- and double-strand DNA breaks and therefore promotes cell death. Normally, the drug gets inactivated by bleomycin hydrolase, but due to low levels of the enzyme in the lungs, these are more susceptible to organ injury (Moeller et al., 2008). Different application routes for BLM are established, such as intravenous (i.v.), subcutaneous
(s.c.), intra-peritoneal (i.p.) or the most common form, intratracheal (i.t.) (Williamson et
al., 2015).Table 2 shows the main differences between the bleomycin-induced lung fibrosis
model in rodents and the IPF pathology in humans.
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Table 2: comparison of the features of human IPF and rodent BLM induced PF (it)

(Williamson et al., 2015)

In contrast to guinea pigs, the in vivo models with mice and rats do not display cough
(Nasra and Belvisi, 2009). However, dry cough is described for approximately 80% of patients with IPF and accounts for the severely reduced patients’ quality in life (Swigris et
al., 2005). The increased cough response of bleomycin-challenged guinea pigs to capsaicin, resembles what has been reported in IPF patients. Thus, the guinea pig bleomycininduced lung fibrosis model seems suitable to study inhibitory effects of a compound on
fibrotic changes in the lung and further, to evaluate its anti-tussive properties (FernandezBlanco et al., 2015).
Another in vivo model of pulmonary fibrosis commonly used is the overexpression of diverse pro-fibrotic mediators, such as TGF-β by adenoviral vectors. However, the use of
these vectors is associated with several limitations, such as inflammatory responses or the
performance of the experiments in biosafety level 2 laboratories. Therefore, the use of
adeno-associated viruses (AAV), incapable of replication, not integrating into the genome,
and only inducing very moderate immune responses, seems more suitable for studying PF.
Intratracheal delivery of AAV6.2 vectors mediating TGF-β1 expression in alveolar epithelial cells was shown to induce pulmonary fibrosis in mice (Strobel et al., 2015).
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However, a problem with in vivo models for pulmonary fibrosis in general, is the usage of
quite young animals. As IPF only occurs in elderly individuals over 50 years of age, the
usage of older animals might be more suitable to display disease progression and pattern.

1.1.4 Therapeutic options
Previous treatments of IPF included oxygen therapy, pulmonary rehabilitation, and lung
transplantation (Raghu et al., 2011). In the last few years however, a better understanding
of the disease pathology has led to the development of additional therapeutic approaches.
Recently, the tyrosine kinase inhibitor nintedanib (Ofev®, Boehringer Ingelheim), targeting the receptors for PDGF, FGF and VEGF (Hilberg et al., 2008; Richeldi et al., 2014),
and pirfenidone (Esbriet®, Roche), with known anti-fibrotic and anti-inflammatory properties (Noble et al., 2011), were proven to slow disease progression in patients with IPF
(Richeldi et al., 2014; King, Jr. et al., 2014), resulting in market authorization in many
countries including the US and EU. While both drugs are able to significantly slow the
pace of disease progression, for many patients, symptoms, like dyspnea and cough, are still
debilitating (Borie et al., 2016).
In addition, concepts around the delivery of stem cells (e.g. embryonic or mesenchymal
stem cells) to rebuild the fibrotic lungs, small molecules and therapeutic antibodies are
currently in different stages of clinical trials. Many of them target disease relevant mediators, involved in FMT and ECM-deposition, such as TGF-ß (Fresolimumab, Phase 1 completed), CGTF (FG-3019, Phase 2 ongoing), or ET-1 (Bosentan, Phase 3, failed). Other
approaches target kinases with diverse roles in the progression of IPF, including proliferation and differentiation processes, such as the JNK inhibitor (Tanzisertib, Phase 2 completed), the mTOR inhibitor (Sirolimus, Phase 2 ongoing) or the PI3 kinase inhibitor
(GSK2126458, Phase 1, ongoing) (Borie et al., 2016).
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1.2.1 General overview
G-protein coupled receptors (GPCR), also known as seven-transmembrane domain receptors, constitute a family of more than 1,000 receptors, with most of them coding for sensory receptors. However, about 400 of them recognize hormones, neurotransmitters or paracrine factors. Once a ligand is bound, the receptor undergoes a conformational change and
thus serves as a guanine nucleotide exchange factor (GEF), activating the associated, so
called large G proteins by exchanging the bound GDP for a GTP. Once activated, the αsubunit of the heterotrimeric protein dissociates from the βγ subunit and the now free subunits affect intracellular signaling by modulating the activity of various functional proteins,
such as kinases and ion channels (Alberts et al., 2007). The two major signal transduction
pathways of GPCRs are the phosphatidylinositol- and the cyclic adenosine monophosphate (cAMP)-pathway, depending on the α-subunit type released from the receptor
(Gilman, 1987). There are four different subtypes of the α-subunit: Gαs, activating adenylyl
cyclases (AC) and therefore contributing to intracellular cAMP increase; Gαi/Gαo, inhibiting ACs and thus diminishing cAMP levels; Gαq/Gα11, activating phospholipase C βisoforms, which in turn hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) (further opens Ca2+ channels in the endoplasmatic reticulum
and mitochondria membranes) and diacylglycerol (DAG) (activates protein kinase C
(PKC)); and Gα12/Gα13 capable of activating small GTPases, such as RhoA (Wettschureck
and Offermanns, 2005; Gilman, 1987).
When exposed to their ligand for a longer duration, GPCRs are known to become desensitized. The phosphorylation of the receptor either via G protein-coupled receptor kinases
(GRKs), or protein kinase A (PKA) serves as an inactivation signal and promotes binding
of arrestins (that prevent it from binding G proteins) and/or the translocation of the receptor to the inside of the cell (Alberts et al., 2007).
Due to their ubiquitous expression and the various signaling pathways, G protein–coupled
receptors are involved in many diseases, and are also the target of approximately 40% of
all modern medicinal drugs (Overington et al., 2006).
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1.2.2 β2-adrenergic receptors and cAMP signaling pathway
Up to date, there are at least three family members of β-adrenoceptors (AR) known. While
β1-ARs, activated by norephinephrine, are regulated primarily by sensory nerves, and β3ARs are involved in lipolysis (amongst others), the β2-receptors, regulated by epinephrine,
predominate in lung tissue and mediate bronchodilation. Table 3 gives an overview of the
distribution and function of the β-adrenoceptors in lungs (Barnes, 1995).
Table 3: Localization and function of pulmonary β-adrenoceptors

(Barnes, 1995)

β2-ARs signal via the second messenger cyclic adenosine monophosphate (cAMP). Upon
agonist binding to the receptor, and the subsequent activation of adenylyl cyclases by Gαs,
intracellular cAMP is synthesized. cAMP cell growth, death, and differentiation via different mechanisms. Probably the best studied mechanism of the second messenger is the activation of protein kinase A (PKA). Once activated PKA phosphorylates various proteins
and thus activates or inactivates their function. Furthermore, PKA activates cAMP response element-binding protein (CREB) in the nucleus, which in turn associate with the
CREB binding protein (CBP) to bind to cAMP response element (CRE) on the promoter
sequence of target genes (e.g. the β2-AR gene (ADRB2)) and function as a transcription
factor. Another way of cAMP to modulate cellular mechanisms is by activating exchange
proteins activated by cAMP (EPAC)-1 and -2 or cyclic nucleotide-gated ion channels
(CNG) (Barnes, 1995; Insel et al., 2012).
cAMP signaling and receptor activation can be regulated via cAMP degrading proteins,
such as phosphodiesterases (PDEs) or the activation of Gαi proteins, inhibiting ACs. Fur-
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thermore, binding of CREB/CBP to CRE can be inhibited by cAMP-responsive element
modulator (CREM) and such impedes transcription.

Fig 3: β2-AR activation and cAMP signaling
Abbreviations: β2-AR: β2-adrenergic receptor, AC: adenylyl cyclase, cAMP: cyclic adenosine mono phosphate, ATP: adenosine triphosphate, PDE: phosphodiesterase, PKA: protein kinase A, EPAC: exchange protein activated by cAMP, CNG: cyclic nucleotide-gated ion channel, CREB: cAMP response element-binding
protein, CRE: cAMP response element, CBP: CREB response element binding protein, CREM: cAMPresponsive element modulator. Green arrows mean activating signals, red bars mean inhibiting signals.

1.3

cAMP signaling in fibrosis

Besides their well proven bronchodilatory properties β2-agonists, as well as other agents
that increase cAMP levels, were shown to attenuate various pro-fibrotic mechanisms (Liu
et al., 2004; Schiller et al., 2010; Lamyel et al., 2011). The review of (Insel et al., 2012)
gives a comprehensive overview on the anti-fibrotic actions of cAMP elevating agents and
the associated envisioned mode of action in different cell types.
Just to highlight a few examples, the β2-agonist formoterol, was demonstrated to inhibit
proliferation of MRC-5 cells and primary human lung fibroblasts, as well as collagen and
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α-SMA expression in serum-free cell cultures (Lamyel et al., 2011). Furthermore, the
TGF-β induced expression of pro-fibrotic mRNAs, such as pro-collagen and CTGF were
attenuated by forskolin, a direct activator of adenylyl cyclase. Additionally, contraction of
collagen lattices or migration induced by pro-fibrotic growth factors was inhibited in the
presence of cAMP elevating agents (Schiller et al., 2010). Inhibition of phosphodiesterases
(PDEs) was also shown to inhibit TGF-β-induced fibrotic events in fibroblasts (Dunkern et
al., 2007). The PDE4 inhibitor roflumilast was shown to attenuate bleomycin-induced lung
fibrosis in mice (Cortijo et al., 2009). These results indicate that cAMP elevating agents
might also have therapeutic potential for the treatment of pulmonary fibrosis.

1.4

Olodaterol (Striverdi®)

β2-AR agonists are among the most powerful bronchodilators and thus are commonly used
for the treatment of chronic obstructive pulmonary disease (COPD) and asthma (Casarosa
et al., 2011). Three main classes of β2-AR agonists can be divided according to their duration of action: 1) short acting β2-AR agonists (SABAs), such as isoprenaline and albuterol
(duration of action 1 to 6 hours); 2) long acting β2-AR agonists (LABAs), such as formoterol and salmeterol (duration of action approximately 12 hours); and 3) ultra-long action β2-AR agonists (uLABAs), such as olodaterol, indacaterol and vilanterol (duration of
action up to 24 hours). While fast- and short-acting agents are best used for rescue of
symptoms, the long-acting agents are best used for maintenance therapy (Cazzola et al.,
2012).
Olodaterol is an inhaled ultra-long acting β2-AR agonists (uLABA) approved for the oncedaily maintenance treatment of COPD. In clinical trials olodaterol induced bronchodilation
up to 24 hours post-dosing (van Noord et al., 2011).
Olodaterol showed a potent, nearly full agonistic response at the human β2-adrenoceptor
and a significant selectivity against β1 and β3 (Bouyssou et al., 2010b). In several in vitro
models, olodaterol had inhibitory effects on FcεRI-dependent histamine release from human mast cells (Lewis, 2013), showed attenuated IL-6 release from IL-1β-stimulated human lung fibroblasts (Costa et al., 2014), and inhibited COPD-sputum supernatant-induced
neutrophil adhesion to bronchial epithelial cells (Profita et al., 2012). Furthermore, olodaterol was shown to inhibit lipopolysaccharide (LPS)-induced CD11b expression and TNF-α
release from human neutrophils, but had no inhibitory effects on IL-8-induced neutrophil
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migration (Wex et al., 2015). In addition, olodaterol was demonstrated to attenuate proliferation, collagen synthesis and prepro-ET-1 mRNA expression, in unstimulated MRC-5
fibroblasts (Lamyel et al., 2011; Ahmedat et al., 2012).
Besides its well proven bronchodilatory actions, olodaterol was recently demonstrated to
elicit anti-inflammatory activity in mouse models of cigarette smoke and LPS-induced
lung inflammation (Wex et al., 2015). Furthermore, in guinea pig models of citric acidinduced cough and allergic asthma, olodaterol was shown to have anti-tussive properties
(Wex and Bouyssou, 2015) and protected against histamine-induced airway constriction
(Smit et al., 2014), respectively.

Fig.4: Olodaterol
Chemical structure and trade mark of olodaterol (Bouyssou et al., 2010a)

1.5

Aim of this study

The elevation of intracellular cAMP levels was shown to interfere with various pro-fibrotic
mechanisms, albeit mainly in in vitro assays performed with cell lines, rather than primary
cells.
While anti-inflammatory and anti-tussive properties were already described for the β2adrenergic receptors agonist olodaterol, its anti-fibrotic activity has not been systematically
evaluated.
Thus, the primary objective of the study was to assess the efficacy of the long-acting β2AR agonist olodaterol to inhibit pathogenic mechanisms involved in lung fibrosis. For this
purpose, different in vitro assays including fibroblast proliferation and migration, myofibroblast differentiation, pro-fibrotic mediator release, and FasL induced apoptosis using
primary human lung cells from patients with IPF and control donors were performed. Furthermore, olodaterol was tested in TGF-β-stimulated mediator release and epithelial-to-
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mesenchymal transition assays with primary human airway epithelial cells. To further confirm whether these findings would translate into the in vivo situation the activity of olodaterol in two different murine models of lung fibrosis was explored.
To determine the ability of olodaterol to act as a combination partner for nintedanib and if
a combination of both drugs results in additional anti-fibrotic effects the in vitro assays and
the bleomycin-induced lung fibrosis model were used exemplary.
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MATERIAL AND METHODS

2.1

Material

2.1.1 Reagents and kits
Chemicals were from Sigma Aldrich (Steinheim, Germany) or Merck (Darmstadt, Germany) in the highest quality grade available. Olodaterol (Striverdi®), Nintedanib (Ofev®) and
the ALK5 inhibitor BI00034659 were from Boehringer Ingelheim Pharma GmbH & Co.
KG (Biberach, Germany). ICI;118-551 and GCP20712A were obtained from Sigma Aldrich. Bleomycin sulfate was purchased from Merck (Darmstadt, Germany). Recombinant
human PDGF-BB, bFGF, TGF-β, IL-1β, EGF and TNF-α were purchased from R&D Systems (Minneapolis, MN). Recombinant human Endothelin-1 was purchased from Biotrend
(Cologne, Germany). Fetal bovine serum (FBS) was purchased from ThermoScientific
(Waltham, MA). Mouse and human TGF-β, MMP-9, TIMP-1, MCP-1, human ET-1 and
MCP-1 ELISAs were purchased from R&D Systems (Minneapolis, MN). Human procollagen I peptide ELISA was from Takara Bio Inc (Kusatsu Shiga, Japan). Human fibronectin ELISA was purchased from eBioscience (San Diego, CA). Mouse beta-2-adrenergic
receptor ELISA was from Cusabio (Wuhan, China). Mouse proinflammatory panel I, and
human E-cadherin MSD multi-array kits were from Mesoscale Discovery (Rockville, MD).
Human vimentin ELISA was purchased from Cell Signaling Technologies (Danvers, MA).
BrdU proliferation assay was purchased from Roche (Basel, Swizerland). Caspase-Glo 3/7
assay was from Promega (Madison, WI). cAMP alphascreen assay was purchased from
Perkin Elmer (Rodgau Jügesheim, Germany) or Promega (Madison, WI). Bicinchoninic
acid (BCA) assay was purchased from Thermo Fisher Scientific (Waltham, MA). Cycloheximide was from Sigma Aldrich (Steinheim, Germany). Collagen type 1 solution from
rat tail was purchased from Sigma Aldrich. Bovine collagen solution, type I, was purchased from Advanced BioMatrix (San Diego, CA).

2.1.2 Antibodies
Name

Source

Cat. No.

Antibodies for MSD Western replacement assay
α-smooth muscle actin
Goat anti mouse sulfo-TAG

Sigma Aldrich
Mesoscale Discovery

Primary Antibodies for Western blotting

A2547
R34AC-1
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p-AKT (Ser473)
p-cRaf (Ser338)
p-p44/42 MAPK (Thr202/Tyr204)
GAPDH
p-SAPK/JNK (Thr183/Tyr185)
p-p38 (Thr180/Tyr182)
p-PLCy (Tyr196)

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies

4060
9427
4370
5174
4668
4511
14008

Secondary Antibodies for Western blotting
Peroxidase-conjugated mouse anti- Jackson ImmunoResearch Labora- 211-032rabbit IgG
tories
171
Antibody for Apoptosis assay
Anti-Fas (human, activating)

Millipore

05-201

2.1.3 Cells
Cell type
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Fibroblast
Epithelial cell
Epithelial cell
Epithelial cell

Name
HLF
HLF
HLF
HLF
IPF-LF
IPF-LF
IPF-LF
IPF-LF
IPF-LF
IPF-LF
SAEC
SAEC
SAEC

source
Lonza
Lonza
Lonza
Lonza
Asterand Bioscience
Asterand Bioscience
Asterand Bioscience
Asterand Bioscience
Asterand Bioscience
Asterand Bioscience
Lonza
Lonza
Lonza

Lot. No.
369145
204947
199347
430173
16783
16769
16772
19560
19565
19870
408031
419241
376057

Cat. No.
CC-2512
CC-2512
CC-2512
CC-2512
PCR-70-02414
PCR-70-02414
PCR-70-02414
PCR-70-02414
PCR-70-02414
PCR-70-02414
CC-2547
CC-2547
CC-2547

2.1.4 Buffers and cell culture media
Name

Final
Source
concentration
Cell Lysis Buffer
RIPA buffer
Sigma
Proteinase inhibitor cocktail
1x
ThermoScientific
Phosphatase inhibitor cocktail
1x
ThermoScientific
SDS Running Buffer
NuPAGE MOPS running buffer
1x
Invitrogen
NuPAGE LDS sample buffer

SDS Sample buffer
1x
Invitrogen

Cat.No.

