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1 Introduction

1 Introduction

1.1 Pulmonary fibrosis

Pulmonary fibrosis (PF) is a chronic lung parenchymal disease caused by various insults
to the lung such as toxins, autoimmune disorders, drugs, infections, or traumatic injuries.
Factors like age, genetic susceptibility, and environmental factors play an important role,
which can cause an initial inflammation and later induce fibrotic changes. If the causative
agents of the condition are known, a simple therapy can be implemented by avoiding the
substance or undergoing a short course of steroids, which can lead to improvement of
the condition. (Markart et al., 2006; Thannickal et al., 2004). However, PF is mostly
idiopathic which complicates the treatment of the disease.

1.1.1 Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic, interstitial, fibrotic pneumonia, exhibiting
a progressive decrease of lung function through scarring of the lung parenchyma. The
cause of this disease is unknown and it is defined as a “clinical entity associated with the
histologic appearance of usual interstitial pneumonia (UIP)” (Raghu et al., 2011). A
typical key feature of UIP, frequently detected by high-resolution computed tomography
(HRCT), is honeycombing, where cystic airspaces are clustered which is usually
accompanied by reticular pattern containing traction bronchiectasis (Lynch et al., 2005).
Diagnosis of IPF can be confirmed based on verification of three conditions. Firstly, other
known causes for interstitial lung disease need to be excluded, which is a major
challenge for clinicians. Secondly, UIP pattern by HRCT should be verified. In case
patients were subjected to lung tissue sampling, a combination of HRCT patterns and

histopathological patterns are assessed (Raghu et al., 2018).

1.1.1.1 Pathogenesis and risk factors

The challenging feature of this disease is its exceptionally poor prognosis with a mean
survival rate of 57.03 £ 3.90 months without treatment. Survival rates can be improved
up to 73.26 + 7.87 months by treatment with antifibrotic drugs like pirfenidone (Lee et al.,
2021). The major issue of IPF is that the processes underlying pathogenesis of the
disease are not completely understood. Two main hypotheses have been suggested.
The first theory, called the inflammatory theory, suggests that the disease results from
an unresolved chronic inflammatory process induced by an unrecognized insult.

However, an insufficient response to anti-inflammatory therapies, such as steroids,



1 Introduction

supports a second ‘aberrant wound healing’ theory. According to this theory, the normal
wound healing mechanism is disturbed in IPF lungs. An initial epithelial cell injury
activates proliferation and migration of fibroblasts and their conversion to myofibroblasts.
The myofibroblasts destroy the basement membrane and encourage apoptosis of the
alveolar epithelial cells. They initiate a perpetual cycle of injury where the tissue is
replaced by restrictive scar tissue (Douglas et al., 2000; Kuhn et al., 1989; Selman &
Pardo, 2002). Although IPF is defined to be without known etiology (idiopathic), several
risk factors may contribute to its development. Prevalence rises dramatically with patient
age, with an estimated prevalence range from 4.0 per 100,000 persons aged 18 to 34
years, to 227.2 per 100,000 among those 75 years or older (Raghu et al., 2006).
Exposure to metal and wood dust or cigarette smoking are described as environmental
risk factors, which can cause the microinjuries (Baumgartner et al., 1997; Iwai et al.,
1994). Next to the sporadic form of IPF, a familial form is observed which fuels a
discussion about a genetical disposition. Studies carried out in Finland show that the
familial form constitutes 3.3 - 3.7% of all diagnosed IPF cases (Hodgson et al., 2002).

1.1.1.2 Clinical course and therapy

Progression of fibrosis leads to a decline in lung function, with a reduced forced vital
capacity (Russell et al., 2016). The clinical picture typically presents increased dyspnea
and cough severity with progression of disease, reducing the life quality of the patient
dramatically (Jo et al., 2017). The clinical course of the disease is very heterogenous.
After diagnosis, most patients follow a progressive but slow decline of lung function. On
the other hand, a second variant with differences in the transcriptional profile is detected,
which accelerates rapidly and is mainly observed in male smokers and exhibits a
different transcription profile (Selman et al, 2007). In some patients, an acute
exacerbation of IPF with severe deteriorations in respiratory status is observed. The
acute exacerbation is defined as a worsening of dyspnea without any precipitating factor
like infections or heart congestive failure. New diffuse pulmonary opacities are detected
on chest radiographs and the arterial oxygen tension/ inspiratory oxygen fraction
decreases to less than 30kPa. The outcome after an acute exacerbation is poor and
associated with a high mortality (Ambrosini et al., 2003). The current therapeutic options
provide symptomatic relief and improve survival, but do not cure the disease. In an official
clinical practice guideline submitted together by the American Thoracic Society, the
European Respiratory Society, the Japanese Respiratory Society, and the Latin
American Thoracic Association (ATS/ERS/JRS/ALAT), a pharmacotherapy with

Pirfenidone and the tyrosine kinase inhibitor Nintedanib, which targets different kinases
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like endothelial and fibroblast growth factor and Platelet derived growth factor (PDGF)
receptors, is recommended. Since gastro-esophageal reflux is shown to trigger IPF, an
antacid therapy is suggested in case of this comorbidity (Lee, 2014; Raghu et al., 2015).
In addition, some non-pharmacotherapies with a positive impact are also recommended.
Similar to other chronic respiratory diseases, pulmonary rehabilitation can improve
patients’ physical conditions, and long-term supplemental oxygen therapy can facilitate
breathing under exertion. Due to the incurability and continuous progression of IPF, lung
transplantation is suggested as the final treatment option (Raghu et al., 2011; Spruit et
al., 2013).

1.1.13 Change in the lung tissue properties observed in IPF

The fibrotic changes in IPF manifest as the conversion of fibroblasts to myofibroblasts,
resulting in an increased deposition of extracellular matrix. This is associated with an
elevated accumulation of type | and type lll collagen, causing destruction of normal lung
architecture (Sime et al., 1997; Worke et al., 2017). The dysregulated extracellular matrix
in fibrosis is also influenced by alterations in its reorganization. Here, imbalances of
matrix metalloproteinases (MMPs), a group of Zn?*-dependent proteinases, play an
important role and the expression of MMP9 was shown to be increased in the
parenchyma in lung fibrosis (Kim et al., 2009). The IPF myofibroblasts show a higher
proliferative and migratory capacity in IPF tissue compared to cells of healthy tissue (Al-
Tamari et al., 2018; Tisler et al., 2020).

1.2 Fibroblasts

Fibroblasts are localized in parts of the connective tissue and are defined as cells with
an elongated cell body, long offshoots, and a typical spindle-shaped nucleus. The cells
contribute to the formation of connective tissue and act as regulators of extracellular
matrix homeostasis, coordinating its synthesis and degradation. A variety of signals can
activate the cells what leads to proliferation and cellular differentiation, resulting in
formation of myofibroblasts with an up-regulated rate of matrix production. Their
activation plays an essential role in wound healing. In some cases, fibroblast activation
becomes uncontrolled and produces a pathological fibrotic response resulting in various
fibrotic disorders (Kendall & Feghali-Bostwick, 2014; Lillmann-Rauch, 2003; Qu et al.,
2019; Sime et al., 1997).

11
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1.2.1 Conversion of fibroblasts to myofibroblasts

Growth factors such as transforming growth factor f (TGFB) or PDGF as well as
mechanical tension, can induce the transformation of fibroblasts into myofibroblasts.
(Bonner, 2004; Hinz et al., 2001; Qu et al.,, 2019). Initially, the cells undergo a
transformation into an intermediate form known as "proto-myofibroblast,” which is
identified by a migratory phenotype and the development of contractile bundles called
stress fibers. These stress fibers are composed of cytoplasmic actin. As the remodeling
process continues, the proto-myofibroblasts differentiate into "mature myofibroblasts"
through the maximal expression and integration of a-smooth muscle actin (a-SMA) into
the actin stress fibers (Figure 1) (Hermanns-Le et al., 2015; Tomasek et al., 2002). The
myofibroblast transdifferentiation enhances the synthesis of Collagenl and Collagen3
(Qu et al.,, 2019). These differentiated cells show an increased secretion of active
extracellular matrix and display features similar to smooth muscle cells, such as
myofilaments, contractility, communication through gap junctions and the expression of
a-SMA (Lullmann-Rauch, 2003). The expression of a-SMA is coordinated by TGF-,

which is increased under fibrotic conditions (Desmouliere et al., 1993).

Nucleus

Fibroblast

Mechanical tension

Differentiated myofibroblast

\ S \‘\\
gy TGF-B1,PDGF,
' i ED-A fibronectin,
Proto-myofibroblast Mechanical tension

Figure 1: Transformation of resident fibroblast into intermediate proto-myofibroblast and
myofibroblast
At first, the conversion leads to the building of stress fibers made of cytoplasmic
actin and in a second step with incorporation of a-smooth muscle actin the cell
develops to myofibroblast form (modified from (Tomasek et al., 2002))

12
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1.3 Natriuretic peptides

Natriuretic peptides (NPs) are a family of three structurally related hormone/paracrine
factors (Figure 2) (Sudoh et al., 1990). The first NP, atrial natriuretic peptide (ANP), was
identified in rat atrial muscle in 1983 as a peptide hormone with natriuretic and diuretic
activity (Flynn et al., 1983). Five years later a second peptide, with remarkably similar
structure, was purified from porcine brain and is known as brain natriuretic peptide (BNP)
(Sudoh et al., 1988). In 1990, the same group also sequenced the third member of the
NP family in porcine brain called the C-type natriuretic peptide (CNP). All peptides
possess a similar structure, especially a ring structure of 17 amino acids linked by an
intramolecular disulfide linkage (Sudoh et al., 1990).

ANP BNP CNP

P P
%ﬁj }ﬁ

Figure 2: Molecular structure of atrial natriuretic peptide, brain natriuretic peptide and c-
type natriuretic peptide
All three peptides possess a similar ring structure containing 17 amino acids
(modified after (Ichiki et al., 2019))

131 Atrial natriuretic peptide (ANP)

In 1956, Kisch reported granules in the atrial myocytes detected by electron microscopy,
but their physiological relevance in homeostasis remained unexplored (Kisch, 1956). It
took around 25 years before the importance of the granules was demonstrated by
intravenous injection of atrial myocardial extract in rats. Upon injection, a rapid and
strong natriuretic response was detected and the existence of natriuretic hormone in the
heart and a heart-renal-interaction was postulated (de Bold et al., 1981). ANP together
with the later described BNP plays an important role in maintenance of intravascular
volume homeostasis, which enables the peptide to protect the heart against a
pathological increase of blood pressure and volume (Kuhn, 2012). Here the NPs work

as a direct opponent of the Renin-Angiotensin-Aldosterone-system (RAAS) and can
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reduce its diuretic effects (McMurray & Struthers, 1988). The sequencing of the hormone
displays a construct of 28 amino acids with the typical ring structure anchored by a
disulfide bond between Cys7 and Cys23 (Flynn et al., 1983). The ANP mRNA is
translated as prepro-ANP and after removal of the signal peptide, the precursor is

secreted and cleaved by the enzyme Corin to obtain mature ANP (Yan et al., 2000).

1.3.2 Brain natriuretic peptide (BNP)

Although BNP was initially purified from the brain, the hormone is predominantly secreted
by the heart and works mainly as a cardiac hormone together with ANP (Mukoyama et
al., 1991). BNP is secreted by the ventricular myocytes as proBNP-108 and is cleaved
by enzymes to BNP-32 and N-terminal proBNP-76. Both, proBNP-108 and BNP32,

circulate in human plasma (Nishikimi et al., 2010).

1.3.3 C-type natriuretic peptide (CNP)

CNP is genetically encoded by NPPC, that translates to a polypeptide with 126 amino
acids called prepro-CNP (Savarirayan et al., 2019; Tawaragi et al., 1991). After the signal
peptide is removed, the precursor is cleaved by the enzyme Furin into the pro-CNP
peptide (residues 1-50) and mature CNP-53. Both peptides are secreted out of the cell
and CNP-53 can be further cleaved by an unknown enzyme to generate CNP-22. Both
forms, CNP53 and CNP22, elicit similar natriuretic responses and show no functional
difference. However, the question why two different isoforms are expressed remains
unanswered (Wu et al.,, 2003). CNP has several diverse functions, including the
regulation of angiogenesis and vascular remodeling, activation of endochondral
ossification, reproduction, and maintenance of axon-glia-interactions in central nervous
system (Bubb et al., 2019; Rasband et al., 2005; Savarirayan et al., 2019; Tamura et al.,
2004). As opposed to the other two peptides, very low levels of CNP are present in
circulation (lgaki et al., 1996). CNP acts in a para- and autocrine manner, hence, effects
are restricted to the cell itself and the neighboring cells (Prickett & Espiner, 2020). The
peptide is mainly expressed by endothelial cells and chondrocytes, but is also produced
in the central nervous system, the anterior pituitary gland, and renal cells (Cataliotti et
al., 2002; Chusho et al., 2001; Mirczuk et al., 2019; Moyes et al., 2020; Rasband et al.,
2005). Stimuli, which increase gene expression or a direct release of CNP, are shear
stress and several cytokines and growth factors such as TGF 3 and basic fibroblast
growth factor (bFGF), or lipopolysaccharides (Horio et al., 2003; Vollmar & Schulz, 1995;
Zhang et al., 1999). The half-life of exogenous CNP in plasma is very short (Hunt et al.,

14
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1994). The fast elimination is mediated by two different pathways, cleavage by the
neutral endopeptidase and receptor-mediated endocytosis degradation by the Natriuretic
peptide receptor C (NPR-C) (Cohen et al., 1996; Kenny et al., 1993).

1.33.1 Anti-inflammatory and anti-fibrotic effect of C-type natriuretic
peptide

CNP exerts protective anti-inflammatory and anti-fibrotic actions in various organs.
Specifically, in rodents it has been shown that infusion of exogenous, synthetic CNP
inhibited pulmonary infiltration by inflammatory cells, including macrophages and
monocytes, neutrophils, and lymphocytes, in monocrotaline-induced pulmonary
hypertension (PH) and bleomycin-induced acute lung injury models (Itoh et al., 2004;
Murakami et al., 2004). Moreover, CNP infusion into mice attenuated bleomycin-induced
PF by reducing the production of inflammatory chemokines as well as collagen
deposition (Kimura et al., 2016; Murakami et al., 2004). Further studies also described a
protective role of exogenously administered CNP in pathological tissue remodeling
observed in cardiac and hepatic fibrosis (Bae, Hino, Hosoda, Miyazato, et al., 2018;
Horio et al., 2003). CNP was shown to attenuate cardiac remodeling and reduce the
increase in morphometrical collagen volume fraction in mice after myocardial infarction
(Soeki et al., 2005). However, the target cell populations responsible for such protective
CNP actions were not explored. Most importantly, it is not known whether the
endogenous endothelial hormone exerts paracrine anti-inflammatory and/or antifibrotic

actions in the lung.

1.34 Natriuretic peptide receptors

NPs mediate their functions via binding to membrane bound receptors, namely NPR-A,
NPR-B and NPR-C. The first two receptors possess guanylyl cyclase activity and are
accordingly named Guanylyl cyclase-A (GC-A) and Guanylyl cyclase-B (GC-B) (Chang
et al., 1989; Chinkers et al., 1989; Lowe, Camerato, et al., 1990). All three receptors
differ in their ligand specificity (Figure 3). GC-A preferentially binds to ANP and BNP,
GC-B to CNP while NPR-C to all three in the order ANP> CNP> BNP (Bennett et al.,
1991).

15
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GC-A GC-B NPR-C
ANP, BNP CNP ANP, BNP, CNP
Protein domains
Extracellular
Transmembrane =
Kinase-like
Dimerization v
Signaling?
Guanylyl cyclase Clearance?
cGMP
Figure 3: Structure of the natriuretic peptide receptors activated by the natriuretic peptides

GC-A and GC-B receptor possess an extracellular binding domain, a
transmembrane and an intracellular domain consisting of a kinase-like, a
dimerization and guanylyl cyclase domain. Receptor-binding induces cGMP
formation. In opposite NPR-C receptor misses this intracellular guanylyl cyclase
activity and effects a clearance and a cGMP-independent signaling function.
(modified from (Kuhn, 2016))

1341 GC-A receptor

The GC-A receptor transcribed from NPR1 gene located in humans on chromosome
1921-g22, consists of an extracellular domain, a membrane spanning region, and an
intracellular domain. The intracellular domain can be further divided into a
juxtamembrane, also referred to as kinase-like domain, a connecting dimerization
domain, and a C-terminal guanylyl cyclase catalytic domain (Lowe, Klisak, et al., 1990;
Wilson & Chinkers, 1995). In absence of ANP, the GC-A receptor is present as a
homodimer. Ligand binding leads to an activating conformational change in the cyclase
domain, resulting in conversion of cytosolic purine nucleotide Guanosine-triphosphate
(GTP) to the cyclic form Guanosine 3',5-monophosphate (cGMP) (Hardman &
Sutherland, 1969; Ogawa et al., 2004). As described before, both ANP and BNP serve
as ligands for GC-A receptor and are indispensable for arterial blood pressure regulation
and volume homeostasis. In the heart, the receptor can also mediate an antihypertrophic

effect through inhibition of cardiomyocyte growth (Kuhn, 2003).