R0278
87785
78420
NP0001
NP0007
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NuPAGE reducing agent

1x
Invitrogen
Western Transfer Buffer
Tris/glycine
1x
BioRad
Methanol
20%
Baker
Western Blocking Buffer
Non-fat dry milk
5%
BioRad
Tris buffered saline
1x
BioRad
Western Antibody Buffer
Bovine serum albumin
5%
Serva Electrophoresis
Tris buffered saline
1x
BioRad
Western Wash Buffer
Tris buffered saline
1x
BioRad
Tween-20
0.05%
ThermoScientific
MSD Wash buffer
MSD Tris wash buffer
1x
MSD
MSD Blocking buffer
MSD blocker A
5%
MSD
MSD phosphate buffer
1x
MSD
cAMP assay buffer
Hank’s balanced salt solution 1x
Gibco
(HBSS)
HEPES
0.5 M
Gibco
Bovine serum albumin
0.1%
Serva Electrophoresis
3-Isobutyl-1-methylxanthine
500 µM
Sigma Aldrich
(IBMX)
Cell culture media
Fibroblast basal medium
Lonza
Fibroblast growth medium FGMLonza
2 SingleQuot kit suppl. & growth
factors
S-ALI basal medium
Lonza
S-ALI growth medium S-ALI
Lonza
single quots
DMEM (10x)
NaOH
NaHCO3
Bovine collagen I
Cells in DMEM
Sterile H2O

Collagen matrix
1x
20 mM
0.2%
1 mg/mL

NP0004
1610734
8045
170-6404
1706435
11920
1706435
1706435
28320
R61TX-2
R93SA-2
R93BA-2
14174129
51630080

I5879

CC-3131
CC-4126

CC-3281
CC-4538

c.c.pro
Gruessing
Sigma Aldrich
Advanced
BioMatrix

FM-59-L
UN1824
S8761
5005

LifeTechnologies
Komptur

51200-087
182811

1.7 x 105
PCLS medium

MEM
Glucose

11.34 mM
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HEPES
Sodiumpyruvate
Glutamine GlutaMax
Pen/Strep
Lysis buffer 17
Aprotinin
Leupeptin
Pepstatin
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26 mM
25 mM
1 mM
1x
1x
PCLS lysis buffer
1x
10 ng/mL
10 ng/mL
10 ng/mL

Sigma
Gibco
Gibco
Gicbo
Sigma

S8761
15630
11360
35050
P4333

R&D Systems
Roche

895943
102366240
01
L2884
P5318

Sigma
Sigma

2.1.5 Software
Microsoft Office 2010 – Microsoft Corporation (Redmond, WA)
Graph Pad Prism 6.04 – Graph Pad Software, Inc. (San Diego, CA)
AIDA 4.22.034 – Raytest (Straubenhardt, Germany)
CellIQ Analyzer - Cenibra life science solution (Bramsche, Germany)

2.2

Methods

2.2.1 In vitro assays
2.2.1.1

Cell culture conditions and assay set up - fibroblasts

Normal human lung fibroblasts from control donors and fibroblasts from patients with IPF
were grown in fibroblast basal medium supplemented with FGM-2 SingleQuot Kit Suppl.
& Growth Factors. Cells were grown in a humidified incubator at 37°C and 5% CO2 and
passaged by trypsinization (ReagentPack Subculture Reagents, CC-5034, Lonza) at approximately 80% confluence. All assays were performed at passage 6 to 8.
For assay set up cells were seeded in fibroblast growth medium plus supplements in assay
relevant densities. For all TGF-β-stimulated assays and the cAMP assay, cells were seeded
at 4 x 105/mL in 96 well plates. Proliferation assays were performed in 96 well plates at an
initial seeding cell density on day 0 of 2 x 105/mL. Cell motility assays were performed
with 750 cells per well in 12 well Plates. For Western blot analysis, cells were seeded at 6
x 104 per well (12 well plates). After 24 hours, the cell culture medium was changed to
starvation medium (without supplements).
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Cell culture conditions and assay set up – epithelial cells

S-ALI cells on transwell filters were kindly provided by Samuel Mang. Brief protocol:
Normal human lung epithelial cells from small airways (SAEC) were trypsinized at approximately 80% confluence with the LONZA reagent pack and seeded at 20000 cells in
100 µL S-ALI basal medium per trans-well filter. After 72 hours air lift was performed and
the basolateral medium changed to S-ALI basal medium plus inducer. Cells were cultured
for 4 weeks before experiments were performed.
For submerged cell culture, cells were grown in S-ALI growth medium (without inducer)
in a humidified incubator at 37°C and 5% CO2 and passaged by trypsinization (ReagentPack Subculture Reagents, CC-5034, Lonza) at approximately 80% confluence. All
assays were performed at passage 3 to 5. Cells were seeded at 1 x 105 cells per 100 µL per
well (96 well plate) in full growth medium and the medium was changed to starvation medium (growth medium without supplements) after one day.
2.2.1.3

Cyclic adenosine monophosphate (cAMP) assay

Starved cells were stimulated with ICI;118-551 (30 nM), GCP20712A (100 nM) (only for
fibroblasts) or stimulation buffer (containing IBMX) at 37°C for 30 minutes. After antagonist pre-incubation various olodaterol concentrations (1 pM – 1 µM) in stimulation buffer)
were added for another 30 minutes. cAMP release was determined with the alpha screen
cAMP assay kit (PerkinElmer) according to the instruction manual.
2.2.1.4

Compound Treatment

Fibroblasts:
After a 24 hour starvation period cells were pre-incubated for 30 min with different concentrations of the compound and subsequently stimulated with the assay relevant stimulus
for the indicated time in the presence of the compound.
SAEC – ALI
For ALI cell culture (only with donor Lot.: 408031): transwell filters were transferred to
fresh full S-ALI basal medium plus inducer containing different concentrations of olodaterol. After 30 minutes of compound incubation, stimulus was added to the basal medium
and cells incubated for 48 hours in the presence of the compound.
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SAEC – Submerged
After 24 hours starvation, cells were treated with different concentrations of the compound
for 30 minutes and subsequently with the assay relevant stimulus for the indicated time in
the presence of the compound.
2.2.1.5

Fibroblast assays

Proliferation
Cells were stimulated with PDGF-BB (50 ng/mL), FGF-basic (20 ng/mL), EGF (3 ng/mL),
IL-1β (30 pg/mL), FBS (1%) or a combination of stimuli. After 72 hours of stimulation 10times concentrated BrdU was added to the stimulus medium and the cells were incubated
for another 18 hours. Cell proliferation was assessed by BrdU assay according to the instruction manual.
Motility
Cells were stimulated with 20 ng/mL PDGF-BB or FGF-basic. The motility of the cells
was determined by time lapse microscopy using a Cell-IQ® imaging system (Cenibra life
science solution, Bramsche, Germany) and manual cell tracking performed with the CellIQ® analyzer software. Cells were tracked continuously for approximately 72 hours. 15
cells were analyzed in each well and the mean values of the cell movement velocity (pixel/h) were calculated for each well. In each experiment 3 wells were sampled per condition.
Fibroblast to Myofibroblast Transition (FMT)
Fibroblasts were stimulated with TGF-β (4 ng/mL) for 48 h. Lysates were assayed in a
Western blot replacement assay. Briefly, lysates were pipetted onto high binding plates
(MSD) and were sequentially incubated with anti-αSMA-antibody and anti-mousesulfotag-antibody. For analysis a MSD sector imager was used. Supernatants were analyzed by different ELISA or MSD kits according to the instruction manuals.
Contraction
Collagen matrices in 48 well plates were prepared with 500 µL of a mixture containing 1.7
x 105 fibroblasts and 1 mg/mL bovine type I collagen per well in DMEM medium without
serum. Polymerization of collagen matrices required 60 min at 37 °C. To initiate lattice
contraction, FBM medium was added and freshly polymerized matrices were released from
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the underlying culture dish by using a spatula. The gels were then incubated at 37 °C in a
5% CO2 atmosphere and photographed after 24 hours (starting area). Treatment with different concentrations of olodaterol and subsequent stimulation with TGF-β [5 ng/mL] +
Endothelin-1 [100 ng/mL] was performed for 72 hours. The area of each gel was calculated using the AIDA imaging software analysis (Raytest). Data are expressed as the percentage of area compared with the original gel size and normalized to maximum contraction.
Apoptosis
Cells were stimulated with TGF-β (4ng/mL) for 48 h. Apoptosis inducing medium (250
ng/mL anti-Fas antibody + 500 ng/mL Cycloheximide) was added for another 16 hours.
After that the medium was aspirated and Caspase-Glo 3/7 assay (Promega) was performed
according to the instruction manual.
Western blot analysis
After 24 hours starvation, the medium was again changed and cells incubated for another
5-6 hours. Different concentrations of olodaterol were added for 30 minutes and cells subsequently stimulated with 20 ng/mL FGF for 5 minutes. After stimulation, cells were
washed 1 x in ice cold PBS, lysed in cell lysis buffer and stored at -80°C until further analysis.
For Western blot analysis, samples were prepared in SDS sample buffer and subsequently
incubated at 70°C for 10 minutes. For gel electrophoresis the XCell SureLockTM MiniCell System (Invitrogen) and NuPAGE 4-12% Bis-Tris Gels (Invitrogen) were used. Prepared samples were loaded onto the gels at 20 µL per well and run at 200 V for 50
minutes. Proteins were blotted in the Mini Trans-Blot Cell system (Bio-Rad Laboratories)
with Western transfer buffer for 60 minutes at 100 V. Membranes were blocked with
Western blocking buffer for 30 - 60 minutes and subsequently probed over night at 4°C
with the respective primary antibody. The next day membranes were incubated for 90
minutes at room temperature with the respective secondary antibody. All primary antibodies were diluted 1:1000 in 5% BSA in TBS. All secondary antibodies were diluted 1:5000
in TBS. The membranes were washed 4 x 10 min with TBS-T after each antibody incubation step. Membranes were developed using SuperSignal™ West Femto Maximum Sensitivity Substrate (ThermoFisher) and analyzed with the Stella 3200 analyzer (Raytest).
Bands were quantified by intensity/area-Background [%] with the AIDA 422 software
(Raytest). Bands were normalized to loading controls (unspecific bands on the gel, with
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nor variation between treated or untreated), total protein (only for phospho-proteins) or
GAPDH after stripping the membranes.
RNA anaylsis
Cells in cell culture flasks in full growth medium were lysed in 1 mL RLT buffer
(Quiagen, Hilden, Germany) at passage 6. RNA isolation was performed using the RNA
isolation Rneasy mini kit (Qiagen) and the RNA was probed with the Quantifast probe RTPCR + ROX vial kit (Qiagen) according to the instruction manual. ADRB2 primer
(Hs00240532_s1) was purchased from Applied Biosystems (Thermo Scientific) PCR
anaylsis was performed in the Viia7 real time PCR system (Applied Biosystems).
2.2.1.6

Epithelial-cell assays

S-ALI culture
Cells were stimulated with TGF-β and TNF-α, both at a final concentration of 10 ng/mL
for 48 hours in the presence of the compound. After the stimulation period, transwells were
transferred to ice cold PBS and cell lysis buffer was added apically (200 µL per well). Supernatants (basal medium) and lysates were analyzed by ELISA or MSD technology.
Submerged cell culture
Cells were stimulated with TGF-β at a final concentration of 5 ng/mL for 72 hours in the
presence of the compound. After stimulation period, cells were lysed in cell lysis buffer
and supernatants and lysates assayed with different ELISAs or MSD kits according to the
instruction manual.
2.2.2 Ex vivo assays
2.2.2.1

Precision cut lung slices (rat)

150-200 g male Wistar (Crl:WI(Han)) rats were purchased from Charles River Laboratories (Sulzfeld, Germany). Rats were housed in isolated ventilated cages under a 12-hour
light-dark cycle and re-ceived food and water ad libitum. Animal care and experimental
procedures complied with German national guidelines and legal regulations and were approved by the Regierungspräsidium Tübingen (Germany).
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PCLS preparation
Rats were sacrificed by an overdose of Narcoren® (Pentobarbital-Natrium, Merial, Lyon,
France) (1 mL per animal) and the subsequent transection of the vena cava. The lung was
filled with 15-20 mL 1.5% low melting agarose (Sigma) via a tracheal cannula and hardened for 15 minutes on ice before lung was extracted. With a corin tool 8mm cylinders of
lung tissue were punched out and cutted with a Krumdieck Tissue Slicer –MD6000 (Alabama Research & Development, Munford, AL) into 250 µm thick PCLS, in PCLS medium. Slices were washed 6 times with PCLS medium in a time interval of 30 – 60 minutes
and incubated at 37°C over night.
Stimulation of slices
One slice per well (48 well plate) was transferred in fresh PCLS medium and subsequently
stimulated with different concentrations (10 nM, 1 nM, 100 pM, 10 pM) of olodaterol for 1
h. After the compound incubation period, TGF-β was added to the medium at a final concentration of 10 ng/mL and the slices incubated for the desired time period in presence of
the compound or in medium alone (6 slices per condition).
Slices were washed once in PBS and shock frozen in liquid nitrogen. For homogenization
300 µL PCLS lysis buffer was added per slice and homogenized with the Omni Prep Multi-Sample Homogenizer (Omni International, NW Kennesaw, GA). Supernatants and lysates were analyzed by different ELISA kits.
LDH assay (CytoTox 96 Non-Radioactive Cytotoxocity Assay, Promega, Madison, WI)
was performed to determine viability. Total LDH release (homogenate) was set as 100%.
2.2.2.2

Precision cut lung slices (human)

Human PCLS were kindly provided by Dr. Christina Hesse (ITEM, Hannover, Germany)
according to the method described in (Switalla et al., 2010). Human PCLS were generated
using resection material from tumor patients with different diseases (e.g. tumor). Slices
were cut, pre-incubated with different concentrations of olodaterol and stimulated with 10
ng/mL TGF-β or medium for 48 hours in the presence of the compound. Slices were lysed
in RIPA buffer plus protease inhibitors and homogenates and supernatants sent to
Boehringer Ingelheim in Biberach. LDH-, BCA- assay and ELISAs of supernatants and
homogenates were performed at Boehringer Ingelheim in Biberach.
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2.2.3 In vivo assays
2.2.3.1.

Animal housing and handling

Ten to twelve week old male C57BL/6J mice were purchased from Charles River Laboratories (Sulzfeld, Germany). Mice were housed in isolated ventilated cages under a 12-hour
light-dark cycle and received food and water ad libitum. Animal care and experimental
procedures complied with German national guidelines and legal regulations and were approved by the Regierungspräsidium Tübingen (Germany).
2.2.3.2.

Bleomycin induced lung fibrosis

For induction of experimental lung fibrosis mice were anesthetized with isoflurane (3-5%)
and bleomycin at a dose of 0.5 mg/kg (1.5-2 U/mg) in sterile saline (2 mL/kg) was instilled
intratracheally by means of a 22 gauge plastic canula (Vasofix, 0.5x25 mm, B. Braun,
Melsungen, Germany) coupled to a 1 mL syringe. Health status and body weight was
checked every day.
2.2.3.3.

AAV-TGFβ induced lung fibrosis

For induction of TGF-β1 overexpression in lung epithelial cells and the following fibrosis
mice were anesthetized with isoflurane (3-5%) and AAV-TGF-β at 2.5 x 1011 viral genomes (Target Discovery Research, Lab. Dr. Thorsten Lamla, Boehringer Ingelheim,
Biberach) per mouse in sterile saline (2 mL/kg) was instilled intratracheally according to
(Strobel et al., 2015). Health status and body weight was checked every day.
2.2.3.4.

Compound treatment

In a cylindrical 32 L whole body Perspex exposure chamber the animals were exposed to
an aqueous solution of olodaterol aerosolized with a jet nebulizer (Pari Master; Pari
GmbH, Starnberg, Germany) once daily for 5 min. Nintedanib in 0.5% NaCl was given
orally twice daily in intervals of 8 and 12 hours. To evaluate the efficacy of the drugs, the
compounds were administered daily starting on day 1 until day 19 (preventative dosing) or
daily during day 7-20 (therapeutic dosing).
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Analysis of compound efficacy

Micro computed tomography (µCT) of the lung
On day 21, after bleomycin administration, lung density was assessed by µCT analysis
(Target Discovery Research, Lab Dr. Detlef Stiller, Boehringer Ingelheim, Biberach, Germany). Animals were anesthetized with isoflurane 1.5% and fixed in the prone position.
µCT images were acquired with a Quantum FX µCT system (Perkin Elmer, Waltham,
MA) with cardiac gating (without respiratory gating), using the following parameters: 90
kV; 160 µA; FOV, 60 x 60 x 60 mm; spatial resolution, 0.11 mm. This resulted in a total
acquisition time of 4.5 minutes. Images were analyzed using MircoView 2.0 software (GE
Healthcare, Amersham, UK). The Houndsfield unit (HU) corresponding to the peak of the
HU-histogram for the segmented pixels was used as a measure of fibrosis.
Lung function
Mice were anesthetized with pentobarbital 48 mg/kg combined with xylazine 2.32 mg/kg
injected i.p.. After tracheostomy and intubation, the tracheal cannula was con-nected to a
FlexiVent system (SCIREQ, Montreal, PQ, Canada). To prevent spontane-ous breathing
the animals received pancuronium bromide 0.64 mg/kg i.v. (Inresa Arzneimittel GmbH,
Freiburg, Germany). Ventilation was conducted with 150 breath/min, a tidal volume of 10
mL/kg and an end-expiratory pressure of 3 cmH2O. After recruiting total lung capacity (30
cm H2O) dynamic lung compliance and forced vital capacity was measured. Static compliance was determined by generating pressure volume loops with a maximal plateau pressure
of 30 cmH2O. (Immunology and Respiratory Research, Lab. Dr. Paul Nicklin, Boehringer
Ingelheim, Biberach, Germany).
Bronchioalveolar Lavage
Mice were sacrificed with an overdose of Narcoren® (400 mg/kg) administered i.p.. Isolated lungs were weight and lavaged twice with 1.6 mL PBS plus 1x protease inhibitor
(ThermoScientific). Total BALF cell count and differential cell counts were quantified by
means of a Sysmex XT1800 iVet cell analyzer (Sysmex Europe GmbH, Norderstedt, Germany.
Tissue homogenization
Right lung lobes were weight and subsequently shock frozen in liquid nitrogen.
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Frozen lungs were homogenized in 1 mL ice cold lysis buffer (PBS + 1x protease inhibitor
(ThermoScientific)) per 100 mg of tissue with the Omni Prep Multi-Sample Homogenizer
(Omni International, NW Kennesaw, GA). After centrifugation, supernatants of lysates
were re-frozen for further studies.
2.2.4.

Calculations and statistics

All data are presented as means ± SEM. Unless otherwise noted statistically significant
differences were determined by one-way ANOVA followed by Dunnett’s multiple comparison test for parametric data and Kruskal-Wallis test followed by Dunn’s multiple comparison test for nonparametric data using GraphPad Prism (San Diego, CA). The percentage
inhibition was calculated according to: % inhibition = 100-(Y/K1)*100. K1 = mean rate of
non-stimulated, non-compound-treated control wells subtracted from the mean rate of
stimulated, non-compound-treated control wells. Y = mean rate of non-stimulated, noncompound-treated control wells subtracted from the mean rate of stimulated, compoundtreated wells.
IC50 values were calculated by non-linear regression of log(inhibitor concentration) versus
% inhibition using a three or four parameter fitting procedure of the Graph Pad Prism
software package.
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RESULTS

3.1

Olodaterol attenuates pro-fibrotic mechanisms in fibroblast
associated in vitro assays

Lung fibroblasts and myofibroblasts are the most prominent cells in fibrosis. Upon activation they release excessive extracellular matrix proteins further leading to the loss of normal lung architecture and the stiffening of the lung. Thus by targeting fibroblast to myofibroblast transformation and augmentation of fibroblasts at sites of fibrosis, disease progression might be attenuated.

3.1.1 Human lung fibroblasts from IPF and control donors slightly differ in
β2-adrenergic receptor expression and functionality
Olodaterol is a selective β2-adrenoceptor agonist. Hence, the first aim was to verify β2-AR
expression on primary human lung fibroblasts and to describe any differences in expression levels between normal and diseased cells. For this purpose fibroblasts from different
control donors (HLF) and patients with IPF (IPF-LF) were cultured under normal cell culture conditions, harvested in the same passage and prepared for mRNA analysis.
As shown in Figure 5 primary human lung fibroblasts from control and diseased donors
express ADRB2 mRNA, with comparable expression levels of both donor groups. Only
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A D R B 2 e x p r e s s io n in lu n g fib r o b la s t s

IPF-LF of two IPF patients show lower ADRB2 expression compared to the others.
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Fig 5: ADRB2 expression of primary human lung fibroblasts from different healthy donors and patients with IPF. dCT values expressed as expression normalized to the housekeeper Pol2. Each dot or square represents a different donor
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To further determine the functionality of the expressed β2-adrenoceptors on HLF and IPFLF and given the Gαs coupling of β-ARs, the agonist-induced intracellular accumulation of
cAMP was used as a functional readout. The cells were stimulated with various concentrations of olodaterol (1 pM – 1 µM) in the presence or absence of 30 nM ICI-118,551 or 100
nM CGP-20712A, which, at the concentrations used, are selective β2- or β1- antagonists,
respectively (Chong et al., 2002). Olodaterol induced an increase in intracellular cAMP in
a concentration-dependent manner in HLF and IPF-LF with half maximal effective concentration (EC50) values of 340 pM and 580 pM, respectively. Pre-treatment with ICI118,551, caused a 1740-fold EC50 shift to the right, to 61 nM in HLF, and a 397-fold
rightwards shift to 23 nM in IPF-LF. Pre-incubation with CGP-20712A did not affect the
olodaterol-induced cAMP increase in both cell types (Fig 6).
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Fig 6: Olodaterol stimulates intracellular cAMP accumulation in human lung fibroblasts.
Intracellular cAMP increase in human lung fibroblasts from control donors (HLF), panel (A)
and patients with idiopathic pulmonary fibrosis (IPF-LF), panel (B) upon stimulation with different concentrations of olodaterol in absence or presence of specific β1- (CGP-20712A) or β2(ICI-118;551) adrenoceptor antagonists; The cAMP level in unstimulated cells was defined as
1. Data shown are means ± SEM of n=3 different donors for HLF and n=5 different donors for
IPF-LF. Dotted line represents the highest cAMP concentration reached.

3.1.2 Olodaterol inhibits expression and release of pro-fibrotic markers after
TGF-β stimulation
Given that the functionality of the β2-ARs on primary human lung fibroblasts from healthy
and diseased donors was proven, next the ability of olodaterol to inhibit pro-fibrotic mechanisms in these cells was investigated.
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Since TGF-β is described as the major growth factor driving lung fibrosis, attenuating
TGF-β induced effects might be an effective approach to slow down disease progression.
Therefore, the first experiments were done with the aim to TGF-β-stimulated fibroblast to
myofibroblast differentiation.
The main feature of fibroblasts undergoing fibroblast to myofibroblast transition is the expression of alpha smooth muscle actin (α-SMA). In cell lysates, levels of α-SMA protein
expression can be detected by antibody-dependent mechanisms, like the Westernreplacement assay by MSD (see 2.2.1.6.). In this assay total protein binds to special high
binding plates containing carbon electrodes, and α-SMA specific detection occurs via binding of a specific primary antibody and a sulfo-tagged secondary antibody initiating an electrochemical signal.
Stimulation of human primary lung fibroblasts with TGF-β for 48 hours caused a 4.1- and
4.4-fold increase in α-SMA protein expression in HLF and IPF-LF, respectively (Fig 7A).
Olodaterol significantly inhibited the TGF-β-induced α-SMA expression in a concentration-dependent manner with half maximal inhibitory concentration (IC50) of 4.9 pM and a
maximal efficacy of 84% at 10 nM for HLFs. With a shift of the IC50 by 100-fold (to 490
pM) in IPF-LFs, olodaterol still showed maximal efficacy of 51% at 100 nM (Fig 7B).
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Fig 7: Olodaterol attenuates TGF-β-induced α-SMA protein expression in human lung fibroblasts.
α-SMA protein expression of human lung fibroblasts from control donors (HLF) and patients
with idiopathic pulmonary fibrosis (IPF-LF) with or without TGF-β stimulation (A). The expression levels of unstimulated cells were set as 1. Concentration-dependent inhibitory activity
of olodaterol on α-SMA expression (B). Data are expressed as normalized protein expression
(100% is expression with TGF-β). Data are given as means ± SEM, n=3 different donors for
HLF and n=5 different donors for IPF-LF. Horizontal dotted line is 50% inhibition of the TGFβ induced effect. ***P < 0.001 represent significant differences compared to untreated cells,
measured by an unpaired t-test for parametric data.

To determine the inhibitory ability of olodaterol on as many specific myofibroblast properties as possible, further, the cell culture supernatants of human lung fibroblasts treated with
TGF-β were examined for the expression of myofibroblast specific mediators with the
ELISA technology.
Currently it is assumed that collagen is the most abundant extracellular matrix protein produced by activated myofibroblasts. As for collagen suitable antibodies are hard to find, this
protein is not easily to detect by ELISA or Western blot analysis. The detection of procollagen C- or N-peptides (PCP, PNP) which are released into supernatants after collagen
assembly can be used instead. These pro-peptides correlate with collagen production and
release.
For human primary lung fibroblasts, levels of pro-collagen I C-peptide (PICP) were 2.4fold higher in TGF-β treated cells, compared to control cells with no differences observed
between HLF and IPF-LF (Fig 8A). It seems that the unstimulated expression of PICP is
already higher in IPF-LF compared to HLF, whereas this observation is not significant.
Olodaterol concentration-dependently inhibited the PICP increase in HLF and IPF-LF with
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IC50 values of 2.5 and 7.7 pM, respectively. Maximum inhibition at 10 nM was 70% for
HLF and 51% for IPF-LF (Fig 8B).
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Fig 8: Olodaterol attenuates TGF-β induced pro-collagen I C-peptide release in human
lung fibroblasts. Pro-collagen I C-peptide (PICP) protein expression levels in human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF)
with or without TGF-β stimulation (A). Data expressed as protein concentration per mL. Concentration dependent effect of olodaterol on PICP protein expression (B). Data expressed as
normalized protein expression (100% is expression with TGF-β). Data are presented as means
± SEM, n=3 different donors for HLF and n=5 different donors for IPF-LF. Horizontal dotted
line is 50% inhibition of the TGF-β induced effect. *P < 0.05 represent significant differences
compared to untreated cells, measured by an unpaired t-test for parametric data.

Besides collagen, a further important fibrosis-associated ECM protein, the glycoprotein
fibronectin, is produced by myofibroblasts and secreted into the supernatant in the in vitro
cell system.
HLF and IPF-LF stimulated with TGF-β, released 3.2- and 2.6-fold higher amounts of the
ECM protein than unstimulated control cells (Fig 9A). Again a non-significant upregulation of the protein in IPF-LF was observed. Nevertheless, the pro-fibrotic mediator
release was attenuated by olodaterol in a concentration-dependent manner. In HLFs the β2adrenergic agonist inhibited fibronectin release with an IC50 of 5.9 pM. Maximum inhibition was 63% at 1 nM. In IPF-LF the inhibition of the protein release by olodaterol was
comparable regarding maximal inhibition and IC50 value (Fig 9B).
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Fig 9: Olodaterol attenuates TGF-β induced fibronectin release in human lung fibroblasts.
Fibronectin (FN) protein expression levels in human lung fibroblasts from control donors
(HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) with or without TGF-β stimulation (A). Data expressed as protein concentration per mL. Concentration-dependent effect of
olodaterol on fibronectin protein expression (B). Data expressed as normalized protein expression (100% is expression with TGF-β). Data are presented as means ± SEM, n=3 different donors for HLF and n=5 different donors for IPF-LF. Horizontal dotted line is 50% inhibition of
the TGF-β induced effect. *P < 0.05 represent significant differences compared to untreated
cells, measured by an unpaired t-test for parametric data.

A further marker for the activation of fibroblasts and the transformation to myofibroblasts
is the release of the soluble fibrogenic peptide endothelin-1.
Levels of this pro-fibrotic mediator were hardly detectable in untreated cells and increased
42.7- and 56.6-fold in HLF and IPF-LF after TGF-β stimulation for 48 hours, respectively
(Fig 10A). Olodaterol blocked this pro-fibrotic protein release with an IC50 of 5.7 pM and a
maximal inhibition of 77% at 1 nM, in HLFs. In IPF-LF ET-1 release was inhibited with a
similar IC50 (4.3 pM) value but maximum inhibition was only 59% at 1 nM (Fig 10B).
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Fig 10: Olodaterol attenuates TGF-β-induced endothelin-1 release by human lung fibroblasts.
Endothelin-1 (ET-1) levels in supernatants of human lung fibroblasts from control donors
(HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) with or without TGF-β in
pg/mL (A). Concentration-dependent effect of olodaterol on ET-1 expression in HLF and IPFLF (B). Data expressed as normalized protein release (100% is release with TGF-β). Results
are presented as means ± SEM, n=3 different donors for HLF and n=5 different donors for IPF
cells. Horizontal dotted line is 50% inhibition of the TGF-β induced effect. **P < 0.01 represent significant differences compared to untreated cells, measured by an unpaired t-test for parametric data.

Selective β1- and β2-antagonists were used to further elucidate whether the mechanism how
olodaterol interferes with TGF-β signaling in fibroblasts is β2-adrenoceptor mediated, and
thus cAMP dependent. The ET-1 assay served as exemplary experiment to test the β2dependancy of the inhibitory effects of olodaterol on TGF-β induced mediator release.
Pre-incubation with 30 nM of the selective β2-antagonist ICI-118;551 completely prevented the inhibitory capacity of olodaterol in both, HLF and IPF-LF (Fig 11A/B). Whereas,
treatment with 100 nM of the selective β1-antagonist CGP-20712A previous to β2 agonist
and TGF-β stimulation affects the inhibitory effects of olodaterol on ET-1 release, only
marginally in HLF (Fig 11A) and not at all in IPF-LF (Fig 11B).
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Fig 11: Inhibition by olodaterol of TGF-β-induced endothelin-1 release from human lung
fibroblasts is β2-adrenoceptor dependent.
Endothelin (ET)-1 levels in supernatants of human lung fibroblasts from control donors (HLF),
panel (A) and patients with idiopathic pulmonary fibrosis (IPF-LF), panel (B) incubated with
TGF-β. The cells were incubated with olodaterol at various concentrations (filled circles) or
ICI-118;551 (30 nM, open triangles) or CGP-20712A (100 nM, open circles) in combination
with different concentrations of olodaterol. Data expressed as normalized protein release
(100% is release with TGF-β). Data are presented as means ± SEM, n=3 different donors for
HLF and n=5 different donors for IPF cells. Horizontal dotted line is 50% inhibition of the
TGF-β induced effect.

3.1.3 Olodaterol reduces human lung fibroblast proliferation induced by
different pro-fibrotic stimuli
Aside from the ability to transform into myofibroblasts, under fibrotic conditions resident
fibroblasts also obtain a hyper-proliferative phenotype. Different pro-fibrotic stimuli contribute to this mechanism. To test olodaterol in an additional disease relevant in vitro assay
for its anti-fibrotic properties, human primary lung fibroblasts were stimulated with various
growth factors or mediators.
Stimulation of lung fibroblasts with either, EGF, fetal bovine serum (FBS), FGF or PDGF
for 92 hours significantly induced proliferation as assessed by Bromodeoxyuridine (BrdU)
incorporation. By incubating proliferating cells with BrdU, thymidine gets substituted by
BrdU and by detection of BrdU with specific antibodies newly synthesized DNA of replicating cells can be detected.
Fibroblast incubation with FBS and FGF stimulated cell doubling by 6- to 7-fold, whereas
PDGF and EGF increased proliferation rates by 5- and 3-fold, respectively (Fig 12). No
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significant difference in the potential of HLF and IPF-LF to proliferate in response to the

P r o lif e r a t io n [ x - fo ld o f u n t r e a t e d c t r ]

specific stimuli was seen.

HLF
8

IP F -L F

6

4

2

EGF

FB S

FG F

PDGF

Fig 12: Different stimuli amplify proliferation of human lung fibroblasts.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were stimulated with epithelial growth factor (EGF) [3 ng/mL], fetal bovine
serum (FBS) [1%], fibroblast growth factor (FGF) [20 ng/mL] or platelet derived growth factor-BB (PDGF) [50 ng/mL] for 92 hours. The x-fold increase in cell proliferation compared to
unstimulated cells is depicted. Unstimulated cells were set as 1. Data are shown as means ±
SEM, n=3 different donors for HLFs and n=5 different donors for IPFs.

Pre-treatment with olodaterol attenuated growth factor-induced proliferation rates of HLF
and IPF-LF. Olodaterol attenuated the FGF-induced proliferation potently in IPF-LF with
an IC50 of 11 pM and a maximal efficacy of 54% at 1 nM. Comparable IC50 values were
measured for the inhibition in HLF (Fig 13A). PDGF-induced proliferation was inhibited
with an IC50 of approximately 3 pM and a maximal inhibition of 46% and 34% at 1 nM
and 10 nM in HLF and IPF-LF, respectively (Fig 13B). EGF stimulated proliferation was
inhibited by approximately 40% with no obvious difference in efficacy between HLF and
IPF-LF (IC50 of approximately 5 pM for both cell types) (Fig 13D), whereas FBS-induced
proliferation was attenuated in HLF only, but not in IPF-LF, regardless of the concentration of olodaterol used (Fig 13C).
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Fig 13: Inhibition of mediator-induced proliferation of human lung fibroblasts by olodaterol.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were pre-incubated with different concentrations of olodaterol and subsequently stimulated with basic fibroblast growth factor (FGF) [20 ng/mL] Fig A), platelet derived
growth factor-BB (PDGF) [50 ng/mL] (Fig B), fetal bovine serum (FBS) [1%] (C) or epithelial
growth factor (EGF) [3 ng/mL] (D) for 92 hours. Data expressed as normalized proliferation
(100% is proliferation with stimulus). Data are shown as means ± SEM, n=3 different donors
for HLFs and n=5 different donors for IPFs. Horizontal dotted line is 50% inhibition of the induced effect.

The fibrotic environment is full of growth factors, cytokines and other mediators. Thus
fibroblasts do not react on only one specific stimulus, but a combination of many stimuli.
To assess the inhibitory capability of olodaterol in a more complex proliferation assay, we
exemplary stimulated fibroblasts from control donors (as we saw no significant differences
between HLF and IPF-LF) with a combination of some prominent pro-fibrotic stimuli.
While IL-1β caused a 1.7- and PDGF a 4.1-fold induction of proliferation compared to
untreated fibroblasts the combination of both mediators resulted in a higher proliferation
rate of 8.3-fold. The same effects were seen on EGF plus PDGF stimulation. EGF alone
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stimulated proliferation by 3.7-fold and the combination of both yielded in 7.2-fold. Similarly IL-1β plus EGF stimulated fibroblast proliferation by 6.8-fold and TGF-β plus FGF,
alone resulting in 1.1- and 4.6-fold induction, respectively, stimulated proliferation by 8.7fold (Fig 14A, C, E, G). Olodaterol non-significantly attenuated this combinatory stimulusinduced proliferation with comparable IC50 values of approximately 1 pM but only by
32%, 34%, 44% and 46%, respectively (Fig 14B, D, F, H).
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Fig 14: Proliferation of HLFs after a combination of different stimuli.
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Fig 14: Proliferation of HLFs after a combination of different stimuli.
Human lung fibroblasts from control donors (HLF) were incubated with different concentrations of interleukin (IL)-1β [30 pg/mL] + platelet-derived growth factor-BB (PDGF) [50
ng/mL] (A), epidermal growth factor (EGF) [3 ng/mL] + PDGF [50 ng/mL] (C), IL-1β [30
pg/mL] + EGF [3 ng/mL] (E), or transforming growth factor (TGF)-β [4 ng/mL] + basic fibroblast growth factor (FGF) [20 ng/mL] (G) for 92 hours. HLF were pre-incubated with various
concentrations of olodaterol and subsequently stimulated with IL-1β + PDGF (B), EGF +
PDGF (D), IL-1β + EGF (F) or FGF + TGF-β for 92 hours. To explore the combined stimulation (Fig A, C, E, G) the cell numbers of unstimulated cells were normalized as 1. To explore
the effect of olodaterol on mediator induced proliferation (B, D, F, H) the data are expressed as
normalized proliferation (100% is proliferation with stimulus). Results are shown as means ±
SEM, n=3 different donors for HLFs.