1.3.4.2 GC-B receptor as target of C-type natriuretic peptide
The GC-B receptor transcribed from the Npr2 gene located in humans on chromosome

9pl2—p21, exhibits a high degree of amino acid sequence identity with the GC-A

16



1 Introduction

receptor, especially in the catalytic intracellular domain. The receptors share a similar
domain organization and binding of a ligand to GC-B activates the guanylyl cyclase in a
similar manner as GC-A (Chang et al., 1989; Lowe, Klisak, et al., 1990). The guanylyl
cyclase leads to conversion of GTP to cyclic GMP (cGMP), which affects three groups
of secondary cellular messengers: cGMP-dependent phosphodiesterases (PDES),
cGMP-dependent protein kinases (cGKs) and cGMP-gated cation channels (Figure 4)
(Kuhn, 2016). cGMP leads to activation of cAMP-degrading phosphodiesterase PDE2
and inhibition of PDE3 mediating cGMP/cAMP cross-talks (Kuhn, 2016). The second
group of affected enzymes are cGKs, existing in two forms: cGKI, majorly expressed in
smooth muscles, platelets and cerebellum, and cGKIl, expressed in brain and in
intestinal cells (Pfeifer et al., 1996). cGKIl is known to regulate vascular tone and platelet
aggregation, whereas cGKIl controls intestinal ion secretion and bone growth (Massberg
et al., 1999; Pfeifer et al., 1996; Sausbier et al., 2000). Phosphorylation of the VASP
protein at serine 239 serves as a reliable biochemical marker for cGK activity, as it is a
well-established target of cGKI and cGKIl (Smolenski et al., 1998). Other than ligand
binding, the phosphorylation status of the GC-B receptor further regulates the guanylyl
cyclase activity. Ligand binding immediately activates the receptor; however, continuous
binding to GC-B leads to time-dependent dephosphorylation of the receptor, resulting in

its desensitization (Potter, 1998).
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cGMP-gated
cation channels

Target proteins
like VASP

Figure 4: GC-B receptor mediated signaling pathways activated by binding of CNP
Three different pathway forms are activated by cGMP: cGMP-gated cation
channels, phosphodiesterases and cGMP-dependent protein kinases (author’s
scheme)

1.34.3 NPR-C receptor

NPR-C receptor binds to all three NPs. However, unlike GC-A and GC-B, NPR-C lacks
an intracellular guanylyl cyclase domain and therefore does not lead to cGMP production
on NP binding (Bennett et al., 1991, Porter et al., 1989). Instead, NPR-C was shown to
have a clearance role, leading to internalization of NPs and subsequent lysosomal
degradation (Almeida et al., 1989; Cohen et al., 1996). In recent years, a number of
groups have reported that NPR-C exhibits signaling functions via adenylyl cyclase
inhibition and activation of phospholipase 2 mediated by an inhibitory guanine nucleotide
regulatory protein, Gi. (Anand-Srivastava et al., 1990; Anand-Srivastava et al., 1987,
Hirata et al., 1989) The mechanisms of NPR-C underlying the switch between clearance

and signaling functions are still unclear.

1.4 Platelet derived growth factor (PDGF) and receptors

141 PDGF family of growth factors

Human PDGF was purified from human platelets for the first time in 1979 by the group
of Antoniades (Antoniades et al., 1979). In mammals, the PDGF family is composed of
four different members, PDGF-A, PDGF-B, PDGF-C, and PDGF-D (LaRochelle et al.,
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2001; Li et al., 2000). They build four disulfide linked homo-dimeric isoforms, PDGF-AA,
PDGF-BB, PDGF-CC, PDGF-DD, and one hetero-dimeric form, PDGF-AB. Whereas
PDGF-A is composed of 211 amino acids, the PDGF-B polypeptide contains 241 amino
acids. PDGF-C and PDGF-D are even longer, consisting of 345 and 370 amino acids,
respectively (Roskoski, 2018). The PDGF family of growth factors all share a common
~100 amino acids long structure with ~60% identical amino acid sequence. PDGF is
synthesized by a variety of cells including, but not limited to, fibroblasts, macrophages,

vascular smooth muscle cells, and neurons (Heldin & Westermark, 1999).

1.4.2 Platelet-derived growth factor Receptors (PDGFRS)

The PDGF family function by binding and activating two receptor tyrosine kinases
(RTKs), PDGFR-a and PDGFR-3, which function as dimers. The receptor consists of
five extracellular immunoglobulin-like domains and an intracellular tyrosine kinase
domain (Figure 5). Ligand binding promotes receptor dimerization, leading to
autophosphorylation and the initiation of signaling. (Claesson-Welsh et al., 1989).

b B
TYY

B
Figure 5: PDGFa and B with their ligands
The PDGFs bind with different affinities to their receptors: PDGF-AA, PDGF-BB,
PDGF-AB and PDGF-CC to PDGFa, PDGF-BB and PDGF-AB to PDGFaf3 and
PDGF-BB and PDGF-DD to PDGFB (Donovan et al., 2013)

The members of the PDGF-family interact with the RTKs at different affinities. It has been
demonstrated that PDGF-A and PDGF-C predominantly bind to PDGFR-a, whereas
PDGF-D binds to PDGFR-B, and PDGF-B is able to target both RTKs. This means
PDGF-AA, -AB, -BB, and -CC oligomers can induce PDGFR-aa-homodimers. PDGF-AB
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and -BB induce PDGFR-aB-heterodimers. PDGF-BB and -DD induce a PDGFR-BS
dimer. Some studies have also reported that PDGF-DD stimulates both PDGFR-a and -
B to the same extent (Bergsten et al., 2001; Donovan et al., 2013; Li et al., 2000).

1.4.3 Effects of PDGF in pulmonary fibrosis

The function of the PDGF family has been known for decades and established, as a
serum growth factor for different cell types such as fibroblasts, smooth muscle cells, and
neural glia cells (Kohler & Lipton, 1974; Ross et al., 1974; Westermark & Wasteson,
1976). Animal models of bleomycin and chronic hyperoxia induced lung injury identified
a role of PDGF-B in the progression of lung fibrosis (Fabisiak et al., 1989; Walsh et al.,
1993). Furthermore, alveolar macrophages in IPF patients release a significantly higher
amount of PDGF compared to macrophages from healthy controls, thereby inducing
profibrotic effects (Martinet et al., 1987). Yi et al. demonstrated that intratracheal injection
of PDGF-BB causes typical fibrotic changes in lungs like increased proliferation of

pulmonary cells and deposition of collagen (Yi et al., 1996).

1.5 Forkhead box transcription factor

Forkhead box transcription factors are a family of transcriptional regulators, possessing
an evolutionary conserved “forkhead” or “winged-helix” DNA binding domain (Jackson et
al., 2010). The first member of this family was identified in a fruit fly (Drosophila
melanogaster) in 1989. The family was named after the head-like structure detected in
embryos containing a mutation of the region-specific gene forkhead (fkh) (Weigel &
Jackle, 1990; Weigel et al., 1989). Since the initial identification, at least 100 additional
members of this family have been discovered, which are divided into 19 subgroups
(FoxA-FoxS) (Jackson et al.,, 2010; Kaestner et al., 2000). FOX proteins are key
regulators of gene networks involved in important processes such as proliferation,
differentiation, metabolism, senescence, survival, and apoptosis (Lam et al., 2013). In
recent years, several diseases could be attributed to dysfunction of Fox factors like

osteoporosis, cancer and many more (lyer et al., 2013; Lin et al., 2002).

151 Transcription family subunit FoxO

The subgroup FoxO was first identified based on chromosomal translocation in
rhabdomyosarcomas (Anderson et al., 1998). In mammals, it consists of four members,
FoxO1, FoxO3, Fox04, and FoxO6. All four isoforms are able to bind DNA with their

helix-turn-helix structure to the same conserved consensus core recognition sequence
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5-TTGTTTAC-3" (Xie et al., 2012). FoxO1, Fox0O3, and FoxO4, are ubiquitously
expressed in a variety of tissues, whereas FoxO6 expression is restricted to the brain
(Jacobs et al., 2003; Ting & Zelinski, 2017). Members of this class regulate metabolism,
cell-cycle progression, oxidative stress resistance, and apoptosis, by controlling target
gene expression. For example, FoxO can regulate apoptosis by activating the
transcription factor of FasL, or by activating the pro-apoptotic Bcl-2 family member Bim
(Carter & Brunet, 2007).

15.2 Regulation of FoxO activity by phosphorylation

When active, FoxO is localized in the nucleus and interacts with the target DNA
sequence. In presence of growth factors like PDGF-BB and Insulin-like growth factor 1
(IGF-1), FoxO is phosphorylated at specific serine and threonine residues. This
phosphorylation mediates binding to a 14-3-3 scaffold protein, followed by nuclear
exclusion and proteasomal degradation (Aoki et al., 2004; Takaishi et al., 1999). FoxO
phosphorylation is mainly carried out by protein kinase B (AKT) from the
Phosphoinositide-3-kinase (PI3K)/ 3-phosphoinositide-dependent protein  kinase
(PDK1)/ AKT cascade. This cascade can be activated by insulin or growth factors like
IGF-1 or PDGF-BB. AKT phosphorylates FoxO1 and FoxO3 at threonine 24 and
threonine 32, respectively, resulting in cytoplasmic translocation and degradation.
(Brunet et al., 1999; Medema et al., 2000; Scodelaro Bilbao & Boland, 2013). Other than
AKT, the mitogen activated protein-kinase (MEK)/ extracellular signal-regulated kinase
(ERK) cascade is shown to phosphorylate FoxO. It can also be activated by PDGF-BB,
where via RAS/RAF/MEK signaling pathway, MEK is phosphorylated. The kinase MEK
phosphorylates and activates ERK, which in turn finally phosphorylates FoxO, leading to
its degradation (Lubinus et al., 1994; Roy et al., 2010).