3.1.4 Olodaterol impedes growth factor induced motility of human lung
fibroblasts
To reach the sites of injury and fibrosis, the activated fibroblasts develop migratory abilities. They are attracted for example by PDGF or FGF, released by activated epithelial cells
or already transformed myofibroblasts.
To assess the FGF- and PDGF-induced migratory capacity of primary human lung fibroblasts and to determine whether olodaterol is able to inhibit this process, a motility assay
using time lapse microscopy was performed. With this method only motility and not
chemotaxis can be measured as the cells do not follow a specified gradient of the chemokine.
FGF and PDGF each induced approximately a 2-fold induction in cell motility (Fig 15A).
Olodaterol reduced the FGF-stimulated motility of HLF with an IC50 value of 4 pM and a
maximal efficacy of approximately 75% at 100 pM. For IPF-LF the IC50 value was nearly
the same, but the maximal inhibition of 70% was reached not until 10 nM (Fig 15B). With
an IC50 value of 3 pM and a maximal efficacy of 80% olodaterol inhibited the PDGFinduced motility of HLF. The inhibitory effect was not as pronounced for IPF-LF. Maximal inhibition of PDGF induced motility of 50% was reached at 10 nM with an IC50 value
of 34 pM (Fig 15C).
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Fig 15: Olodaterol inhibits growth factor-induced motility of human lung fibroblasts.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were stimulated with platelet derived growth factor-BB (PDGF) [50 ng/mL] or
basic fibroblast growth factor (FGF) [20 ng/mL] and the motility of the cells was determined
for 72 h by time lapse microscopy (A). The motility of unstimulated cells was normalized as 1.
HLF or IPF-LF were pre-incubated with various concentrations of olodaterol and subsequently
stimulated with FGF (B) or PDGF (C). The inhibition by olodaterol of FGF- or PDGF-induced
motilityis expressed as normalized migration (100% is migration with stimulus). Panel D
shows an exemplary picture of the manual cell tracking analysis. All data are shown as means
± SEM, n=3 different donors for HLFs and IPFs. Horizontal dotted line is 50% inhibition of
the induced effect.

3.1.5 Olodaterol weakens the contraction ability of human lung fibroblasts in
collagen matrices
Another feature of myofibroblasts and usually very important in normal wound healing is
the cells contractile properties, obtained by the expression of contractile α-SMA filaments.
In diseased lungs parenchymal contraction contributes to the destroyed, stiff and dysfunctional lung architecture.
To further study the effect of olodaterol in a functional bioassay, an in vitro floating collagen-gel contraction model was used. For this purpose HLF or IPF-LF were embedded in
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type I collagen. The gel matrix was detached from the wells and the contraction of the cellgel matrix was stimulated with the pro-fibrotic stimuli TGF-β and ET-1.
While each stimulus alone, added for 72 hours, induced a contraction of the fibroblasts
which reduced the gel size by approximately 1.5- to 2-fold compared to unstimulated cells,
the combination of both stimuli resulted in a 3-fold reduction in gel size compared to unstimulated cells (Fig 16A). HLF contraction, induced by this combined stimulus was almost blocked by olodaterol. At 10 nM gel-contraction was inhibited by approximately 80%
(Fig 16B). On the contrary, in IPF-LF, treatment with olodaterol attenuated the contractile
properties of the cells after TGF-β/ET-1 stimulation by only 41% (Fig 16C).
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Fig 16: Olodaterol inhibits contraction of free-floating collagen lattices containing human
lung fibroblasts.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF), embedded in a collagen matrix and freely floating in 48-well tissue culture
plates were stimulated with transforming growth factor (TGF)-β [5 ng/mL] and/or endothelin
(ET)-1 [100 ng/mL] (A). Lattices were treated with different concentrations of olodaterol in the
presence of a combination of TGF-β [4 ng/mL] and ET-1 [100 ng/mL] (B). Inhibition of HLF
(B) or IPF-LF (C) contraction by olodaterol. Was calculated from the surface area of the collagen gels. Full contraction with double stimulus is depicted as 100% contraction. Results are
presented as means ± SEM of n=3 donors of HLF or IPF-LFs. Horizontal dotted line is 50%
inhibition of the induced effect.
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3.1.6 Olodaterol has no effects on TGF-β-mediated resistance to FasL plus
cycloheximide-induced apoptosis in human lung fibroblasts
The capacity of fibroblasts or myofibroblasts to undergo apoptosis while resolving fibrosis
after lung repair is deficient in IPF, as diseased myofibroblasts are resistant to FasL mediated apoptosis. Thus, in theory, the induction of apoptosis in fibrosis associated fibroblasts
could resolve ongoing disease.
In experiments performed for this study, FasL induced apoptosis was measured by a caspase-3/7 activity assay, where active caspase-3 or -7 cleaves the luminogenic substrate which
gets released, resulting in the luciferase reaction and the production of light. In contrast to
the assumption that IPF derived lung fibroblasts are not susceptible to FasL mediated
apoptosis, preliminary experiments showed no difference in apoptosis rates from HLF and
IPF-LF (data not shown) stimulated with FasL for 16 hours. Further, the protein translation
inhibitor cycloheximide (CHX) in combination with FasL induced significant higher apoptosis rates in HLF and IPF-LF than the single compounds alone. As there were no differences seen between normal and diseased fibroblasts the following experiments were done
with HLF only.
A pre-incubation with TGF-β for 48 hours and the subsequent induction of apoptosis with
FasL and cycloheximide for 16 hours, caused a resistance of the apoptosis rate by 50%
(Fig 17A). This resistance was inhibited by a selective ALK5 inhibitor in a concentration
dependent manner, confirming a TGF-β induced mechanism (Fig 17B). Olodaterol was not
able to attenuate the TGF-β mediated resistance to apoptosis, independent of the concentration used (Fig 17C).
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Fig 17: Olodaterol does not affect TGF-β-induced apoptosis resistance in human lung fibroblasts.
Human lung fibroblasts from control donors (HLF) were incubated with or without TGF-β [4
ng/ml] and stimulated with Fas ligand (FasL) [250 ng/mL] + cycloheximide (CHX)
[500 ng/mL] (A). Apoptosis was determined by caspase 3/7 activity. HLF were incubated with
various concentrations of an ALK5 inhibitor (B) or olodaterol (C) and subsequently stimulated
with FasL + CHX. Results are presented as % of maximum FasL + CHX-induced apoptosis.
Data are shown as means ± SEM of n=3 different HLF donors. Horizontal dotted line represents TGF-β-induced resistance against apoptosis.

3.1.7 Olodaterol interferes with FGF-receptor signaling in human lung
fibroblasts
Olodaterol attenuated FGF-induced pro-fibrotic mechanism potently and with good efficacy. To identify molecular pathways where olodaterol might interfere with pro-fibrotic signaling, HLF and IPF-LF were stimulated with FGF for 5 minutes and the phosphorylation
status of different fibrosis-relevant kinases was examined (phospholipase c gamma
(PLCγ), c-Jun N-terminal kinase (JNK), rapidly accelerated fibrosarcoma-1 (cRaf), extracellular signal-regulated kinase (ERK), protein kinase B (Akt), and p38 mitogen-activated
protein kinase (p38)).
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All kinases showed an increased phosphorylation signal after 5 minutes of FGF–
stimulation compared with unstimulated control cells (Fig 18). In HLF and IPF-LF, olodaterol completely blocked the phosphorylation of Akt at Ser431 and cRaf at Ser338 at a concentration of 10 nM. Table 4 shows the inhibitory effect of olodaterol on the FGF-induced
phosphorylation of different kinases in more detail.

Fig 18: Effect of olodaterol on the FGF signaling cascade
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were incubated with different concentrations of olodaterol and stimulated with
basic fibroblast growth factor (FGF). Phosphorylation status of different fibrosis-relevant kinases (phospholipase c gam-ma (PLCγ), c-Jun N-terminal kinase (JNK), rapidly accelerated fibrosarcoma-1 (cRaf), extracellular sig-nal-regulated kinase (ERK), protein kinase B (Akt), and
p38 mitogen-activated protein kinase (p38)) was examined by Western blot analysis and compared to the house keeping gene GAPDH. Exemplary Western blots are shown.
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Table 4: Densitometric analysis of Western blot assays of FGF-stimulated HLF and IPFLF for different phospho-proteins.

Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were incubated with different concentrations of olodaterol and stimulated with
basic fibroblast growth factor (FGF). Phosphorylation status of different fibrosis-relevant kinases (phospholipase c gamma (PLCγ), c-Jun N-terminal kinase (JNK), rapidly accelerated fibrosarcoma-1 (cRaf), extracellular signal-regulated kinase (ERK), protein kinase B (Akt), and
p38 mitogen-activated protein kinase (p38)) was examined by Western blot analysis. Densitometrical quantification of phospho-proteins was normalized to loading control. Values are expressed as % inhibition of FGF-stimulated effect. Data are presented as mean ± SEM from n=3
HLF donors and n=5 IPF-LF donors. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
represent significant differences compared with FGF-treated cells.

3.2

Olodaterol has marginal effects on pro-fibrotic mechanisms in
epithelial cell-associated in vitro assays

In the lungs, the respiratory epithelium differs in cell composition, depending on the region
it lines. Bronchi and bronchioles, for example, consist of an arrangement of multiple cell
types. As all of them are in contact with the basement membrane, the epithelium is called
pseudostratified, with an apical and basolateral compartment (Alberts et al., 2007). The
majority of these cells are ciliated cells, goblet cells, and basal cells. While in bronchi the
mucus secreting goblet cells are prevalent, their number decreases in bronchioles where
club cells, are present. Club cells are unique to the small airway epithelium, located on the
luminal surface and have no cilia. Additional to their secretory function, they proliferate
and migrate after injury and thus replenish the injured terminally differentiated epithelial
cells (Atkinson et al., 2008).
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However, the epithelium of alveoli is lined by so called pneumocytes (alveolar type (AT) I
and II cells). These cells form a simple squamous epithelium and are responsible for the
gas exchange (AT I cells) and surfactant secretion (AT II cells) (Alberts et al., 2007).
As already described, lung epithelial cells contribute to lung fibrosis probably as the initiator of the disease. Injured epithelium releases several pro-fibrotic mediators, attracting
many different cell types, and contributing to their transformation into activated, profibrotic cells. Furthermore, at least in animal models, they differentiate into myofibroblasts
and thus contribute to ECM production.
Therefore,

targeting

epithelial

cell-derived

mediator

release,

and

epithelial-to-

mesenchymal-transition would possibly weaken fibrosis-progression.

3.2.1 Olodaterol has no effect on the release of pro-fibrotic mediators of air
liquid interface cell cultures stimulated with TGF-β and TNF-α
To study the effects of olodaterol on pro-fibrotic mediator release by the airway epithelium, the air-liquid interface (ALI) culture with small airway epithelial cells (SAEC) was
chosen, as it is the most physiologically relevant model for studying the respiratory epithelium in vitro. In this model an initial “air-lift” leads to the differentiation of primary human
basal cells from small airways into a pseudostratisfied, ciliated epithelium. To induce mediator release, a combination of the pro-fibrotic stimuli TGF-β and TNF-α was added to the
basolateral side of the ALI cultures.
For the following experiments only one donor of SAEC was used in three independent
experiments. Due to the limited SAEC ALI culture quantity, it was not possible to perform
a functional test of β2-AR in this cell system.
To explore the cytotoxicity of the airway epithelium due to the stimulation with TGF-β and
TNF-α (both at a concentration of 10 ng/mL) for 48 hours, a cytotoxicity assay was performed exemplary in one experiment. In the used assay, LDH released into cell culture
medium metabolizes lactate to pyruvate and thereby converts NAD+ to NADH, which
further drives the reaction of iodonitrotetrazolium (INT) conversion to a red formazan
product.
TGF-β plus TNF-α stimulation caused a LDH release of 11.9-fold compared to notstimulated control cells. A pre-incubation with olodaterol did not diminish this cytotoxicity, independent of the concentration used (Fig 20A).
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For the following analyses of the culture media for pro-fibrotic mediator release, the single
stimuli were tested exemplary in one experiment. Data for double stimulus and compound
treatment represent three different experiments.
While TNF-α caused a 2.9- and TGF-β a 12.3-fold induction of ET-1 release compared to
untreated SAEC ALI cultures the combination of both mediators resulted in a higher ET-1
release of 19.8-fold (Fig 20B). The same effects were seen on fibronectin, MCP-1 and
PICP level increase. TNF-α alone induced only 6.8-fold MCP-1 release, and had no effect
on fibronectin and PICP release. However, TGF-β alone stimulated fibronectin, MCP-1,
and PICP release each by 22.0-, 17.6, and 3.4-fold and the combination of both stimuli
yielded in 45.5-, 59.3-, and 4.1-fold increases, respectively (Fig 20C-E). Olodaterol had no
inhibitory effect on this combined stimulation-induced pro-fibrotic mediator release (Fig
20B-D).
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Fig 20.: Effect of olodaterol on SAEC-ALI mediator release after TNF-α/TGF-β double
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Fig 20.: Effect of olodaterol on SAEC-ALI mediator release after TNF-α/TGF-β double
stimulus
Human small airway epithelial cells (SAEC) from control donors were cultured under air liquid
interface (ALI) conditions and stimulated with TNF-α [10 ng/mL], TGF-β [10 ng/mL] or a
combination of both stimuli for 48 hours. LDH release into supernatants was measured via an
enzymatic cytotoxicity assay (A). ET-1 (B), Fibronectin (C), MCP-1 (D) and PICP (E) levels
were determined via ELISA. Unstimulated cells were set as 1. Data are n=1 experiment, for
LDH release and single stimuli, and n=3 experiments for double stimulus. SAEC were incubated with various concentrations of olodaterol and subsequently stimulated with the combination of TNF-α and TGF-β. Effect of olodaterol on TGF-β plus TNF-α induced mediator release
(B-E). Data expressed as normalized mediator release (100% is mediator release with double
stimulus). Data are shown as means ± SEM of n=3 different experiments for one donor of
SAEC.

3.2.2 Olodaterol slightly attenuates mediator release of submerged epithelial
cells stimulated with TGF-β
The ALI cell culture represents a complex assay system with multiple epithelial cell types.
Combined stimulation with of TGF-β plus TNF-α further complicates this in vitro model.
Hence, the efficacy of olodaterol on epithelial cell-derived mediator release was explored
additionally in a simpler model system, the submerged cell culture.
Under submerged conditions SAEC do not differentiate into all the different cell types, the
airway epithelium is composed of. Instead only basal cells are cultured.
All experiments done with primary human SAEC under submerged conditions were performed with three different donors at passage 3-5.
First of all, the functionality of the β2-adrenoceptor on human primary SAEC under submerged conditions was tested. For this purpose the cells were stimulated with various concentrations of olodaterol. The following intracellular cAMP levels were measured as described for fibroblasts.
In human SAEC, olodaterol (with an EC50 value of 4.1 pM) induced an increase in intracellular cAMP levels of maximal 9.7-fold at 100 nM. This cAMP increase varied to a great
extent, depending on the donor used (Fig 21A).
With the proven functionality of the β2-AR on primary human SAEC, the efficacy of
olodaterol to attenuate TGF-β stimulated pro-fibrotic mediator release or EMT was determined next.
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Stimulation of submerged SAEC cells with 5 ng/mL TGF-β for 72 hours only showed
trends in the release of mediators from these cells. ET-1 and fibronectin levels only increased to 1.1-fold, compared to unstimulated cells (Fig 21B, and C), and PICP levels nonsignificantly increased to 1.3-fold (Fig 21D). However, TGF-β stimulated the loss of epithelial cell markers, as determined by the measurement of E-cadherin expression, by approximately half (Fig 21E). As TGF-β stimulation on SAEC failed to significantly increase
pro-fibrotic mediator release, the following data concerning olodaterol pre-treatment need
to be interpreted carefully. For all mediators determined (ET-1, fibronectin, and PICP) it
seems that olodaterol inhibited TGF-β-stimulated protein release even below control levels
(Fig 21B-D). However, reduction in e-cadherin levels could not be attenuated by the compound (Fig 21E).
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Fig 21: Effect of olodaterol on SAEC (submerged) cAMP increase and mediator release
after TGF-β stimulation
Human small airway epithelial cells (SAEC) from three different donors were cultured under
submerged conditions. Intracellular cAMP increase in SAEC upon stimulation with various
concentrations of olodaterol (A); Control cells without stimulation were defined as 1. SAEC
were stimulated with TGF-β [5 ng/mL] for 72 hours. ET-1 (B), Fibronectin (C), and PICP (D)
levels in supernatants were determined via ELISA, E-cadherin expression in cell lysates were
determined via MSD technology (E). SAEC were incubated with various concentrations of
olodaterol and subsequently stimulated with TGF-β.Effect of olodaterol on TGF-β induced
mediator release (B-D) and e-cadherin decrease (E). Unstimulated cells were set as 1. Data
shown are means ± SEM of n=3 different donors.
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Olodaterol shows potential to interfere with TGF-β-mediated profibrotic cytokine release from PCLS
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In vitro studies with primary cells, are often difficult to interpret, as the cells, cultured in
plastic wells obtain features not present in the organ tissue and cell-cell interactions between different types of cells are missing. Therefore a more complex system (where higher
throughput is still possible), with still existing cell-cell and cell-ECM interactions, seems
more attractive to imitate the in vivo situation. The technology of precision cut lung slices
(PCLS) was developed approximately 30 years ago (Martin et al., 1996) and was used by
many scientists as a model of the early onset of fibrosis (Westra et al., 2013).
3.3.1 TGF-β induces fibrotic marker expression in PCLS from rats
To establish an ex vivo model, were the pharmacological intervention of olodaterol with
the onset of fibrosis could be examined PCLS from rat lungs were stimulated with TGF-β
for 48 and 72 hours. Different pro-fibrotic mediators were measured in supernatants or
PCLS lysates. In this preliminary data set, protein contents measured by ELISA were not
normalized to total protein content, as the total protein content in each slice was comparable.
The measurement of lactate dehydrogenase (LDH) in supernatants of the cultured slices
(normalized to total LDH in PCLS lysates) was done to examine the viability of the slices
over a longer duration. In this experiment LDH release of 15%, 8%, and 12% was measured for 24, 48 and 72 time points, respectively without TGF-β stimulation. However,
TGF-β induced slightly higher LDH release rates of 19%, 16%, and 17%, respectively (Fig
22A). Although LDH release was quite high ELISAs for pro-fibrotic mediators were performed. Independent of point in time or stimulus, the most prominent fibrosis markers, like
TGF-β, α-SMA, and hydroxyproline (HYP) were not elevated in PCLS homogenates (Fig
22B-D).
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Fig 22: Viability and induction of fibrotic markers in precision-cut lung slices from rats
Precision-cut lung slices (PCLS) from rats were cultivated for 24 to 72 h and stimulated with
transforming growth factor (TGF)-β. The viability of the PCLS was assessed by lactate dehydrogenase (LDH) release (A). The LDH content in the homogenate was normalized to 100%.
Expression of TGF-β (B), alpha smooth muscle actin (αSMA) (C), and hydroxypoline (HYP)
(D) was determined in PCLS homogenates. Data are shown as means ± SEM of n=6 slices per
condition.