153 Downregulation und degradation of FoxO3 in IPF

In IPF fibroblasts, the mRNA expression of FoxO3 is significantly downregulated
compared to healthy fibroblasts. Furthermore, the phosphorylated, inactive form of
FoxO3 was upregulated at protein level, confirming the increased degradation of FoxO3
(Al-Tamari et al.,, 2018). Further, microRNA-96, found to be upregulated in IPF
fibroblasts, was shown to downregulate FoxO3 mRNA expression by binding to its

3 -untranslated region (Nho et al., 2014).

Functionally, siRNA mediated FoxO3 knockdown in healthy fibroblasts led to increased

proliferation confirming an antiproliferative effect of the factor (Al-Tamari et al., 2018).
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The antiproliferative effect was an outcome of cell cycle arrest mediated by increased
expression of cyclin-dependent kinase inhibitor p27(kipl) (Schmidt et al., 2002). Also,
fibroblast-myofibroblast differentiation markers, collagenl and collagen3 exhibited
elevated expression upon FoxO3 knockdown, demonstrating the antifibrotic effect of
FoxO3 (Al-Tamari et al., 2018). Studies with cardiac fibroblasts have also shown that
FoxO3 silencing reinforces TGFB induced transformation of myofibroblasts, while
inhibition of FoxO3 degradation had the opposite effect (Vivar et al., 2020). These data
established FoxO3 as a negative regulator of myofibroblast conversion.
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1.6 Aims of the study

Pathologically altered lung (myo-) fibroblasts exhibiting increased proliferation,
migration, and collagen production, drive IPF development and progression (Al-Tamari
et al., 2018; Sime et al., 1997; Tisler et al., 2020; Worke et al., 2017). Fibrogenic factors
such as PDGF-BB contribute to these pathological alterations (Yi et al., 1996) and
endogenous counter-regulating factors are barely known. Published studies have
described a protective role of exogenously administered CNP in pathological tissue
remodeling, for example in cardiac and hepatic fibrosis (Bae, Hino, Hosoda, Miyazato,
et al.,, 2018; Horio et al.,, 2003). CNP and its cGMP producing GC-B receptor are
expressed in the lung, but it is not known whether the endogenous hormone exerts
paracrine anti-inflammatory and antifibrotic actions on lung fibroblasts (Hirsch et al.,
2003; Nakanishi et al., 1999). Previous data from AG Kuhn indicate that CNP prevents
PDGF-BB induced collagenl and 3 expression in isolated murine lung fibroblasts,
however, the receptor responsible for this effect has not yet been investigated.
Furthermore, the effect of CNP on PDGF-BB induced migration and proliferation was not

explored.

Therefore, based on these previous findings, this thesis aimed to specifically address the

following:

1. Investigate whether GC-B mediates effects of CNP on PDGF-BB induced collagen

expression in murine lung fibroblasts

2. Determine if CNP exerts an effect on PDGF-BB induced murine fibroblast proliferation

and migration

3. Examine the human physiological and pathophysiological relevance of the murine
findings by employing human lung fibroblasts isolated from patients with IPF and controls
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2 Materials and Methods

2.1 Materials
2.1.1 Cell culture medium and reagents
Table 1: Human fibroblast growth medium
Ingredients: Concentration: | Company:
MCDB 131 medium 93% Gibco Cell Culture, New York
(-) L-Glutamine (10372-019)
Fetal Calf Serum (FCS) 5% Gibco Cell Culture, New York
(10270-106)
Penicillin/Streptomycin 100U/mi Gibco Cell Culture, New York
(200U/ml) (15140122)
L-Glutamine 2mM 2mM Gibco Cell Culture, New York
(A29168-01)
Human FGF-basic 2ng/ml Peprotech, Hamburg
(#100-18B-10KG)
Recombinant Human EGF 0.5ng/ml Gibco Cell Culture, New York
(PHG0314)
Insulin solution human Sug/ml Sigma-Aldrich GmbH, Steinheim
(19278)
Table 2: Murine fibroblast growth medium
Ingredients: Concentration Company
Dulbecco’s Modified Eagle | 89% Gibco Cell Culture, New
Medium (DMEM) F-12 York (11320-074)
Nutrient Mixture (Ham)
Fetal Calf Serum 10% Gibco Cell Culture, New
York (10270-106)
Penicillin/Streptomycin 1% Gibco Cell Culture, New
(200U/ml) York (15140122)
Table 3: Cell culture reagents
Name: Company:

Complete Mini Protease inhibitor cocktalil
tablets

Roche Diagnostics GmbH, Mannheim
(11836153001)

C-type natriuretic Peptide (CNP)

Bachem, Bubendorf (4019911.1000)

Dimethyl sulfoxide (DMSQ)

Sigma-Aldrich GmbH, Steinheim (D5879)

4-Hydroxy-Tamoxifen Ready Made
Solution

Sigma-Aldrich GmbH, Steinheim
(SML1666)

PhosSTOP EASYpack

Roche Diagnostics GmbH, Mannheim
(04906837001)

Pierce ™ RIPA Buffer

Thermo Fisher Scientific GmbH, Dreieich
(89900)

Recombinant Human PDGF-BB

Peprotech, Hamburg (100-14B)

Recombinant Murine PDGF-BB

Peprotech, Hamburg (315-18)

Trypsin-EDTA 0.25% (1x)

Gibco Cell Culture; New York (25200-
056)
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2.1.2 Other chemicals and reagents:
Table 4: Other chemicals and reagents
Name: Company:
Agarose Bio&Sell GmbH, Feucht (B20.46.500)

Ammoniumpersulfate (APS, 10 %)

Sigma-Aldrich GmbH, Steinheim (A3678)

Bromophenolblue, pH 6,7

Sigma-Aldrich GmbH, Steinheim (B5525)

BSA-Endotoxin low Bovine serum Albumin

Gerbu Biotechnik GmbH, Heidelberg
(1063.0500)

Chromatography paper

Hartenstein, Wirzburg (GB46)

Dispase® Il (neutral protease, grade Il)

Roche Diagnostics GmbH, Mannheim
(04942078001)

EDTA

MERCK KGaA, Darmstadt (108418.1000)

Ethanol denatured 299.8%

Carl Roth GmbH + CO. KG, Karlsruhe
(K928.3)

GenLadder (100bp+1.5kb)

Genaxxon bioscience GmbH, Ulm
(M3094.5050)

Glycine

Sigma-Aldrich GmbH, Steinheim
(1.04169.1000)

Hank’s Balanced Salt Solution

Sigma-Aldrich GmbH, Steinheim (H9394)

3-Isobutyl-1-Methylxanthine

Sigma-Aldrich GmbH, Steinheim (17018)

Isopropanol

Carl Roth GmbH + CO. KG, Karlsruhe
(CP41.3)

3-Mercaptoethanol

Sigma-Aldrich GmbH, Steinheim (M7522)

Milk powder blotting grade

Carl Roth GmbH + CO. KG, Karlsruhe
(T145.2)

Nitrocellulose Blotting membrane Nucleic
acid and Protein application

GE Healthcare, Freiburg (10600001)

N,N,N",N’"-tetramethylethylendiamine

Sigma-Aldrich GmbH, Steinheim (T9281)

PageRuler Prestained Protein Ladder, 10 -
170 kDa,

Thermo Fisher Scientific GmbH, Dreieich
(26616)

Paraformaldehyde (4%)

PanReac AppliChem, Darmstadt
(252931.1214)

PCR Red Master Mix

Genaxxon bioscience GmbH, Ulm (M3029)

Pierce™ ECL Western Blotting Substrate

Thermo Fisher Scientific GmbH, Dreieich
(32106)

PCR Primer Antisense

Eurofins Scientific, Germany

PCR Primer Sense

Eurofins Scientific, Germany

Proteinase K Gennox

Genaxxon hioscience GmbH, Ulm (M3036)

Rotiphorese®Gel 30

Carl Roth GmbH + CO. KG, Karlsruhe
(3029.1)

Sodium acetate

MERCK KGaA, Darmstadt (1.06268.0250)

Sodium-Dodecyl sulfate (SDS)

Serva Electrophoresis GmbH, Heidelberg
(20765)

Triton™ X-100

Sigma-Aldrich GmbH, Steinheim (T9284)

Trizma® base

Sigma-Aldrich GmbH, Steinheim (T6066)

Tween®

Sigma-Aldrich GmbH, Steinheim (P1379)
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2.1.3 Equipment
Table 5: Equipment
Name: Company:
Balance Sartorius,Gottingen (1204)

Biometra Fastblot™

Analytik Jena, Jena

Electrophoresis chamber

Institute of Physiology

FluorChem SP Chemiluminescence
Detection-system

Alpha Innotech GmbH, Germany

Fine balance

Sartorius, Gottingen (TE214S)

Fluorescent Microscope BX41

Olympus, Shinjuku

Heraeus FRESCO 21 Centrifuge

Thermo Fisher Scientific GmbH, Dreieich

Heraeus Megafuge 16R Centrifuge

Thermo Fisher Scientific GmbH, Dreieich

Heraeus Multifuge 1 S-R

Thermo Fisher Scientific GmbH, Dreieich

Infinite® M Plex

Tecan Group, Mannedorf

Microscope CKX41

Olympus, Shinjuku

Polyacrylamide gel electrophoresis-
system

PEQIlab a VWR company, Erlangen

Power Supply 250V

VWR International, Radnor

Simpli Nano spectrophotometer

GE Healthcare Life Sciences

Thermomixer compact

Eppendorf AG, Hamburg

T1 Thermocycler

Biometra, Gottingen

214 Kits
Table 6: Kits
Name: Company:

BCA Assay: Protein Assay Kit

interchim® uptima, Germany

Cell Fractionation Kit

NanoTools Antikdrpertechnik GmbH und Co.
KG, Teningen(3004) (3002-0150/CF)

BrdU Cell Proliferation ELISA Kit
(colorimetric)

Roche Diagnostics GmbH, Mannheim
(11647229001)

2.2 Methods:
221 Cell culture
2211 Human lung fibroblasts

Human lung fibroblasts from lung specimens of control and IPF patients were provided

by University of Giessen and Marburg Lung Center Biobank. The cells were used for

experiments after thawing from passage 3-7.