In supernatants of the PCLS levels of pro-fibrotic mediators such as fibronectin (Fig 23A),
PDGF (Fig 23B), MCP-1 (Fig 23C), and ET-1 (Fig 23D) increased oiver time and further
with TGF-β stimulation. For the majority of the mediators significantly elevated levels
were detected in the supernatants of TGF-β-stimulated slices compared to non TGF-βtreated controls at 48 h and 72 h (Fig 23 A-C). For ET-1 peak levels in TGF-β-stimulated
slices were detected at 48 h (Fig 23D). Mediators in PCLS lysates, like FGF and CTGF
also increased over time and further significantly with TGF-β stimulation (Fig 23E-F).
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Fig 23: Induction of fibrotic mediators in supernatants and homogenates of precision-cut
lung slices from rats.
Precision-cut lung slices (PCLS) from rats were cultivated for 24 to 72 h and stimulated with
transforming growth factor (TGF)-β. The levels of fibronectin (A), platelet derived growth factor (PDGF) (B), monocyte chemotactic protein (MCP)-1 (C) and Endothelin-1 (D) were determined in the PCLS culture supernatants. The expression of connective tissue growth factor
(CTGF) (E) and fibroblast growth factor (FGF) (F) was assessed in PCLS homogenates. Data
are shown as means ± SEM of n=6 slices per condition. Untreated versus TGF-β treated slices
of each incubation time were compared by an unpaired t-test for parametric data. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001

The results from the time course study show, that TGF-β-treated PCLS from healthy rats
may be used as a model of the early onset of fibrosis. Even if major fibrosis mediators like
α-SMA, hydroxyproline and TGF-β were not elevated, many of the pro-fibrotic mediators
released after an initial epithelial damage and contributing to fibrosis development could
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be measured. Therefore, the next step was to examine the capacity of olodaterol to attenuate mediator release from TGF-β-treated PCLS. For this purpose an incubation time of 53
hours was chosen, as the viability of the slices after 72 hours worsens over time. In this
study the protein content measured by ELISA was normalized to total protein content from
PCLS homogenates, because total protein levels between different slices varied.
LDH release from PCLS increased after 53 hours compared to the start of the incubation
and further increased with TGF-β treatment. In contrast to the previous experiment none of
the conditions caused a LDH release above 3%. It seems that olodaterol attenuated this
LDH increase in non-treated slices in a concentration dependent manner. LDH release
from TGF-β treated slices were seemingly inhibited, even with the lowest concentration of
0.01 nM (Fig 24A). Pro-fibrotic mediators released into supernatants, such as fibronectin,
PDGF, ET-1 and MCP-1 increased after 53 hours without TGF-β stimulation 12.1, 9.8,
12.3, and 4.4-fold, respectively, compared to the start of the incubation time (0 h). Protein
levels further increased with TGF-β treatment 72.0, 27.2, 37.6, and 11.9-fold, respectively
(Fig 24B-E). Protein levels measured in homogenates such as FGF, PICP and CTGF also
rose during 53 hours incubation 2.2, 84, and 2.6-fold and increased again with TGF-β
treatment 2.7, 114, and 4.2-fold, respectively (Fig 24F-H). Olodaterol at concentrations of
1 and 10 nM, significantly inhibited TGF-β-induced PDGF and MCP-1 release by over
80% (Fig 24C, E) and attenuated TGF-β mediated fibronectin and ET-1 release by approximately 60% – 80% in a not significant, but concentration dependent manner (Fig 24B, D).
Furthermore, olodaterol was able to attenuate TGF-β-induced protein expression in PCLS
homogenates. Independent of the concentration used, olodaterol inhibited FGF, PICP, and
CTGF increase by over 100%. FGF, PICP and CTGF levels of untreated slices were also
attenuated with olodaterol, whereas levels of fibronectin, PDGF, ET-1 and MCP-1 seem
unchanged.
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Fig 24: Inhibition by olodaterol of TGF-β-induced fibrotic mediators and markers in precision cut lung slices of rats.
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Fig 24: Inhibition by olodaterol of TGF-β-induced fibrotic mediators and markers in precision cut lung slices of rats.
Precision-cut lung slices (PCLS) from rats were cultivated for 53 h and stimulated with transforming growth factor (TGF)-β. Viability was assessed by lactate dehydrogenase (LDH) release (A). The LDH content in tissue homogenates at the start of the incubation (0 h) was set to
100%. Concentrations of fibronectin (FN) (B), platelet-derived growth factor (PDGF) (C), endothelin (ET)-1 (D) and monocyte chemotactic protein (MCP)-1 (E), and Pro-collagen I Cpeptide (PICP) (F) was determined in PCLS supernatants. Expression of fibroblast growth factor (FGF) (G) and connective tissue growth factor (CTGF) (H) in PCLS homogenates. All data
are expressed as protein concentration per total protein. Untreated versus TGF-β-treated slices
were compared by an unpaired t-test for parametric data. Olodaterol-treated groups were compared versus TGF-β-treated control slices by ANOVA followed by Dunnett’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Values are presented as mean
± SEM of n=6 slices per condition.

3.3.2 TGF-β only in part induces fibrotic marker expression in human PCLS
The results from preliminary experiments with PCLS from healthy rats, suggested PCLS as
a suitable model for the early onset of fibrosis. Furthermore, in a first experiment olodaterol had the ability to inhibit TGF-β-induced mediator release. With these promising data
the next step was to increase the transferability into the human situation. Therefore, the
anti-fibrotic capability of olodaterol in TGF-β-treated PCLS from human control donors
was explored.
As it was not possible to obtain human lung tissue directly, the slicing and stimulation with
TGF-β and olodaterol were kindly done by Dr. Christina Hesse from the ITEM in Hannover according to the protocol provided. Two slices from each donor were used per condition and stimulation was performed over 48 hours. Supernatants and homogenates were
then transferred to Boehringer Ingelheim, Biberach and analyzed.
In contrast to PCLS from rat, human PCLS stimulated with TGF-β showed different expression levels of pro-fibrotic mediators. In supernatants levels of fibronectin and MMP-9
decreased with TGF-β treatment. Furthermore, MCP-1 levels only marginally rose compared to untreated controls. Only for PICP the stimulation resulted in a protein increase, as
observed in PCLS from rat. There was no inhibition of fibronectin and MMP-9 decrease
upon treatment with olodaterol. For PICP and MCP-1 it seems that olodaterol attenuates
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TGF-β-induced effects, but due to very high donor variances the picture is not clear (Fig
25A-D).
B

in s u p e r n a t a n t

1

2

[ x -fo ld o f u n s tim u la te d c tr ]

in s u p e r n a t a n t

M M P - 9 r e le a s e /p r o t e i n

2

[ x -fo ld o f u n s tim u la te d c tr ]

F N r e le a s e /p r o t e i n

A

0

0

C

D

4
3
2
1
0

[ x -fo ld o f u n s tim u la te d c tr ]

5

in s u p e r n a t a n t

2

M C P - 1 r e le a s e /p r o t e i n

in s u p e r n a t a n t

[ x -fo ld o f u n s tim u la te d c tr ]

6

P IC P r e le a s e /p r o t e i n

1

1

0

T G F - β [5 0 n g /m L ]

-

+

O lo d a t e r o l [ n M ]

-

-

0 .0 1

-

-

0 .1 1

10

+
0 .0 1

+

+

0 .1 1

+

-

+

10

-

-

-

-

-

0 .0 1 0 .1 1

10

+

+

0 .0 1 0 .1

+
1

+
10

Fig 25: Effect of olodaterol on TGF-β –stimulated fibrotic markers in human precision
cut lung slices.
Precision-cut lung slices (PCLS) from human control donors were cultivated for 48 h and
stimulated with transforming growth factor (TGF)-β. Fibronectin (A), matrix metalloproteinase (MMP)-9 (B), pro-collagen I C-peptide (PICP) (C) and monocyte chemotactic protein
(MCP)-1 (D) were determined in PCLS supernatants. The mediator concentration of the untreated controls was set to 1. Untreated versus TGF-β-treated slices were compared by the
Mann-Whitney test for nonparametric data. Olodaterol-treated groups were compared versus
TGF-β-treated controls by Kruskal-Wallis test followed by Dunn’s multiple comparison test
for nonparametric data. Values are presented as mean ± SEM of n=3 different donors. Every
symbol represents one donor.

The measurement of fibronectin in supernatants may only be reasonable in cell culture, as
fibronectin is part of the extracellular matrix. In models where ECM is present, such as
PCLS, fibronectin gets probably embedded in the ECM and hence may not be detectable in
supernatants. Thus fibronectin measurement was repeated in PCLS homogenates. Upon
TGF-β stimulation fibronectin levels increased approximately 1.5-fold. For other parameters such as vimentin no changes were observed. Furthermore, E-cadherin expression after
incubation with TGF-β varied between the different donors. Thus, the expected down-
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regulation could not be observed. Due to missing assay windows or the high donor (and
even slice) variability, no effect of olodaterol could be observed (Fig 26A-C).
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Fig 26: Effect of olodaterol on TGF-β-stimulated proteins in human precision cut lung
slices.
Precision-cut lung slices (PCLS) from human control donors were cultivated for 48 h and
stimulated with transforming growth factor (TGF)-β. Fibronectin (FN) (A), Vimentin (B), and
E-Cadherin (C) was quantified in PCLS homogenates. The protein expression of untreated controls was set to 1. the Mann-Whitney test for nonparametric data. Olodaterol-treated groups
were compared versus TGF-β-treated controls by Kruskal-Wallis test followed by Dunn’s multiple comparison test for nonparametric data. Values are presented as mean ± SEM of n=3 different donors. Every symbol represents one donor.
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Olodaterol attenuates pro-fibrotic and pro-inflammatory
mechanisms in different in vivo mouse models of lung fibrosis
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3.4.1 Olodaterol weakens bleomycin-induced lung fibrosis in mice
In order to confirm the inhibitory activity of olodaterol to attenuate the fibrotic patholo-gy
in vivo, a mouse model of bleomycin-induced lung fibrosis was performed.
The first experiment was performed to identify the appropriate dosing regimen of olodaterol. Therefore a 14 day study with treatment start from day 7 to day 13 was performed. In
dependence on former anti-inflammatory and bronchodilation studies (Wex et al., 2015)
two different concentrations, 0.3 mg/mL and 1.0 mg/mL, were chosen. To determine the
suitable concentration of olodaterol in the nebulizer only forced vital capacity (FVC) and
cell influx, determined in bronchioalveolar lavage fluid (BALF) were chosen as analysis
parameters. Inhalation of 1.0 mg/mL olodaterol once daily, showed trends towards attenuation of the bleomycin-induced reduction in FVC. However, with 0.3 mg/mL no effects
were seen (Fig 27A). In addition, with 1.0 mg/mL, cell influx after bleomycin challenge,
was inhibited by 34% and 38% (white blood cell- and monocyte-influx, respectively). 0.3
mg/mL olodaterol affected these parameters by 24% and 31%, respectively (Fig 27B and
C). The increase in lymphocyte counts was attenuated by 31% with 1.0 mg/mL olodaterol
and was unaffected with 0.3 mg/mL (Fig 27D).
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Fig 27: Olodaterol dose-finding experiment for bleomycin induced fibrosis model.
C57Bl/6 mice received an intratracheal instillation of 0.5 mg/kg NaCl or bleomycin. Olodaterol was administered each day once by inhalation [0.3 or 1 mg/mL for 5 minutes] starting at
day 7 for 6 days. Analyses were performed at day 14. Forced vital capacity was measured with
a FlexiVent ventilator (A). Cell count is expressed as 1 x 105 cells per lung determined in bronchioalveolar lavage fluid (BALF), WBC = white blood cells (B), monocytes (C), lymphocytes
(D). Untreated versus bleomycin treated groups were compared by an unpaired t-test for parametric data. Olodaterol treated groups were compared versus bleomycin-treated control animals by ANOVA followed by Dunnett’s multiple comparison test. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001. Values are presented as mean ± SEM of n = 10-12 animals per
group.

On the basis of the data from the previous dose-finding study, inhalation therapy with 1.0
mg/mL olodaterol was chosen. Treatment was either started at day 1 after bleomycin instillation in the preventive study or at day 7 in the therapeutic setup.
Bleomycin caused a reduction of body weight by approximately 5% until day 7 with a subsequent recovery phase. This initial weight loss was delayed with preventive olodaterol
treatment and the recovery to body weight comparable to control animals was accelerated.
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Therapeutic treatment also caused a faster recovery to control body weight at day 21 (Fig
28A). On day 21, at the end of the study, total BALF cell counts were significantly increased in the BALF of mice stimulated with bleomycin compared to control mice. The
most prominent increase in cell number was found for monocytes, which increased from
1.5 x 105 in unstimulated mice to 4.0 x 105 cells in bleomycin-challenged mice and for
lymphocytes, which were not detectable in the BALF of untreated animals and increased to
1.4 x 105 cells in bleomycin-challenged mice. The influx of white blood cells into the lung
was attenuated by olodaterol by 21% and 31% in the therapeutic and preventive treatment
regimen, respectively (Fig 28B). For monocyte influx again only trends in the attenuation
of the bleomycin induced effects were seen with both treatment strategies (Fig 28C). For
lymphocytes only the preventive treatment showed significant inhibitory effects of 48%,
whereas in the therapeutic treatment regimen only a trend toward inhibition (25%) was
observed (Fig 28D). Regarding alterations in tissue density bleomycin administration also
caused a 2-fold increase in lung density in treated animals compared to control animals, as
measured by µCT analysis. Olodaterol treatment starting at day 1 attenuated the increase in
tissue density by ~61% but this effect was not statistically significant due to the large variability in the model. The therapeutic treatment regimen had only slight effects of 24% inhibition on this parameter (Fig 28E). With regard to lung function parameters bleomycinstimulation resulted in an increase in lung resistance (Ra) (0.60 cm H2O*s/mL) and a decrease in dynamic lung compliance (Cdyn) (0.04 mL/cm H2O) and forced vital capacity
(FVC) (1.11 mL) compared to control animals (0.53 cm H2O*s/mL, 0.05 mL/cm H2O and
1.35 mL, respectively). Preventive olodaterol treatment resulted in a trend towards inhibition of the FVC decline by 21% (Fig 28F). These trends were also seen for the attenuation
of the reduction in lung compliance by 40% (data not shown). Other parameters like the
increase in relative lung weight (1.3-fold) and the total protein content in BALF supernatant (11.8-fold) were also significantly reduced by 47% and 63%, respectively, in the preventive treatment regimen. Also with therapeutic treatment olodaterol inhibited relative
lung weight and total BAL protein increase significantly by 35% and 42%, respectively
(Fig 28G and H). The expression of the β2-AR in whole lung homogenates was reduced by
approximately 25% after bleomycin-challenge. Albeit not significant, preventive treatment
with olodaterol reduced the down regulation of β2-AR expression levels by approximately
36% (Fig 28I).
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Fig 28: Preventive or therapeutic olodaterol treatment reduces bleomycin-induced lung
inflammation and fibrosis in mice.
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Fig 28: Preventive or therapeutic olodaterol treatment reduces bleomycin-induced lung
inflammation and fibrosis in mice.
C57Bl/6 mice received an intratracheal instillation of 0.5 mg/kg NaCl or bleomycin. Olodaterol was administered once daily by inhalation [1 mg/mL] starting at day 1 for 20 or starting at
day 7 for 14 days. Analyses were performed at day 21. Body weight is expressed as % change
of starting weight (A). Cell count in the bronchoalveolar lavage fluid (BALF) is expressed as 1
x 105 cells per lung, WBC = white blood cells (B), monocytes (C), lymphocytes (D). Lung
density was measured by µCT analysis (E). Forced vital capacity was measured with a FlexiVent ventilator (F). Lungs were weighed before lavage. Relative lung weights are expressed as
% of body weight (G). Total protein concentrations in BALF was determined with a protein
BCA assay (H). The protein expression of the β2-adrenergic receptors (ADRB2) in lung tissues
was determined by ELISA (I). Untreated versus bleomycin-treated groups were compared by
an unpaired t-test for parametric data. Olodaterol treated groups (n = 12 animals per group)
were compared versus bleomycin-treated control animals (n = 12 animals per group) by ANOVA followed by Dunnett’s multiple comparison test for parametric data. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. Values are presented as mean ± SEM.

Furthermore, fibrosis relevant mediators like matrix metallo-proteinase-9 (MMP-9), TGF-β
and tissue inhibitor of metalloproteinase-1 (TIMP-1) increased in BALF supernatant of
bleomycin-treated animals (3.4-fold, 5.8-fold, and 28.3-fold, respectively) and were significantly inhibited by olodaterol inhalation by approximately 50% to 60%, regardless of
whether the treatment was started on day 1 or on day 7 (Fig 29A-C). Other, more proinflammatory, mediators like mKC/GRO, TNF-α, IL-6, IFN-γ (in BALF) and IL-1β (in
tissue homogenate) were also significantly expressed in diseased animals (increase of 3.9,
4.4, 3.2, 2.8 and 5.2-fold, respectively). Again, with exception of IL-6 and IFNγ increase,
olodaterol reduced these cytokine levels by approximately 60% to 80% with both, therapeutic and preventive treatment, respectively (Fig 29D-H).
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Fig 29: Preventive or therapeutic olodaterol treatment reduces bleomycin-induced markers of lung inflammation and fibrosis in mice
C57Bl/6 mice received an intratracheal instillation of 0.5 mg/kg NaCl or bleomycin. Olodaterol was administered once daily by inhalation [1 mg/mL] starting at day 1 for 20 days or starting at day 7 for 14 days. Analyses were performed at day 21. Matrix metalloproteinase
(MMP)-9 (A), transforming growth factor (TGF)-β (B), and tissue inhibitor of metalloproteinase (TIMP)-1 (C) protein concentration was determined by ELISA in the bronchoalveolar lavage fluid (BALF). Interleukin (IL)-1β (D) was determined in lung tissue homogenates, tumor
necrosis factor (TNF)-α (E), IL-6 (F), the chemokine mKC/GRO (G) and interferon (IFN)-γ
(H) protein expressions were determined in the BALF with the mouse pro-inflammatory MSD
assay. Untreated versus bleomycin treated groups were compared by an unpaired t-test for parametric data. Olodaterol-treated groups (n = 12 animals per group) were compared versus bleomycin-treated control animals (n = 12 animals) by ANOVA followed by Dunnett’s multiple
comparison test for parametric data. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Values are presented as mean ± SEM.
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3.4.2 Olodaterol reduces fibrosis-associated markers in the adeno-associated
virus-induced TGF-β overexpression model
As olodaterol showed prominent inhibitory activity on TGF-β-induced pro-fibrotic mechanisms in human lung fibroblasts, a mouse model of AAV6.2m-TGF-β1-induced lung fibrosis was used to verify the inhibitory effects of olodaterol on TGF-β-induced mechanisms in
a more complex in vivo system.
In this study olodaterol treatment (1 mg/mL, q.d.) was performed according to the treatment regimen in the bleomycin study.
Overexpression of TGF-β1 in mouse lungs caused a reduction in body weight by 5% to
10% from day 10 to 21 after intratracheal application of the virus. This weight loss was
inhibited by olodaterol with both, preventive and therapeutic treatment (Fig 30A). Furthermore, TGF-β1 overexpression induced a significant extravasation of immune cells into
the lungs as measured in BALF. Challenge with AAV6.2m-TGF-β1 caused an increase in
monocyte counts from 1.6 x 105 to 4.8 x 105 cells per lung. Lymphocyte and neutrophil
counts increased from undetectable levels in untreated animals to 0.6 and 0.9 x 105 cells in
the positive control group, respectively. Preventive olodaterol treatment significantly attenuated the influx of white blood cells, monocytes and lymphocytes by approximately
40%, whereas therapeutic inhalation of olodaterol only resulted in approximately 20% inhibition (Fig 30B-D). The increase in BALF neutrophil numbers was diminished by 43%,
with preventive treatment regimen, whereas neutrophil numbers were non-significantly
increased with the therapeutic regimen (Fig 30E). With regard to fibrotic remodeling,
transfection with the AAV6.2m-TGF-β1 resulted in a 4-fold increase in lung density as
measured by µCT. Olodaterol treatment starting at day 7 had no effect on the increase in
tissue density however treatment starting at day 1 resulted in 36% inhibition (Fig 30F).
These TGF-β1-induced changes in lung parameters also resulted in altered functional parameters as the FVC decreased from 1.3 mL to 0.9 mL in AAV6.2m-TGF-β1-treated mice.
However, olodaterol treatment did not show any significant effects on the FVC decline
with both treatment regimens (Fig 30G). Furthermore, AAV6.2m-TGF-β1-treatment induced an increase in relative lung weight (1.8-fold) and total protein content in BALF (6.6fold). With preventive treatment, olodaterol attenuated the increase in lung weight and total
BALF protein by over 50%. Further, therapeutic treatment caused a decrease of approximately one third in both parameters (Fig 30H-I).
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Fig 30: Preventive or therapeutic olodaterol treatment reduces AAV6.2m TGF-β1induced lung fibrosis in mice.
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Fig 30: Preventive or therapeutic olodaterol treatment reduces AAV6.2m TGF-β1induced lung fibrosis in mice.
C57Bl/6 mice received an intratracheal instillation of 2.5 x 1011 vg virus or PBS. Olodaterol
was administered once daily by inhalation [1 mg/mL] starting on day 1 for 20 days or on day 7
for 14 days. Analyses were performed at day 21. Body weight is expressed as % of starting
weight (A). Cell count in the bronchioalveolar lavage fluid (BALF) is expressed as 1 x 105
cells per lung, WBC = white blood cells (B), monocytes (C), lymphocytes (D), neutrophils (E).
Lung density was measured by µCT analysis (F). Forced vital capacity (FVC) was measured
with a FlexiVent inhalator (G). Lungs weight were determined before lavage. Relative lung
weights are expressed as % of body weight (H). Total protein concentrations in BALF was determined with a protein BCA assay (I). Untreated versus bleomycin treated groups were compared by an unpaired t-test for parametric data. Olodaterol treated groups (n = 8 animals per
group) were compared versus AAV6.2m-TGF-β1-treated control animals (n = 8 animals) by
ANOVA followed by Dunnett’s multiple comparison test for parametric data. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. Values are presented as mean ± SEM.

Regarding pro-fibrotic mediators in BALF, intratracheal application of AAV6.2m-TGF-β1
caused an increase in TGF-β, MMP-9, TIMP-1 and MCP-1 by 202.9-, 29.7-, 281.1, and
55.4– fold, respectively. The preventive olodaterol treatment scheme again attenuated this
mediator release significantly by 66%, 63%, 70%, and 66%, respectively. However,
olodaterol treatment starting from day 7 had no inhibitory effect on TGF-β, MMP-9,
TIMP-1, or MCP-1- increase in BALF (Fig 31A-D).
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Fig 31: Effects of olodaterol on AAV6.2m-TGF-β1-induced pro-fibrotic mediators.
C57Bl/6 mice received an intratracheal instillation of 2.5 x 1011 vg virus or PBS. Olodaterol
was administered once daily by inhalation [1mg/mL] starting on day 1 for 20 days or on day 7
for 14 days. Analyses were performed at day 21. Transforming growth factor (TGF)-β (A), matrix metalloproteinase (MMP)-9 (B), tissue inhibitor of metalloproteinase (TIMP)-1 (C) and
monocyte chemotactic protein (MCP)-1 (D) protein concentration were determined by ELISA
in the bronchioalveolar lavage fluid (BALF). Untreated versus AAV-TGF-β-treated groups
were compared by an unpaired t-test for parametric data. Olodaterol-treated groups (n =8 animals per group) were compared versus AAV-TGF-β treated control animals (n = 8 animals) by
ANOVA followed by Dunnett’s multiple comparison test for parametric data. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. Values are presented as mean ± SEM.

3.5

A combination of olodaterol and nintedanib shows additional antifibrotic effects only for some read outs

The experiments done so far revealed the capability of olodaterol to interfere with some of
the pro-fibrotic mechanisms in in vitro assays with fibroblasts and to slow down disease
progression in in vivo models of lung fibrosis. The next step was to examine if a combination of olodaterol with nintedanib could further attenuate fibrotic processes in in vitro and
in vivo models of pulmonary fibrosis.
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For this purpose some of the aforementioned in vitro assays and the bleomycin mouse
model were used exemplary.

3.5.1 A combination of olodaterol and nintedanib does not hinder TGF-βinduced fibroblast to myofibroblast transformation
Olodaterol was shown to attenuate fibroblast to myofiboblast transformation (FMT), measured by the expression of pro-fibrotic proteins, such as α-SMA, fibrotectin and ET-1, by
approximately 50% to 75% (see chapter 3.1.2).
In another set of experiments nintedanib, in clinical relevant concentrations of 30 to 100
nM had no effect on TGF-β induced α-SMA protein expression in HLF. Some effects of
approximately 50% inhibition were seen only after treatment with 300 nM of nintedanib
thereby exceeding the plasma concentrations in patients with IPF. On the contrary in IPFLF, 30 and 100 nM seem to attenuate α-SMA expression by 20 and 40%, respectively. 300
nM of nintedanib further inhibited the expression by 70% (Fig 32A). A combination of 30
or 100 nM nintedanib with increasing concentrations of olodaterol did not yield in higher
inhibitory efficacy, than olodaterol alone, neither in HLF (Fig 32B) nor in IPF-LF (Fig
32C).
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Fig 32: Effects of combined olodaterol and nintedanib on αSMA protein expression in
TGF-β-stimulated human lung fibroblasts.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were pre-incubated with different concentrations of nintedanib and/or olodaterol and subsequently stimulated with transforming growth factor (TGF)-β. The effect of
nintedanib on α-SMA expression in HLF and IPF-LF (A). Effect of a combination of 30 or 100
nM nintedanib plus increasing concentrations of olodaterol on α-SMA expression in HLF (B)
or IPF-LF (C). results are presented as % of maximum TGF-β-induced α-SMA protein expression. Data are given as means ± SEM of n=3 different donors for HLF and n=3 different donors for IPF-LF. Horizontal dotted line is 50% inhibition of the TGF-β induced effect.

As one important representative of the ECM proteins released from fibroblasts after stimulation with TGF-β, fibronectin was assessed.
The release of fibronectin from TGF-β-stimulated HLF and IPF-LF was not attenuated by
nintedanib, independent of the concentration used (Fig 33A). Furthermore, again the combination of 30 or 100 nM nintedanib with increasing concentrations of olodaterol did not
yield better inhibitory effects, than the β2-agonist alone, neither in HLF nor in IPF-LF (Fig
33B, C).
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Fig 33: Effects of combined olodaterol and nintedanib on fibronectin release by TGF-βstimulated human lung fibroblasts.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were pre-incubated with different concentrations of nintedanib and/or olodaterol and subsequently stimulated with transforming growth factor (TGF)β. The fibronectin
concentration was determined in the cell culture supernatant. Effect of nintedanib alone (A) or
combination of 30 or 100 nM nintedanib combined with increasing concentrations of olodaterol in HLF (B) or IPF-LF (C). Results are presented as % of maximum TGF-β-induced fibronectin concentration. Data are given as means ± SEM of n=3 different donors for HLF and
n=3 different donors for IPF-LF. Horizontal dotted line is 50% inhibition of the TGF-β induced
effect.

Besides α-SMA as a marker of FMT and fibronectin as an important ECM protein, we next
determined the ability of nintedanib and a combination of nintedanib plus olodaterol to
reduce ET-1 release as a representative of an pro-fibrotic mediator from HLF and IPF-LF
after TGF-β stimulation.
Nintedanib attenuated TGF-β-induced ET-1 release of HLFs in a concentration dependent
manner. 50% inhibition was achieved with 100 nM. In this set-up 300 nM nintedanib was
not tested. In IPF-LF the compound did not significantly reduce the ET-1 release (Fig
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34A). In HLF a combination of both drugs seem to have no additional inhibitory effects on
ET-1 release after TGF-β stimulation compared to the single compounds (Fig 34B). However, in IPF-LF the combination of either 30 or 100 nM nintedanib with olodaterol shifted
the IC50 from 5 pM (olodaterol alone) to 1.7 pM with a maximal inhibition of 64% at 0.1
nM olodaterol plus 30 or 100 nM nintedanib, compared to 50% 0.1 nM olodaterol alone
(Fig 34C).
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Fig 34: Inhibitory effects of combined olodaterol and nintedanib on ET-1 release by TGFβ-stimulated human lung fibroblasts.
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were pre-incubated with different concentrations of nintedanib and/or olodaterol and subsequently stimulated with transforming growth factor (TGF)-β. The endothelin-1
(ET-1) concentration was determined in the cell culture supernatant. The effect of nintedanib
alone (A) or of a combination of 30 or 100 nM nintedanib combined with increasing concentrations of olodaterol on ET-1 release from HLF (B) or IPF-LF (C). Results are presented as % of
maximum TGF-β-induced fibronectin concentration. Data are given as means ± SEM of n=3
different donors for HLF and n=3 different donors for IPF-LF. Horizontal dotted line is 50%
inhibition of the TGF-β induced effect.
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3.5.2 A combination of olodaterol and nintedanib shows additional inhibitory
effects on the proliferation of human lung fibroblasts
The hyperproliferative phenotype of fibrotic fibroblasts probably arises from high levels of
PDGF, FGF as well as other prominent growth factors, elevated in diseased lungs.
Nintedanib as a triple kinase inhibitor of PDGF-R, VEGF-R, and FGF-R has known ability
to inhibit PDGF-induced proliferation of fibroblasts and also attenuates VEGF- and FGFinduced mechanisms. With the observation that olodaterol is only able to attenuate growth
factor induced proliferation of human primary lung fibroblasts from control donors and
patients with IPF by 30% – 50%, a combination of both drugs seems likely to yield better
anti-proliferative activity. Therefore, the fibroblast proliferation assay was chosen as a further model to determine the efficacy of the combination of olodaterol and nintedanib.
Figure 34 shows proliferation of HLF and IPF-LF after stimulation with PDGF (A), FCS
(B), EGF (C), and FGF (D) and the inhibition of olodaterol alone, or in combination with
either 10, 30 or 100 nM nintedanib. Nintedanib inhibits PDGF-induced proliferation in a
concentration dependent manner in HLF and IPF-LF. The combination of 10 or 30 nM of
the triple kinase inhibitor with olodaterol showed trends towards a better inhibition efficacy in HLF and IPF-LF than nintedanib alone. At 100 nM nintedanib inhibits PDGFinduced proliferation by nearly 100% and no additional effect of oldoaterol could be observed (Fig 35A). Furthermore FCS-induced proliferation could be attenuated with
nintedanib by up to 40% in HLF and IPF-LF. For HLF again a trend towards inhibition by
up to 55% could be observed with a combination with olodaterol. In IPF-LF no additional
effects of a combination was seen (Fig 35B). EGF- and FGF-induced fibroblast proliferation was not diminished with nindedanib treatment at the concentrations used. Olodaterol
alone had inhibitory effects on both growth factors of approximately 40% in HLF and IPFLF. A combination of nintedanib an olodaterol showed no additional efficacy (Fig 35C, D).
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Fig 35: Effects of combined olodaterol and nintedanib on growth factor-stimulated human lung fibroblasts proliferation
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Fig 35: Effects of combined olodaterol and nintedanib on growth factor-stimulated human lung fibroblasts proliferation
Human lung fibroblasts from control donors (HLF) and patients with idiopathic pulmonary fibrosis (IPF-LF) were pre-incubated with different concentrations of nintedanib (30 or 100 nM)
and/or increasing concentrations of olodaterol and subsequently stimulated with plateletderived growth factor-BB (PDGF) (A), fetal calf serum (FCS) (B), epithelial growth factor
(EGF) (C) or basic fibroblast growth factor (FGF) (D). Proliferation was determined by BrdU
incorporation. Results are presented as % of maximum proliferation induced by the specific
stimulus. Data are shown as means ± SEM of n=3 different donors for HLFs and n=5 different
donors for IPF-LF.