The cells were cultured in the incubator at 37°C and 5% CO- in 10 cm dishes with growth

medium (Table 1). At a confluency of around 95% percent, the fibroblasts were

subcultured by trypsinization. Shortly, medium was aspirated and cells were washed with
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phosphate-buffered saline (PBS) (Table 13). 1ml Trypsin was added and incubated for
3-5 minutes at 37°C until the cells detached. DMEM medium containing 10% FCS and
1% Penicillin/Streptomycin was added to neutralize the trypsin. The cell suspension was
collected in a falcon for the following centrifugation at 300g for 5min. It was resuspended

in fresh human fibroblast medium and seeded into new culture plates.

Human fibroblasts were stimulated and treated under serum starvation conditions.
(MCDB-131 basal medium + 1% L-glutamine + 1% Penicillin/Streptomycin).

Surplus cells were frozen in liquid nitrogen for later use. After trypsinization, one million
cells were resuspended in 1ml medium containing 5% dimethyl sulfoxide (DMSO). After
this, the cells were aliquoted in cryovials and stored overnight in a box filled with
isopropanol in -80°C freezer. The following day the aliquots were transferred into liquid
nitrogen for longer storage.

2.2.1.2 Primary mouse lung fibroblasts

22121 Isolation of Primary mouse lung fibroblasts

Primary mouse lung fibroblasts were isolated from three to six months old mice. The
mice were killed with cervical dislocation and intact lungs were perfused with ice cold
PBS via the right ventricle. After that, lungs were isolated, minced into small pieces,
washed with Hank’s Balanced Salt Solution and digested with 5U/ml Dispase solution
for 60min at 37°C by gentle shaking. The cell suspension obtained after the digestion
was filtered through a 70um strainer. The filtrate was centrifuged twice for 5 minutes
each at 300g and the cells were resuspended in fresh fibroblast medium (Table 2) and
seeded into 25cm? flasks. The flasks were washed after three hours with PBS and
medium was replaced. As fibroblasts exhibit strong adherence compared to other cell
types, washing and changing of medium after a short time of isolation helps to remove
other contaminating cell types. The purity of the isolation method has been previously
verified by immunocytochemistry for fibroblast markers Vimentin, a Smooth Muscle Actin
and PDGFRa by Eva Lessmann (Institute of Physiology, Wurzburg). At a confluency of

around 95% cells were split and used for the experiments in passage 1-2.

22122 Generation of GC-B-Knock out (KO) fibroblasts
To generate knock out of the GC-B receptor in vitro, fibroblasts from Col1a2Cre®R™; GC-
Bolox mice were isolated and treated with 100nM and 200nM 4-Hydroxy-Tamoxifen (4-

OH Tamox) in passage 1 for 72 hours. The added 4-OH Tamox is able to bind in the
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cytoplasm at mutated hormone-binding domains of the estrogen receptor, which are
fused to the Cre recombinase. This ligand-binding activates and leads to the
translocation of the Cre-recombinase from the cytoplasm to the nucleus, where the
cre/loxP-recombination system takes effect. The recombinase is able to delete a DNA-
sequence, which is framed by two loxP-acid sequences, prohibiting the gene expression
in this case the GC-B receptor. After 72 hours, medium containing 4-OH Tamox was
removed and the cells were split and seeded for experiments. For confirmation of KO,
both concentrations of 4-OH Tamox were used. For all later experiments, only 200nM
4-OH Tamox was used.

Fibroblasts were cultured in murine fibroblast growth medium (Table 2) and for serum
starvation DMEM/F12 containing 1% Penicillin/Streptomycin was added and fibroblasts

were stimulated under these conditions.

2.2.2 Western blot analysis

22.2.1 Stimulation for Western Blot

Fibroblasts (both human and murine) were serum starved for 24 hours in appropriate
medium, followed by pretreatment with CNP 10nM and 100nM for 30 minutes. After this
50ng/ml PDGF-BB was added for 30 more minutes to check for the phosphorylation of
VASP, FoxO3, ERK and AKT. To investigate the changes in Collagenl and MMP9

expression, PDGF-BB stimulation was carried out for 24 hours.

2.2.2.2 Protein isolation from cells

Proteins were isolated from cultured and stimulated cells after washing them with PBS
followed by adding of 120ul or 90ul RIPA lysis buffer containing protease and
phosphatase inhibitor for 6cm or 3cm dishes respectively. Cells were incubated for 10
minutes on ice and then scratched with a cell scraper. After collecting them in 1,5ml
Eppendorf tubes, the samples were centrifuged at 14000RPM and supernatants were
transferred to new labelled tubes. The lysates were directly frozen in liquid nitrogen and
stored in -80°C.

2.2.2.3 Cell fractionation
To check for the expression of proteins in the different compartments of the cell, in our

case from the membrane, subcellular fractionation of cell lysates was carried out.
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After appropriate stimulation, the fibroblasts were washed with PBS and scraped off with
cell scraper from the dishes. Cells with PBS were collected in a falcon and centrifuged
for 5 minutes at 300g. After removing of the supernatant, the pellet was resuspended in
1ml PBS and was transferred to a 1,5ml Eppendorf tube. The tubes were centrifuged at
10009 for 10 minutes and the supernatant was removed. Pellets were directly frozen in

liquid nitrogen and stored at -80°C.

For fractionation the Cell Fractionation kit (NanoTools) was used. Before beginning, the
lysis buffers containing Protease and Phosphatase inhibitor were incubated at 37°C. To
the thawed pellet 150pl Cell fractioning buffer Cytoplasm (CF-CYT) was added and
carefully resuspended under optical control until the pellet was completely dissolved. The
buffer was centrifuged for 8 minutes at 1000g at 4°C and the supernatant (cytoplasmic
fraction) was collected. The pellet was resuspended in 150ul Cell fractioning buffer
Membrane (CF-MEM) and incubated for 5 minutes at room temperature (RT). The
samples were centrifuged again for 8 minutes at 2000g and the supernatant (membrane
fraction) was separated. The fractions were quantified and used for western blotting.

2224 Protein quantification

For protein quantification the Biuret reaction in combination with the Bicinchoninic acid
Assay (BCA) was used (Smith et al., 1985). This assay is based on binding of Cu?* to
peptide-connections resulting in the reduction of Cu?* to Cu*. This leads to the building
of a colored complex of the copper ion with the Nitrogen of the BCA in alkaline milieu
and the increase in color intensity (measured by photometer at 560nm wavelength) is
directly proportional to the protein concentration. Different concentrations of bovine
serum albumin (BSA) in range of 0.05 - 1mg/ml were used as standard and pipetted as
duplicates. RIPA buffer was used for background control and samples were also pipetted
in minimum duplicates to exclude pipetting failures. For reaction 300ul of BCA-Cu,SO4
solution at ratio of 50:1 was added. After incubating 30 minutes at 37°C the color intensity
was recorded in the ELISA microplate reader. Protein concentrations were directly
calculated according to the standard curve of the BSA standards. Then the volumes of

the supernatants were measured and transferred in new Eppendorf tubes.

In the last step the proteins were prepared for western blotting by adding of 3x Laemmli
buffer (Table 12) in ratio 1:3. The Sodium Dodecyl Sulfate (SDS) in this buffer together
with the SDS in the running buffer (Table 15) had the effect to overlay negative charge

on the single proteins resulting in an equal electrical charge of all proteins. This allows
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the proteins to be separated later in the gel according to their molecular weight.
-mercaptoethanol breaks the disulphide bridges and along with SDS and heating the

samples at 95°C for 10min, helped in denaturing and linearizing of the proteins.

The samples were cooled down at RT and directly used for western blot or frozen

at -20°C for later use.

2.2.25 SDS Polyacrylamide gelelectrophoresis (SDS-PAGE)

For separation of the proteins a Polyacrylamide gel consisting of a stacking and resolving
gel was used. The proteins migrate under electric field towards cathode (+) and are
separated according to their chain length that is proportional to their molecular weight.
The gel was prepared between two glass plates of a PAGE system. Depending on the
molecular weight of the proteins to be resolved, an 8 or 10% resolving gel (Table 14)
was pipetted into the glass plate cassette. To prevent contact with air, Isopropanol was
added on top until the gel was polymerized for around 30 minutes. After removing the
Isopropanol and washing with ddH-0O, the stacking gel solution (Table 16) was put in the
cassette and a comb was inserted. After polymerization the comb was carefully removed,
the wells were cleaned to remove any gel pieces and the chamber was filled with running
buffer (Table 15). Along with molecular weight marker, 10 or 30ug of samples were
loaded, depending on the proteins, that need to be checked. To allow stacking of
samples, the gel was run for 1 hour at 75V. As soon as the protein samples reached the

resolving gel, the voltage was set to 130V und run for 1-2 hours.