As mentioned earlier in 3.1.3 the combination of different growth factors or pro-fibrotic
mediators might resembles the in vivo situation more closely. Therefore, proliferation of
lung fibroblasts induced by a combination of different fibrotic stimuli was used to explore
potential additional inhibitory effects of nintedanib and olodaterol on fibroblast proliferation.
Exemplary the experiments were only performed with HLF and increasing concentrations
of nintedanib, olodaterol or olodaterol combined with a fixed concentratin of 30 nM
nintedanib.
Nintedanib inhibited IL-1β plus PDGF-induced proliferation in a concentration-dependent
manner. Maximum inhibition of approximately 90% was achieved at 300 nM. While
olodaterol alone maximally affected proliferation by approximately 25%, a combination of
olodaterol plus 30 nM nintedanib yielded in approximately 50% inhibition (Fig 36A). For
EGF plus PDGF-induced proliferation nintedanib was not as effective and inhibited proliferation by 50% at the highest concentration used (300 nM). A combination of 100 pM
olodaterol plus only 30 nM nintedanib yielded in the same inhibitory effects, while olodaterol alone only attenuated proliferation by 30% (Fig 36B). For the other combined stimuli,
IL-1β plus EGF and FGF plus TGF-β nintedanib had either only marginal effects of 25% at
300 nM (Fig 36C) or none at all (Fig 36D). For these two combined stimuli the combined
treatment had no additional effects.
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Fig 36: Effects of combined olodaterol and nintedanib on human lung fibroblasts proliferation by combined stimuli.
Human lung fibroblasts from control donors (HLF) were pre-incubated with different concentrations of nintedanib or olodaterol with and without a fixed concentration of nintedanib (30
nM) and subsequently stimulated with IL-1β [30 pg/mL] + PDGF [50 ng/mL] (A), EGF [3
ng/mL] + PDGF [50 ng/mL] (B), IL-1β [30 pg/mL] + EGF [3 ng/mL] (C), or TGF-β [4 ng/mL]
+ FGF [20 ng/mL] (D) for 92 hours. Proliferation was determined by BrdU incorporation. Results are presented as % of maximum proliferation induced by the specific stimuli. Data are
shown as means ± SEM of n=3 different donors for HLFs.

3.5.3 A combination of olodaterol and nintedanib does not further attenuate
TGF-β-induced apoptosis-resistance in human lung fibroblasts
The FasL plus CHX induced apoptosis assay with TGF-β-treated fibroblasts was chosen as
an additional experiment, exemplary done with a combination of olodaterol and
nintedanib. As for the determination of the anti-fibrotic effects of olodaterol alone, in this
study again only HLF were used. Additionally only one concentration of olodaterol (1 nM)
was tested with two different concentrations of nintedanib (30 and 100 nM).
As described previously olodaterol has no inhibitory effect on TGF-β-induced apoptosis
resistance to FasL plus CHX in HLF. Nintedanib exerted a trend towards attenuating the
resistance in a concentration-dependent manner by up to 30% at 100 nM. A combination of
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1 nM olodaterol plus 30 or 100 nM nintedanib did not alter the inhibition capacity of
nintedanib alone (Fig 37).
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Fig 37: Effect of combined olodaterol and nintedanib treatment on TGF-β-induced apoptosis resistance in human lung fibroblasts
Human lung fibroblasts from control donors were incubated with or without TGF-β [4 ng/ml]
and stimulated with Fas ligand (FasL) [250 ng/mL] + cycloheximide (CHX) [500 ng/mL].
Apoptosis was determined by caspase 3/7 activity. Nintedanib at 30 or 100 nM was combined
with 1 nM olodaterol. Results are presented as % of maximum. Data are shown as means ±
SEM of n=3 different donors for HLF. Horizontal dotted line is TGF-β-induced resistance
against apoptosis.

3.5.4 A combination of olodaterol and nintedanib does not further inhibit
bleomycin-induced lung fibrosis in mice
The in vitro assays performed so far, only showed minor combined inhibitory activity by
olodaterol plus nintedanib, but revealed a different mode of (pharmacological) action of
both drugs. While olodateroleffectively attenuates TGF-β-stimulated pro-fibrotic mechanisms, nintedanib is only marginally effective. However, nintedanib targets PDGF-,
VEGF- and FGF-induced mechanisms.
Thus, the next step was to evaluate the combination of both drugs in the bleomycininduced lung fibrosis model, where a co-treatment might further attenuate the fibrotic lung
pathology.
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Treatment with aerosolized olodaterol (1 mg/mL, inhalative, q.d), oral nintedanib (50
mg/kg, p.o., b.i.d.), or a combination of both was started at day 7 after bleomycin instillation. In contrast to the former experiments, the study was concluded at day 19.
Comparable to the bleomycin study conducetd with olodaterol alone, during the first 7
days, animals challenged with bleomycin lost approximately 5% of body weight and recovered until day 19. Olodaterol accelerated recovery to body weight comparable to control animals, whereas nintedanib or the combination of both drugs had no positive effect on
gain of body weight (Fig 38A). At the end of the study total white blood cell counts
(WBC) in BALF was significantly increased to 5.7 x 105 in mice stimulated with bleomycin compared to 2.2 x 105 in control animals (Fig 38B). Monocyte numbers increased to
3.8 x 105 compared to 2.1 x 105 in control animals (Fig 38C), and typical for the model,
lymphocyte numbers were elevated to 1.5 x 105 and not detectable in unchallenged control
mice (Fig 38D). Olodaterol attenuated increased cell counts such as white blood cells (Fig
38B), monocytes (Fig 38C) and lymphocytes (Fig 38D) by 24%, 22%, and 34%, respectively. Nintedanib significantly inhibited WBC and lymphocyte influx by 54%, and 63%,
and attenuated monocyte counts by 48% in a non-significant manner. According to the
inhibition of bleomycin-induced cell influx determined in BALF no additional efficacy
was detected with the combined treatment of nintedanib plus olodaterol (Fig 38E). µCT
analysis revealed an elevation in tissue density caused by the bleomycin challenge by approximately 2-fold compared to control animals (p < 0.0001). This increase was inhibited
by nintedanib and the combination by 67%, and 59%, respectively. Again the inhibition
was not statistically significant due to the large variability in the bleomycin model. Olodaterol treatment starting at day 7 had no inhibitory effects on this parameter (Fig 38E). Regarding lung function, the stimulation with bleomycin resulted in a decrease of forced vital
capacity (FVC) to 0.9 mL, compared to 1.2 mL in control animals (p < 0.0001). Each of
the treatment strategies only resulted in small trends towards an attenuation of the FVC
decline by approximately 20% (Fig 38F). Further parameters, such as the increase in relative lung weight and total protein content in BALF were upregulated due to the bleomycin
challenge by 1.4-, and 7-fold, respectively (p < 0.0001). While a trend towards an additional effect of the combination, compared to olodaterol or nintedanib treatment was seen
in attenuation of relative lung weight (44%, compared to 27%, and 34%, respectively) (Fig
38G), total protein in BALF was significantly inhibited by half with nintedanib or the
combination, and attenuated by olodaterol by 44% (Fig 38H).
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By means of the expression of the β2-AR in whole lung homogenates, in this study a reduction of approximately 17% was seen after bleomycin challenge as compared to control
lung tissue. Surprisingly, in this study β2-AR expression further significantly decreased
with treatment, while olodaterol and the combination of olodaterol plus nintedanib showed
a reduction of -39% and -36%, respectively (compared to not challenged, control animals),
nintedanib treatment resulted in a down-regulation of the receptor by 46% (Fig 38I).
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Fig 38: Olodaterol, nintedanib or a combination of both drugs reduces bleomycininduced lung inflammation and fibrosis.
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Fig 38: Olodaterol, nintedanib or a combination of both drugs reduces bleomycininduced lung inflammation and fibrosis.
C57Bl/6 mice received an intratracheal instillation of 0.5 mg/kg NaCl or bleomycin. Olodaterol (O) and nintedanib (N) were administered daily by inhalation [1 mg/mL] (once daily) and
per os (50 mg/kg) (twice daily), respectively or in combination (Co) starting at day 7 for 12
days. Analyses were performed at day 19. Body weight is expressed as % of starting weight
(A). Cell count is expressed as 1 x 105 cells per lung, WBC = white blood cells, monocytes,
lymphocytes (B). Lung density was measured by µCT analysis (C). Forced vital capacity was
measured with a FlexiVent ventilator (D). Lungs were weighed before lavage. Relative lung
weights are expressed as % of body weight (E). Total protein concentrations in BALF was determined by a protein BCA assay (F). The protein expression of the β2-adrenoceptors (ADRB2)
in lung tissue was determined by ELISA (G). Untreated versus bleomycin treated groups were
compared by an unpaired t-test for parametric data. Compound treated groups (n = 12 animals
per group) were compared versus bleomycin-treated control animals by ANOVA followed by
Dunnett’s multiple comparison test for parametric data. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. Results are presented as mean ± SEM of n = 10-12 animals.
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IPF is a debilitating and fatal lung disease with an estimated median survival time of 2 to 5
years after diagnosis (Raghu et al., 2011).
Despite being an actively researched topic, the exact pathophysiological features underlying the development of IPF are not yet fully understood. According to the current opinion
an initial damage of alveolar epithelial cells results in the aberrant recruitment and proliferation of fibroblasts and other progenitor cells. These cells and activated epithelial cells
are believed to be responsible for the expansion of the myofibroblast population in fibroblastic foci (King, Jr. et al., 2011). Once activated, the myofibroblast is characterized by an
abundant expression of α-SMA, the release of several pro-fibrotic mediators and extracellular matrix proteins, as well as the manifestation of contractile properties (Duffield et al.,
2013).
The understanding of the disease pathobiology has widened significantly over the past decade and has led to the development of first therapeutic approaches. Nintedanib (Ofev®,
Boehringer Ingelheim) (Richeldi et al., 2014; Richeldi et al., 2016) and pirfenidone
(Esbriet® Roche/Genentech USA Inc.) (King, Jr. et al., 2014; Noble et al., 2011) were
shown to slow the rate of decline in forced vital capacity and thus were approved for the
treatment of IPF in Europe and the US, as well as in many other countries.
In a different promising therapeutic approach, the interference with pro-fibrotic events
through elevation of intracellular cAMP levels is explored. One possible mechanism to
increase intracellular cAMP levels is the stimulation of β2-adrenergic receptors. In the lung
β2-AR are localized on various cell types, including epithelial cells, fibroblasts, inflammatory cells, and sensory nerves (Barnes, 2004), all of them being involved in the pathophysiology of IPF. However, apart from some in vitro data, which were mainly obtained from
experiments on cell lines rather than primary cells, no study results were published demonstrating anti-fibrotic activity of a β2-AR agonist (administered via inhalation) in vivo.
Thus, the objective of this study was to test the efficacy of the long-acting β2-AR agonist
olodaterol to inhibit pro-fibrotic mechanisms in primary human lung fibroblasts from control donors and IPF patients and small airway epithelial cells from control donors. Furthermore the ability of olodaterol to inhibit the onset of fibrosis was tested in precision cut
lung slices from rats and humans and it was evaluated whether the findings would translate
into the animal models of lung fibrosis. With the shown anti-fibrotic activity of olodaterol
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it was further examined if a combination of olodaterol and nintedanib results in an improved anti-fibrotic efficacy.

4.1

Olodaterol attenuates pro-fibrotic mechanisms in fibroblast
associated in vitro assays

Using several in vitro assay systems with both human primary lung fibroblasts from patients with IPF and from control donors the anti-fibrotic capacity of the long acting β2-AR
agonist olodaterol was demonstrated. Fibroblast assays used in this study, such as proliferation, migration, fibroblast to myofibroblast transformation, contraction, release of profibrotic mediators and TGF-β mediated apoptosis resistance, mimic, at least in part, various
pathomechanistic aspects of IPF.
In a first set of experiments it was demonstrated that olodaterol stimulates cAMP increase
in human lung fibroblast from control and IPF donors in a β2-AR-dependent manner. Furthermore, the EC50 values of intracellular cAMP increase after stimulation with olodaterol
were in good agreement with the EC50 values determined previously in CHO cells
(Bouyssou et al., 2010a). These data are also in line with data from Lamyel et al. demonstrating exclusive expression of β2-AR on primary human lung fibroblast with no detectable mRNA expression levels of the β1- or β3 subtypes (Lamyel et al., 2011).
With TGF-β being one of the major activators of fibroblast to myofibroblast transition,
many anti-fibrotic attempts are aimed at inhibiting TGF-β-induced signaling pathways.
The data from this study demonstrate that olodaterol is able to attenuate the TGF-βinduced fibroblast-to-myofibroblast differentiation in both, HLF and IPF-LF, as indicated
by the inhibition of α-SMA protein expression, as well as the reduction in the release of
extracellular matrix proteins such as fibronectin and pro-collagen I C- peptide and the profibrotic mediator ET-1. These findings are in good agreement with a recent publication by
Tannheimer et al. (2012) who demonstrated that indacaterol inhibited TGF-β-induced profibrotic mediator expression in normal human lung fibroblasts. Additionally, isoprenaline
was found to inhibit collagen I and III as well as α-SMA expression after TGF-β stimulation in rat cardiac fibroblasts (Tannheimer et al., 2012; Liu et al., 2006).
However the TGF-β-mediated resistance to FasL induced apoptosis of fibroblasts could not
be attenuated by olodaterol in the used assay set up.

4

DISCUSSION

92

Resistance to FasL mediated apoptosis of fibroblasts derived from donors with PF was
reported by several studies (Moodley et al., 2004; Buhling et al., 2005). Furthermore TGFβ was shown to promote resistance to apoptosis via either the activation of the pro-survival
PI3K/AKT signaling pathway (Horowitz et al., 2004), the up-regulation of survivin (Sisson
et al., 2012) or X-linked inhibitor of apoptosis protein (XIAP) (Ajayi et al., 2013), the
down-regulation of Fas/CD95 receptors on the cell surface (Kulasekaran et al., 2009), or
all of the mentioned mechanisms together. Due to the vast number of publications using
FasL and cycloheximide as a model system for apoptosis induction in fibroblasts, the same
assay set-up was chosen in this study. A hint of the efficacy of cAMP elevating agents was
the study with prostaglandin (PG)-E2, acting as a pro-apoptotic stimulus in fibroblasts. In
former studies PGE2 was shown to inhibit at least un-stimulated proliferation and ECM
production of fibroblasts in a cAMP dependent manner (Huang et al., 2008). In contrast to
epithelial cells, where PGE2 acts anti-apoptotic via stimulation of AKT, in fibroblasts it
activates phosphatase and tensin homolog (PTEN) and thus down-regulates AKT signaling
(Huang et al., 2009). The mechanisms by which PGE2 exerts its pro-apoptotic effects in
fibroblasts and anti-apoptotic effects in epithelial cells need to be determined. It is described that binding to the different G-protein coupled receptors (EP-1, EP-2, EP-3, EP-4),
differentially expressed on various cell types, mediates diverse effects (Pelletier et al.,
2001). Further, it needs to be evaluated if the mentioned anti-fibrotic actions of PGE2 can
also be seen in TGF-β stimulated fibrotic mechanisms. Apoptosis signaling and the associated proteins may be dysregulated in fibrotic or TGF-β-treated fibroblasts and thus cAMP
might not be able to interfere. However, in order to confirm this theory, the exact pathways
for apoptosis resistance need to be elucidated.
To further verify the inhibitory effects of olodaterol on fibrosis-relevant mechanisms, the
efficacy of the compound was tested in a functional bioassay. In this assay olodaterol inhibited the TGF-β plus ET-1-stimulated contraction of HLF and, to a lesser extent, of IPFLF. In accordance with these findings, Schiller et al. (2010) showed inhibitory effects of
db-cAMP (a stable cAMP analog) addition on TGF-β-induced contraction of NIH3T3
cells. However, the exact mechanism of how cAMP interferes with the TGF-β signaling
cascade to prevent protein expression is unclear. One possible explanation is the interference of cAMP with TGF-β specific Smad3/4-dependent gene expression. The potential
sequestration of the transcriptional co-activators CBP and p300 by phospho-CREB would
make them unavailable for recruitment to Smad transcriptional complexes (Schiller et al.,
2010). Apart from that cAMP may further oppose fibrotic responses via the PKA or Epac-
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mediated inhibition of TGF-β-stimulated ERK1/2 and JNK activation (Liu et al., 2006).
Additionally, β2-adrenergic receptors may activate non-canonical signaling pathways independent of cAMP.
Besides TGF-β, additional mediators were found to be elevated in fibrotic tissues, such as
PDGF, FGF or EGF (Bonner, 2004; Hetzel et al., 2005; Wollin et al., 2014). They are believed to play important roles in the pathogenesis of IPF by stimulating fibroblast survival,
proliferation and migration towards fibrotic areas. Thus, reducing fibroblast proliferation
and migration rates in IPF will reduce spreading and accumulation of myofibroblasts and
thereby decrease ECM protein deposition. In this study it was demonstrated that olodaterol
inhibits the growth factor-induced motility and proliferation of human primary lung fibroblasts, albeit with different potencies. Accordingly, other β1- and β2-agonists like isoprenaline, salmeterol or formoterol were shown to inhibit proliferation and migration upon
FGF- and PDGF-stimulation in different cell lines (Silvestri et al., 2001; Lamyel et al.,
2011). There are several studies suggesting a link between cAMP–dependent PKA activation and cellular migration (Itoh et al., 2001; Chen et al., 2008; Howe, 2004). Furthermore,
many articles show an inhibition of cell proliferation by cAMP elevating agents, in a PKA
or Epac-1 dependent manner (Lamyel et al., 2011; Hafner et al., 1994; Burgering et al.,
1993; Graves et al., 1993; Huang et al., 2008; Stork and Schmitt, 2002; Wu et al., 1993).
The interference by olodaterol in signaling cascades of pro-fibrotic stimuli was exemplified by demonstrating inhibition of FGF-induced phosphorylation of downstream signaling
molecules. Signaling cascades induced by growth factor stimulation typically involve
phosphatidylinositol 3 kinase (PI3K), Ras-MAP kinases, Src family kinases, phospholipase
Cγ (PLCγ), and transcription factors like STAT-3 (Beyer and Distler, 2013). Preventing
the activation of these signaling molecules, might thus interfere with pro-fibrotic mechanisms. To evaluate the inhibitory activity of olodaterol on relevant kinases Western blot
analysis after FGF-stimulation of HLF and IPF-LF were performed. The results from this
study show distinct inhibitory effects of olodaterol on FGF-induced Akt, c-Raf and JNK
phosphorylation, while the phosphorylation of other kinases like p38 or p44/42 was only
slightly attenuated or unaffected (e.g. PLCγ). The differences in potencies of the inhibition
of JNK-, p38- and p44/42-phosphorylation in HLF and IPF-LF might give some hints for
an altered signaling mechanism in diseased cells which will need some further evaluation.
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Further research will be needed to elucidate how olodaterol interferes with kinase signaling
and pro-fibrotic mechanisms induced by the stimulation with different pro-fibrotic mediators and whether this interference is stimulus-, cell- and/or disease status-dependent.