2.2.2.6 Semi-dry-transfer

In this step the proteins separated on the gel were transferred to a Nitrocellulose
membrane in a semi dry transfer chamber. Therefore, four chromatography paper, the
membrane and the gel were incubated for 15 minutes in transfer buffer (Table 20) and
then arranged in the blotting chamber in the following order: two Chromatography paper,
membrane, gel and two paper again on top. For transfer the voltage was set to 17V for
lhr.

2.2.2.7 Blocking and developing of membranes

Once the proteins were transferred, the membranes were cut according to the size of
proteins. To minimize non-specific binding, the membranes were blocked for 1 hour on
shaker at RT with 5% bovine serum albumin (BSA) in Tris-buffered saline with Tween20
(TBS-T) (Table 19) or 5% milk in TBS-T. Overnight the membranes were incubated in

primary antibodies, which were diluted in blocking buffer. Next day, 1XTBS-T buffer was
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used to wash the membranes thrice for 10min and they were incubated with a dilution of
secondary Horseradish peroxidase-conjugated antibodies in blocking buffer. After
incubation of the membranes for 1hr at RT with gentle shaking, 1x TBS-T was used to
wash them 3 times for 10min. For detection of the signal, membranes were incubated
with ECL substrate in the Image reader (FluorChem SP Chemilumineszenz detection

system). The exposure time was adapted to the base of signal intensity.

2.2.2.8 Densitometric analysis of the immunoblots

Western blots were quantified using the FluorChem Sp software. Expression was
quantified using bands intensity values (in arbitrary units), which were normalized to the
housekeeping genes (GAPDH or Na*-K* ATPase).

2.2.3 Radioimmunoassay (RIA)

To investigate the cGMP response to CNP in the lung fibroblasts, RIA was performed.
In short, fibroblasts (murine and human) were washed 3 times with PBS and serum
starved for 3 hours, followed by 15min incubation with unspecific phosphodiesterase
inhibitor 3-Isobutyl-1-Methylxanthin (IBMX) to prevent the reconversion of cGMP in GMP.
Then cells were stimulated with different concentrations of CNP (0, 0.1, 1, 10, 100nM)
for 15 minutes. After stimulation, medium was removed and 70% ice cold Ethanol was
immediately added to stop the reaction. The plate was stored in -80 for overnight. Next
day, liquid was evaporated in water bath and the pellet was dissolved with Sodium
acetate (50mM, pH 6,0). The further steps to measure the cGMP amount by RIA was
kindly accomplished by Lisa Krebes (Institute of Physiology, Wirzburg).

RIA allows to measure the small amount of cGMP with a very high sensitivity and is
based on an antigen-antibody-reaction. cGMP in the samples is acetylated and this
acetylated cGMP competes with radioactive marked cGMP (***lodine-cGMP; Tracer) for
binding to a cGMP-antibody. The unbound radioactive tracer is measured. The difference
between the radioactive amount added in the beginning and the unbound radioactive
tracer allows to calculate the cGMP amount based on standard curves. This means
higher cGMP concentration in samples corresponds to a lower measured radioactive

intensity.
2.2.4 Genotyping

To check for the expression of Cre recombinase and the knockout of the GC-B-receptor

in GC-B™1°* gand Col1a2CrefR™: GC-B""™ mice and also fibroblasts, DNA from tails
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and cells were isolated and Polymerase Chain Reactions (PCRs) for Col1a2CrefR™ and

GC-B"* were carried out.

2.24.1 Isolation of genomic DNA from tissue

To isolate the Deoxyribonucleic acids (DNA) from the tails, 200ul lysis buffer with 10pl
Proteinase K Gennox was added and incubated for 30 minutes at 55°C with 1100RPM
shaking in the thermomixer. Proteinase K degraded the proteins and released nucleic
acids. To stop the reaction, the samples were heated at 95°C for 25 minutes. After
centrifugation at 20 000g for 10 minutes, the supernatant containing the DNA was
transferred to 1,5ml Eppendorf tubes. DNA was precipitated by adding of 50ul 3M sodium
acetate and 450ul Isopropanol followed by inverting for 10 times. The samples were
centrifuged again at 20 000g for 30 minutes and supernatant was removed. The pellet
with the DNA was washed with 50ul of 70% Ethanol and again spun at 20 000g for 20
minutes. After removing the supernatant, the pellet was centrifuged once more at
20 000g for 5 minutes to remove the residual liquid and dried. As a last step the DNA
pellet was resuspended in 20ul TE-Buffer. The DNA concentration and purity was
measured spectrophotometrically with SimpliNano spectrophotometer. Here the
absorption of 2ul sample was checked at a wavelength of 260nm and the dilution factor
could be corrected where necessary. With a second measurement at wavelength 280nm
it was possible to exclude contamination with proteins. This is given when the quotient
of the optical density OD260/0D280 is between 1.6 and 2.2. For blank reduction the

absorption was also measured with 2l RNAase free water.

2.2.4.2 Isolation of genomic DNA from fibroblasts

The cell pellets were collected after trypsinization as described under cell fractionation
(2.2.2.3). Samples were digested in 495ul digestion buffer + 5ul Proteinase K and
incubated for 5 minutes at 55°C with gentle shaking. The reaction was stopped by
heating at 95°C for 20 minutes without shaking. From this point the DNA extraction was
performed in the similar manner as DNA extraction from tails (2.2.4.1). The only
difference was that the pellet was washed this time with 1000l 70% Ethanol instead of
50pl.

2.24.3 PCR and DNA Gel electrophoresis
Polymerase chain reaction (PCR) is a technique that allows amplification of target DNA

sequences by employing target specific primers. In order to confirm the differences in
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the genotype, PCR was performed from the isolated DNA (200ng) by preparing a 25pl

PCR reaction mixture as mentioned below in Table 7.

Table 7: PCR reaction mixture
Ingredients: Volume:
PCR-H,O 8.5yl
PCR Red MasterMix 12.5yl
Primer Sense 1ul
Primer Antisense 1ul
DNA 2l
Complete volume: 25yl

Genotyping PCRs for Cre (Table 8), GC-B"™™ and GC-B KO allele (Table 9) were
performed using sequence specific primers (Table 10).

Table 8: Program PCR for Col1a2CrefR™ allele
No. of cycles: Temperature: Time: Step:
1 94°C 3 minutes Initial denaturation
35 94°C 30 sec Denaturation
62°C 30 sec Annealing
72 °C 30 sec Elongation
1 72 °C 2 minutes Final Elongation
1 4°C Hold
Table 9. Program PCR for GC-Bflo¥flox agnd GC-B-KO allele
No. of cycles: Temperature: Time: Step:
1 99°C 3 minutes Initial denaturation
34 94°C 30 sec Denaturation
58°C 30 sec Annealing
72 °C 30 sec Elongation
1 72 °C 2 minutes Final Elongation
1 4°C Hold

After PCR 1x TAE (Table 18) was prepared. The products of the PCR were separated

on a 2% agarose gel by running for 40 minutes at 80V. To confirm the size of the DNA

bands and ensure the validity of the experiment, 7ul of GenLadder (100bp DNA ladder)

was used.
Table 10: List of Primers
Name: Primer: Sequenz (5°- 3)): Length:
Colla2CreERT™ iFibrofwd TCCAATTTACTGACCGTACACCAA | 500bp
iFibrorew CCTGATCCTGGCAATTTCGGCTA (Cre)
GC-B™fx GC-B- | D1 GGACGACCCATCCTGTGATA 150bp
KO R3 GTTACAAACAAAAGCAAGATAAAT | (KO),
ACC 600bp
(flox/flox)
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2.2.5 Immunocytochemistry

The confluent fibroblasts were split into a 24 well plate containing 12mm coverslips with
around 40 000 cells per well. After defined stimulation, cells were washed once with PBS
and fixed by adding 250yl of 4% paraformaldehyde (PFA) to each well for 10 minutes at
RT. The plate was washed three times with PBS, permeabilized with 0,1% Triton X-100
in PBS for 2 minutes to enable staining of the intracellular collagen and blocked with
250yl blocking buffer (2% BSA in PBS) for 1 hour at RT with shaking. The primary
antibody diluted in PBS with 2% BSA was incubated overnight. Next day, coverslips were
washed and fluorescent labelled secondary antibodies diluted in PBS with 2% BSA was
added for one hour. From this step forward the experiment was performed in dark to
prevent a bleaching of the fluorescent labelling. After last wash, the coverslips were
removed from the wells, dried and mounted on glass slide with DAPI containing mounting
medium. The slides were dried overnight in dark at +4°C and then sealed with nail polish.
Pictures were taken using the BX41 fluorescence microscope (Olympus) and evaluated

with ImageJ.

2.2.6 Gap closure migration assay
In the gap closure migration assay, we examined the time needed by the migrating
fibroblasts to close a mechanical scratch in a confluent fibroblast layer.

The confluent fibroblasts in 24 well plate were starved for 24 hours. Then a scratch was
made with a 100ul pipette tip manually and checked under the microscope. To remove
the detached cells, the plate was washed with PBS. Medium without CNP and with CNP
10nM and 100nM was added to the cells. After incubation for 30 minutes, fibroblasts
were stimulated with 50ng/ml PDGF-BB. Unstimulated cells were kept as controls.
Immediately after addition of PDGF-BB, first pictures of the gaps were recorded and
labeled as time point zero. The location was marked to relocate it for the following time
points. From now pictures at 4 hours, 8 hours and 24 hours were taken at the same point

in each well.

The quantification of the gap was done according to the gap size measured at time point
zero. Every following time point was calculated as percentage of the scratch at the

beginning and measured with ImageJ.
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2.2.7 BrdU Proliferation assay

The proliferation of the cells was reviewed using colorimetric BrdU incorporation assay
kit. This kit works by measuring Bromodeoxyuridine (BrdU), an analog of Thymidine or
Deoxyuridine, which is incorporated into newly synthesized DNA.

10 000 fibroblasts per well were seeded in 96 well plate and serum starved for 24 hours.
Next day, the cells were pretreated with CNP 10nM and 100nM for 30 minutes, followed
by 50ng/ml PDGF-BB stimulation. 22 hours after stimulation, BrdU labeling solution was
used for incubation of the cells for 2 hours. After this, wells were washed with PBS and
FixDenat solution was added for 30 minutes to fix the cells. After fixation, cells were
incubated for 90 minutes with anti BrdU Peroxidase antibody. Again, the wells were
washed thrice with PBS and substrate solution was added until color developed. In
ELISA microplate reader the absorbance was measured at 370nm with reference at
492nm. Blank (medium without cells) and background (cells without BrdU) controls were

kept to ensure validity of the experiment.

2.2.8 Statistical analysis

For the statistical evaluation Graph Pad Prism 8.0.1 was used. All data are expressed
as Mean =* standard error of the mean (S.E.M.) Statistical comparisons of samples were
performed by Student's unpaired t test for comparing two groups or ordinary one-way
ANOVA for multiple comparisons with post hoc test. Difference with p<0.05 between the

groups was considered significant.
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3 Results

3.1 Antifibrotic CNP effect on murine lung fibroblasts- Role of the
GC-B-receptor

3.1.1 Confirmation of the GC-B-receptor knock out (KO)

3.1.1.1 Confirmation with PCR and DNA gel electrophoresis

To investigate the role of the GC-B receptor in mediating the CNP driven protective
effects, GC-B knock-out (KO) murine lung fibroblasts were generated in vitro. Fibroblasts
were isolated from mice with the following genotypes: Colla2CrefR™2; GC-B""* and
GC-B"™x Fibroblasts were treated with DMSO as vehicle or 4-Hydroxy Tamoxifen
(4-OH Tamox) for 72 hours. In Colla2CrefR™; GC-B"™/ox mice, Cre recombinase is
expressed in fibroblasts under the collagen 1a2 promoter. This Cre recombinase is
activated by 4-OH Tamox binding, leading to its nuclear translocation and removal of the
loxP-framed GC-B receptor DNA.

First, the genotypes were validated and 4-OH Tamox induced Cre KO was
demonstrated. PCR reactions with sequence specific primers followed by DNA gel
electrophoresis was performed with DNA isolated from mice tails and fibroblasts treated
with 4-OH Tamox. Cre recombinase was exclusively present in tails (Figure 6, A) and
fibroblasts (Figure 6, B, upper gel) isolated from Colla2Cre®R"2; GC-B"1* mjice but not

in the GC-B™" samples, confirming the genotypes were correct.

Lastly, the GC-B-receptor KO after 4-OH Tamox treatment was verified. DNA isolated
from untreated and treated fibroblasts both showed a band of 600 bp, corresponding to
GC-B flox allele. However, only the 4-OH Tamox treated fibroblasts isolated from
Colla2CrefR™2; GC-B"™"* mjce displayed the 150 bp GC-B KO band (Figure 6, B, lower
gel), indicating a GC-B KO on a genetic level exclusively in the Colla2CrefR™; GC-
B fiproblasts.
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Verification of mice genotypes and in vitro GC-B knock out by DNA gel
electrophoresis

Lung fibroblasts were isolated from mice with genotypes GC-Bfloxflox gnd
Colla2CrefRT2; GC-Bflovflox gnd treated with 4-OH Tamox for 72 hours in
passage 1. DNA from the tails of the mice (A) and 4-OH Tamox treated
fibroblasts (B) was isolated. DNA was amplified by sequence specific primers
using PCR, separated by gel electrophoresis and confirmed for Cre sequence
and induction of GC-B KO by 4-OH Tamox treatment.

Confirmation of GC-B KO at protein level

Once the KO was confirmed at the genetic level, it was further validated at level of protein

expression by carrying out a western blot for GC-B receptor (Figure 7). Treatment with

4-OH Tamox led to a significant decrease in membrane GC-B expression in fibroblasts
isolated from Col1a2Cre®R™?; GC-B"™°* mice compared to the GC-B""* group. These

results confirm the elimination of GC-B protein by 4-OH Tamox treatment.

Col1a2CreER72 o % =+
GC-Bflox/flox G C-Bflox/flox D(\z %] 1 GC-Bflox/flox
4-OH Tamox (200nM)  + + + + g l% 8 1.01 B Col1a2CrefR72:
GC-B %) +¥ 2 GC_Bﬂox/ﬂox
wo 0.5
- — Zz Q0
Na*-K*-ATPase | mew J —~e =
0.0-

Figure 7:

Confirmation of GC-B KO by western blotting for membrane GC-B receptor
Lung fibroblasts isolated from the mice with GC-Bfloxflox and Colla2CrefRT2;
GC-Bflo¥flox genotypes were treated for 72 hours with 4-OH Tamox, followed by
sub-cellular fractionation. Membrane fractions were checked for GC-B receptor
expression by western blotting. Na*-K+* ATPase was used as a loading control.
(n=3 mice per genotype, *p<0.05)
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3.1.1.3 Investigation of cGMP response to CNP after 4-OH Tamox
treatment

Binding of CNP to the GC-B receptor leads to activation of intracellular guanylyl cyclase,
resulting in the conversion of Guanosine triphosphate (GTP) to the second messenger
cGMP, which in turn leads to activation of downstream signaling pathways (Kuhn, 2016).
Fibroblasts from both groups (GC-B"™"* and Colla2Cre®R™2; GC-B"M) were
pretreated with 4-OH Tamox and stimulated with different CNP concentrations (10nM
and 100nM) and resulting cGMP levels were measured by radio immunoassay (RIA)
(Figure 8).

CNP stimulation resulted in an upregulation of cGMP production in both DMSO treated
groups (Vehicle). This indicated that CNP was able to bind to the GC-B receptor in both
groups, resulting in cGMP production. In the GC-B"™°* group, pretreatment with 4-OH
Tamox did not have an effect on CNP induced cGMP responses compared to the DMSO
treated controls. However, in the Col1la2Cre®R™2; GC-B""* group CNP stimulation did
not lead to a cGMP increase, due to the KO of the GC-B receptor.

O PBS

E CNP 10nM GC-Bfloxflox Col1a2CrefRT2; GC-Bflox/flox

B CNP 100nM *

_2.0- - 4.09 — *

&)

i
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©
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o
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4-OH Tamox 4-OH Tamox

Figure 8: cGMP response to CNP after 4-OH Tamox treatment

cGMP response in vehicle and 4-OH Tamox (100nM and 200nM) treated
GC-Bfloxfflox and Colla2CrefR™2; GC-Bfloxflox lung fibroblasts after 15 minutes
stimulation with 10nM and 100nM. CNP was measured by RIA. (GC-Bflox/flox;
n=4 replicates from 1 mouse, Colla2CreFRT2; GC-Bflox/flox; n=8 replicates from
2 mice, * p<0.05)

3.1.1.4 Effect of 4-OH Tamox treatment on CNP induced VASP
phosphorylation
One of the downstream signaling pathways activated by cGMP is cGMP dependent

kinase 1 (cGKIl), which phosphorylates the VASP protein at Serine 239 (Bae, Hino,
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Hosoda, Son, et al., 2018). Therefore, VASP phosphorylation can indicate CNP

mediated activation of the GC-B receptor.

CNP stimulation (100nM) led to a marked increase in VASPser239 phosphorylation in the
vehicle treated Colla2Cre®R™?; GC-B"™"* fiproblasts as observed by western blotting
(Figure 9). Notably, 4-OH Tamox treatment resulted in loss of this effect. This further
substantiates the functional deletion of GC-B receptor by 4-OH Tamox, thereby

preventing the initiation of this downstream signaling cascade.