4.2

Olodaterol has marginal effects on pro-fibrotic mechanisms in
epithelial cell-associated in vitro assays

As not only fibroblasts have a major role in the development of pulmonary fibrosis, but
epithelial cells also contribute to the disease, the next steps were to determine the antifibrotic ability of olodaterol in epithelial cell systems. Most of the current literature focusses on the determination of EMT markers, such as e-cadherin, vimentin or α-SMA (for
example (Hackett et al., 2009)). However, the contribution of airway epithelial EMT to
pulmonary fibrosis is still controversial. Therefore, this study focusses on pro-fibrotic mediator release.
First, to establish an assay set up where differentiated airway epithelium releases profibrotic mediators, small airway epithelial cells from control donors were cultured under
air liquid interface conditions and stimulated with the fibrosis associated agents TGF-β and
TNF-α. Preliminary data with one donor show a further increase of fibrogenic mediators,
such as ET-1, fibronectin, MCP-1, and PICP, after stimulation with TGF-β plus TNF-α,
compared to the single stimuli. In the used assay set up, olodaterol had no inhibitory effect
on TGF-β plus TNF-α induced mediator release. This lack of efficacy might have several
reasons. As for all in vitro assays performed with β2-adrenergic agonists, first of all the
expression and functionality of the β2-AR needs to be determined. In-house Next Generation Sequencing (NGS) data with three different donors of normal human bronchial epithelial cells (NHBE), showed approximately 80% decreased expression levels of the β2-AR
under ALI conditions compared to submerged cell culture (data not shown). If this also
holds true for small airway epithelial cells under ALI conditions, and if the decreased
mRNA expression in addition resembles a decreased protein expression and functionality
needs to be determined. Furthermore the experiments need to be evaluated with different
donors, as there might be high variances in donor reactivity, due to previous treatment
strategies or disease state of the patients. The determination of the localization of the receptor in ALI cultures (basolateral, apical or equally distributed) and the resulting treatment strategy (basolateral, apical or both) might further alter the efficacy of olodaterol on
pro-fibrotic mediator release. Milara et al. (Milara et al., 2014) showed inhibitory actions
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of the PDE4 inhibitor roflumilast on cigarette smoke induced TGF-β release and EMT
markers, such as α-SMA, vimentin or collagen I, in human bronchial epithelial cells cultured under ALI conditions. Thus a contribution of cAMP in attenuating EMT or mediator
release seems likely. In addition in this study fibroblast associated in vitro assays showed
that olodaterol attenuates TGF-β mediated pro-fibrotic mechanisms. However, the ability
of olodaterol to inhibit TGF-β plus TNF-α-induced mechanisms was not tested. Signaling
cascades and the interference with cAMP and its effectors might be different in various cell
types and thus explain the inability of olodaterol to inhibit TGF-β plus TNF-α induced mediator release from SAEC ALI cultures.
To simplify the conditions another in vitro assay for mediator release and EMT with SAEC
was established. In these experiments three different donors of small airway epithelial cells
were cultured under submerged conditions and stimulated with TGF-β for 72 hours. None
of the analyzed proteins changed significantly upon stimulation. A slight increase of PICP
release and decrease of e-cadherin protein expression could be observed. Due to the missing assay window the observed attenuation of protein expression of ET-1, fibronectin and
PICP with olodaterol treatment need to be regarded carefully. Although the functionality of
the β2-AR was verified, olodaterol had no effect on the decrease of e-cadherin expression
after TGF-β stimulation, in this assay set-up.
However, to conclusively determine the ability of olodaterol to attenuate fibrogenic
mechansisms of epithelial cells, first a suitable assay system needs to be established. Other
stimuli, like scratch or myofibroblast-conditioned medium might increase mediator release
and EMT in SAEC. Furthermore, apoptosis and necrosis assays are needed to fully characterize the system. In addition, it needs to be determined if mediator signaling cascades and
the interference of cAMP elevating agents differ in various cell types.
The question of whether in vitro assays with epithelial cells from bronchi or bronchiole are
suitable to determine pro-fibrotic mechanisms remains. A more suitable assay system for
the determination of the efficacy of compounds on pro-fibrotic mediator release and EMT
might probably be the use of primary human alveolar epithelial cells. Although the exact
contribution of EMT to pulmonary fibrosis remains to be determined, it was shown that
epithelial, such as pro-surfactant protein B, and mesenchymal markers, such as α-SMA colocalize to hyperplastic ATII cells in IPF tissue. Furthermore in vitro studies showed that
TGF-β induce EMT in AEC (Willis and Borok, 2007).
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To study whether the in vitro findings translate into a multicellular system, precision cut
lung slices from rats were treated with olodaterol and stimulated with TGF-β to induce the
release of pro-fibrotic cytokines and ECM proteins. Various cell types resident in lung tissue, like epithelial- or endothelial cells, tissue macrophages or local fibroblasts may contribute to this process in PCLS from healthy rats. Preliminary data demonstrated the enhancement of pro-fibrotic cytokine release of MCP-1, PDGF, ET-1 and CTGF after TGF-β
stimulation. These mediators are important for fibrosis formation by stimulating proliferation, migration and differentiation of fibroblasts and the recruitment of further disease relevant cells, like monocytic cells and fibroblast precursors (Allen and Spiteri, 2002; Todd et
al., 2012; Swigris and Brown, 2010). Though an elevation of pro-collagen-I-C-peptide and
fibronectin was shown, unfortunately, the two most prominent ECM proteins contributing
to IPF, hydroxyproline and α-SMA, were not elevated. One possible explanation for this
observation might be the lower number of resident fibroblasts in healthy lung tissue. In IPF
lungs fibroblasts and fibroblasts-precursors as well as fibrocytes and macrophages are recruited to fibroblastic foci from peripheral tissue and blood. In the given time frame pure
proliferation of resident fibroblasts seems not sufficient for the development of characteristic fibrotic lesions. Nevertheless, this model may be used as an early onset of fibrosis as by
attenuating the recruitment of further fibrosis supporting cells due to an inhibition of the
release of these mediators, a progression of the disease might be prohibited or at least decelerated.
In the used PCLS model, the expression of several pro-fibrotic cytokines (PDGF, CTGF,
MCP-1, ET-1) and ECM proteins, (PICP, fibronectin), stimulated by TGF-β, could be effectively inhibited by olodaterol in a first experiment. As the variation between the slices,
probably depending on their localization in the lung, is fairly high, this experiment needs to
be reproduced to give reliable results about the efficacy of olodaterol to inhibit pro-fibrotic
mediator release. The exact mechanisms by which olodaterol inhibits cytokine release in
multicellular tissues are probably diverse and will need further evaluation.
Besides, to improve the model system it may be necessary to define the cells, present in the
slices and to further develop a system, where blood or BALF cells can invade into the slices and thus promote fibrosis progression. It may also be possible to add blood or BALF
cells of diseased animals (due to bleomycin or other fibrosis inducing agent instillation) to
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provoke the development of disease relevant patterns. Others also used additional stimuli,
such as cadmium chloride (CdCl2) to induce the early development of pulmonary fibrosis
in PCLS from rats (Kasper et al., 2004). The examination of fibrosis markers on RNA level
might further give a more stable pattern and thus might be a better method to analyze
PCLS and the ability of compounds to inhibit early onset of fibrosis.
As the first experiments done with PCLS from rats, to determine the ability of olodaterol to
attenuate pro-fibrotic mediator release were quite promising, next a more relevant system,
that is human PCLS, was chosen. In nearly the same assay set up as for rat PCLS, in human slices TGF-β stimulation failed to induce a pronounced pro-fibrotic mediator release.
Only slightly higher levels of fibronectin, PICP and MCP-1 were found in TGF-β treated
slices compared to medium controls. In general it should be noted, that the measurement of
matrix- and matrix associated proteins in lysates instead of supernatants seems more relevant. However, due to the missing assay window and high donor variances a clear picture
about the ability of olodaterol to inhibit TGF-β induced pro-fibrotic effects in human PCLS
was not seen. Further, in the used assays set up only two slices per condition were used. It
may be necessary to use more slices and additional different donors, to obtain a stable pattern. Experiments with PCLS from human donors and compound treatment are very difficult to interpret, as the patient history differs in disease, disease severity and former treatment and thus signaling pathways and receptors might be differentially regulated in different donors. For the measurement of fibrosis relevant markers and the inhibition by a specific compound, a better method will be to use PCLS from IPF patients, instead of control
donors, that mostly originate from tumor resections. For the evaluation of olodaterol to
treat pro-fibrotic mediator release in PCLS it will be further important to determine the
expression and functionality of the β2-AR in the different donors.

4.4

Olodaterol attenuates pro-fibrotic and pro-inflammatory
mechanisms in different in vivo mouse models of lung fibrosis

Having shown the efficacy of olodaterol to inhibit pro-fibrotic mechanisms at least in several disease-relevant functional assays with fibroblasts, next it was explored whether or not
these effects would translate to efficacy in vivo. In the bleomycin-induced lung fibrosis
model intratracheal instillation of bleomycin results in an initial lung injury, followed by
an inflammatory response and the subsequent development of fibrosis (Moeller et al.,
2008). In the present study it was shown that weight loss induced by bleomycin-challenge
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was diminished with olodaterol treatment in both treatment regimens at a concentration
showing maximal bronchodilation in mice (Wex et al., 2015). This result may reflect the
attenuation of the fibrotic lung pathology or simply mirror the demonstrated anabolic activity of a β2-agonist triggering skeletal muscle hypertrophy (Joassard et al., 2013). However,
due to the inhalative administration of olodaterol in this study, resulting in low systemic
exposure of the compound an effect on skeletal muscle hypertrophy seems unlikely. Furthermore, in this model it was found that inhaled olodaterol reduced the influx of white
blood cells into the lung with more pronounced effects on lymphocytes than monocytes
and attenuated the levels of pro-fibrotic mediators in BALF. These data demonstrate an
additional dimension of the inhibitory effects of olodaterol. In contrast to the in vitro assays, not only the inhibition of mediator-induced effects, but also the release of those profibrotic mediators and the influx of disease-relevant cell types can be inhibited. Furthermore, with preventive treatment olodaterol also diminished FVC decline and lung density.
However, these effects might also be as attributed to the anti-inflammatory effects of the
drug.
To verify the results from the bleomycin-model and given the data which demonstrate that
olodaterol attenuates TGF-β-induced effects in fibroblasts, olodaterol was tested in another, more mechanistic, lung fibrosis model. In this model, lung epithelial cells secrete large
amounts of TGF-β after being transduced by AAV6.2-TGF-β1. This overexpression of
TGF-β results in fibrotic conditions as determined by a decrease in FVC and an increase in
lung density without a previous inflammation phase (Strobel et al., 2015). As for the bleomycin-model, olodaterol inhibits weigh loss induced by AAV6.2-TGF-β1 instillation. For
all other parameters, including lung density, cell influx, lung weight, total protein and profibrotic mediator levels in BALF only the preventive treatment regimen resulted in inhibitory effects. With the previous inflammation phase being absent in this model, the inhibitory effects of olodaterol given in a preventive manner are interfering with TGF-β-driven
mechanisms and are not due to its anti-inflammatory potential. These data also support
anti-fibrotic actions of olodaterol in the bleomycin-model even in the preventive treatment
setup as they confirm an intervention with TGF-β-induced effects. In general, the therapeutic treatment approach in the bleomycin-model reflects the clinical situation, whereas the
preventive approach in the AAV6.2-TGF-β model strengthens the observed interference
with TGF-β driven mechanisms.
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A potential pitfall in the translation of data obtained in pre-clinical short-term in vivo models into the clinical situation is the fact that β2-AR agonists are prone to densensitization
after long-term usage (Barnes, 1995). In an attempt to determine the degree of β2-AR desensitization in the bleomycin-model in the lung after preventive or therapeutic treatment,
the expression of the β2-AR in the lungs in the absence or presence of olodaterol was assessed. Unexpectedly reduced β2-AR expression levels in bleomycin-challenged mice were
found. However, with olodaterol treatment no significant further downregulation was observed. These findings indicate no desensitization of the β2-AR due to olodaterol inhalation
in this lung fibrosis model. With this observation in mind the expression of β2-AR was
checked in other data sets, too. The in-house Next Generation Sequencing (NGS) data of
murine bleomycin-models, the mouse AAV6.2m-TGF-β1 overexpression model and TGFβ treated primary human lung fibroblasts, and the analysis of external NGS studies
(GSE1066 (Konishi et al., 2009), GSE52463 (Nance et al., 2014)) together with current
and earlier literature (Bauer et al., 2015; Giri et al., 1987) revealed a general downregulation of β2-receptors in IPF lung samples and IPF-related in vitro and in vivo models.
This makes the inhibitory effects of olodaterol in the therapeutic treatment approach in the
bleomycin-induced lung fibrosis model even more intriguing. Even in the face of reduced
β2-AR expression levels, olodaterol was profoundly efficacious in attenuating pro-fibrotic
mechanisms. Furthermore, this observation may also explain the reduced efficacy of
olodaterol that was observed for some readouts in fibroblasts isolated from IPF patients
compared to control donors.
To further validate the anti-fibrotic mechanisms of olodaterol, an interesting approach
would be to test a combination of olodaterol with a corticosteroid. Corticosteroids were
described to increase β2-AR expression (Mak et al., 1995) and to inhibit β2-AR downregulation (Johnson, 2004). If this holds also true for the bleomycin-induced down-regulation
of the β2-adrenoceptor needs to be determined. Besides, a combination of a PDE4 inhibitor
plus olodaterol might give further evidence for the effectivity of cAMP elevating agents
and the cAMP signaling pathway to interfere with fibrosis relevant mechanisms.

4.5

A combination of olodaterol and nintedanib shows additional antifibrotic effects only for some read outs

With the proven anti-fibrotic efficacy of olodaterol in different in vitro and in vivo assays
of pulmonary fibrosis, next it was tested if a combination of olodaterol and nintedanib
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would further increase the anti-fibrotic activity of the single drugs. Although, nintedanib
was shown to significantly reduce disease progression, many patients still suffer from
symptoms, like dyspnea and cough. Therefore, a combination of already proven effective
drugs, and new therapies might further attenuate disease progression and even mitigate
secondary symptoms.
In this study a trend towards additional effects of a combination of nintedanib plus olodaterol were seen on TGF-β mediated ET-1 release, PDGF- and FCS-induced fibroblast proliferation, and bleomycin-induced FVC decline and increase in relative lung weight. On
other parameters, such as TGF-β-induced α-SMA expression, fibronetin release, EGF-, or
FGF-induced fibroblast proliferation, apoptosis resistance or bleomycin-induced cell influx, lung density, or total protein content in BALF, no additional efficacy of a combination, compared to the single drugs was observed. Interestingly, each of the compounds
alone attenuated different pro-fibrotic mechanisms. For example, olodaterol was more potent on TGF-β-induced effects, and nintedanib exhibited higher efficacy in growth factorinduced fibroblast proliferation. These data suggest a differential pharmacology of both
drugs and therefore a higher efficacy of the combination to dampen the disease.
To further evaluate the combination of olodaterol and nintedanib to decrease pulmonary
fibrosis and to display the alternative mode of action of both drugs, additional in vivo models need to be used. The guinea pig bleomycin model, for example, could give some hints
about the ability of olodaterol to reduce cough and therefore would resemble a good model
to show improved efficacy of a combination in the treatment of disease progression and
additional symptoms.
Besides, a combination of nintedanib with a PDE4 inhibitor will give further insights in the
efficacy of a combination between a cAMP elevating agent and a tyrosine-kinase inhibitor,
without the challenge of the disease-dependent β2-AR down-regulation.

4.6

Conclusion

Taken together, the results of the in vitro studies indicate that olodaterol has strong inhibitory potential on several important TGF-β-mediated pro-fibrotic mechanisms in primary
human lung fibroblasts from healthy and IPF donors. In a corresponding mechanistic
mouse model of TGF-β overexpression-induced lung fibrosis preventive olodaterol treatment attenuated the lung pathology demonstrating anti-fibrotic activity. However, the ina-
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bility of olodaterol to inhibit apoptosis resistance of fibroblasts needs further clarification
of signaling pathways involved in this mechanism. Besides, to determine inhibitory effects
of olodaterol on TGF-β-induced EMT, at first suitable assay systems need to be established.
In further experiments olodaterol attenuated growth factor-induced disease-promoting effects of fibroblasts in several in vitro assays. The inhibitory effects of olodaterol on profibrotic mechanisms were also observed in a mouse model of bleomycin-induced lung fibrosis. Lung injury with subsequent lung fibrosis in this model involving multiple pathogenic pathways represents several aspects of the human disease. Reduced expression of the
β2-AR was found in the bleomycin model. Strikingly, olodaterol showed efficacy under
these conditions. Furthermore, the in vivo studies provide first evidence that an inhaled β2agonist like olodaterol exerts anti-fibrotic actions in the lung. If other inhaled LABAs like
formoterol, indacaterol, or vilanterol show the same anti-fibrotic effects in vivo, needs to
be determined.
In addition, the performed assays exhibited a differential pharmacology of olodaterol compared to nintedanib. A combination of both drugs showed promising additional effects, but
only for some read outs. The limitation of the available in vitro and in vivo lung fibrosis
models might prevent a thorough exploration of the combined use of two anti-fibrotic
drugs. Further research will be needed to elucidate if a combination of olodaterol and
nintedanib will yield in higher efficacy than the compounds alone.
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