CO|132CreERT2; GC_Bf/ox/f/ox CO|1820F€ERT2; GC_Bflox/ﬂox
4-OHTamox  Vehicle 100nM 200nM —_—
CNP (nM) - 100 - 100 - 100 1.2~ *
R S | [PBS
' . 0 O B CNP
PVASPser239 p -~ g E’ 0.8- 100nM
o O
C R
VASP| nese S wotr mmin e a0
: @ 2 0.4-
<o
Cantdn o o e e e " Q-\E
= 0.0-
4-OH Tamox (nM) - 100 200
Figure 9: Western blot for phosphorylation of VASP (Serine239) as a downstream target

of the CNP/GC-B/cGMP signaling pathway

Vehicle and 4-OH Tamox (100nM and 200nM) treated Colla2CrefRT?;
GC-Bfloxflox cells were stimulated with 100nM CNP for 15 minutes, after 24
hours serum starvation. Proteins were isolated and checked for
phosphorylation of VASPser239 by western blotting. Gapdh was used as a
loading control. (n=4, *p<0.05)

As the KO was successfully induced by 4-OH Tamox, the lung fibroblasts isolated from
Colla2CrefR™2; GC-B™"™*mice treated with 4-OH Tamox (for 72 hours in passage 1) are
from now referred to as the knock out (KO) group. They are compared to cells from
wildtype mice treated with 4 -OH Tamox, now referred to as controls.

3.1.2 Antifibrotic effects of CNP are prevented in GC-B knock out
fibroblasts

To determine if the preventive effect of CNP on PDGF-BB mediated collagen and MMP9
expression, (previously described by Eva Lessmann) are via the GC-B receptor,
experiments comparing the control and GC-B KO fibroblasts were performed. The
standard experimental plan included treatment of fibroblasts with 4-OH Tamox in

passage 1 for 72 hours, followed by splitting for experiments. Both control and KO group
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were divided into four conditions and one of these conditions was left unstimulated to
serve as a control group. Next, two groups were pretreated with CNP at either 10nM or
100nM, for 30 minutes. All three groups were then stimulated with 50 ng/ml PDGF-BB
for 30 minutes and phosphorylation of VASP, FoxO3, AKT, and ERK was assessed.
Additionally, the groups were also stimulated for 24 hours followed by assessment of

collagen 1/3 and MMP9 expression.

3.1.2.1 Knock out of GC-B receptor abolishes CNP induced
phosphorylation of VASP

To demonstrate that in this experimental set up the GC-B/cGMP cascade is exclusively
activated by CNP, VASP phosphorylation at serine 239 was checked (Figure 10).
PDGF-BB stimulation alone did not show any effect on VASP phosphorylation in both
the control and KO fibroblasts as observed by western blotting. These data indicate that
treatment with the growth factor alone did not stimulate the cGMP dependent signaling
pathway. Similar to previous observations (Figure 9), CNP led to a significant increase
in VASP phosphorylation in the control fibroblasts, while this effect was abrogated in the
KO fibroblasts, confirming the activation of cGMP signaling pathway by CNP/GC-B

alone.
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Figure 10: Western blot for VASP (Ser239) phosphorylation to check the activation of

intracellular signaling by CNP/GC-B pathway

Control and KO fibroblasts were treated with CNP (10nM and 100nM) for 30
minutes, followed by PDGF-BB (50ng/ml) stimulation. Proteins were isolated
and phosphorylation of VASP and total VASP was analyzed by western
blotting. Gapdh was used as a loading control. (n=3 mice per genotype,
*p<0.05)

3.1.2.2 Knock out of GC-B prevents the effect of CNP on PDGF-BB
induced collagen 3 expression

In IPF, profibrotic mediators such as TGF[3 and PDGF-BB lead to an increased
accumulation of extracellular and collagenous matrix (Worke et al., 2017; Yi et al., 1996).
Specifically, collagen 1 and collagen 3 isoforms are shown to be altered (Gingery et al.,
2014). Indeed, previous data from our lab showed that PDGF-BB stimulation led to a
marked increase in collagen 1, collagen 3, and MMP9 expression in murine lung
fibroblasts and this effect was attenuated by CNP pretreatment. In this thesis, the role of
GC-B in mediating the CNP-driven reduction was explored (Figure 11). In the control
fibroblasts, PDGF-BB led to a significant increase in collagen 3 expression, as assessed
by immunocytochemistry and fluorescence quantification. Pretreatment with CNP at both
concentrations prevented PDGF-BB induced collagen 3 expression significantly.
Interestingly, in the GC-B receptor KO fibroblasts the effect of PDGF-BB on collagen 3

expression was present but the preventive effect of CNP was not observed. These
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results suggest that the peptide did not affect the collagen 3 expression levels, likely due

to the absence of GC-B receptor.
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Figure 11: Effect of CNP on PDGF-BB mediated collagen 3 expression

Control and KO fibroblasts were serum starved (24 hours), treated with CNP
(10nM and 100nM) for 30 minutes followed by PDGF-BB (50ng/ml) stimulation
for 24 hours. Collagen 3 expression was checked by Immunocytochemistry
and fluorescence intensity was analyzed by ImageJ. (n=5 mice, *p<0.05)

3.1.2.3 Knock out of GC-B prevents the effect of CNP on PDGF-BB
induced collagen 1 expression

The effect of CNP on PDGF-BB induction of collagen 1 in GC-B KO fibroblasts was
examined by western blotting (Figure 12). Both the control and KO fibroblasts were
stimulated with CNP, followed by PDGF-BB. After 24 hours of stimulation, the proteins
were isolated and collagen 1 expression was detected by western blotting. In both
genotypes, PDGF-BB led to a clear and significant gain in collagen 1 expression.
However, the response to the pretreatment with CNP was different between the two
groups. In the control fibroblasts a decrease in collagen 1 levels compared to PDGF-BB
was observed, while in the KO cells the expression remained unchanged. This
observation again verified that the GC-B receptor is responsible for the preventive effect

of CNP on PDGF-BB induced collagen expression.
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Figure 12: Effect of CNP on PDGF-BB mediated collagen 1 expression

Control and KO fibroblasts were serum starved (24 hours), pre-treated with
CNP (10nM and 100nM) for 30 minutes followed by PDGF-BB (50ng/ml)
stimulation for 24 hours. Proteins were isolated and collagen 1 expression was
analyzed by western blotting followed by densitometric analysis. Gapdh was
used as a loading control. (n=3 mice per genotype, *p<0.05)

3.1.2.4 GC-B KO abolishes CNP mediated decrease of PDGF-BB
induced migration

Changes in fibroblast proliferation, migration, and differentiation govern the controlled
remodeling of the extracellular matrix in its physiological state. However, in lung fibrosis,
these processes are exaggerated (Bonnans et al., 2014). Several reports have shown
that activated fibroblasts in IPF exhibit a highly proliferative and invasive phenotype
induced by PDGF-BB (Al-Tamari et al., 2018; Li et al., 2011). Hence, we aimed to study
whether CNP can moderate PDGF-BB induced proliferative and migratory phenotype in
vitro. Indeed, PDGF-BB stimulation led to a marked increase in migration of both control
and KO fibroblasts measured by scratch/gap closure assay (Figure 13). The closing of
gap was checked 4, 8, and 24 hours after stimulation, and a migration rate was calculated
as percentage of the gap size at the start of the experiment (time point O hours). CNP
pretreatment (10nM) of the control group resulted in a marked decrease in the migration,
however this reduction was not observed in the GC-B KO group after CNP addition.
Taken together, these results show that CNP prevents PDGF-BB induced migration via
the GC-B receptor.
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Figure 13: Migration analysis of Control and KO fibroblasts by gap closure assay
Confluent control and KO fibroblasts were serum starved (24 hours), scratched
with a 100ul pipette tip and pre-treated with CNP (10nM) for 30 minutes,
followed by PDGF-BB (50ng/ml). Migration was assessed after 0, 4, 8 and 24
hours under the microscope. The size of the scratch was measured using
ImageJ and calculated as percentage of the gap size at time point 0. (n= 6
wells from 2 mice per genotype, *p<0.05 vs PBS, #p<0.05 vs PDGF-BB)

3.1.2.5 Knock out of GC-B inhibits the effect of CNP on PDGF-BB
induced MMP9 expression

Cell migration is an important mechanism involved in the repair of the respiratory
epithelium and MMP9 controls this migration of repairing cells by remodeling the
provisional extra cellular matrix (Legrand et al., 1999). An increased MMP9 expression
is also described in pulmonary lung fibrosis and seems to promote the migration of
bronchiolar cells into the diseased regions (Betsuyaku et al., 2000; Kim et al., 2009).
Interestingly, previous studies from our group have shown that PDGF-BB leads to a
marked increase in MMP9 expression, which was attenuated by CNP pretreatment. In
this thesis a similar effect on MMP9 expression was observed in control fibroblasts upon
treatment with CNP. In contrast, the KO fibroblasts treated with CNP showed no
significant attenuation on PDGF-BB induced MMP9 expression (Figure 14).
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Figure 14: Effect of CNP on PDGF-BB mediated MMP9 expression

Control and KO fibroblasts were serum starved (24 hours), pre-treated with
CNP (10nM and 100nM) for 30 minutes followed by PDGF-BB (50ng/ml)
stimulation for 24 hours. Proteins were isolated and MMP9 expression was
analyzed by western blotting followed by densitometric analysis. Gapdh was
used as a loading control. (n= 3 mice per genotype, *p<0.05)

3.1.2.6 GC-B receptor knock out impedes CNP mediated
antiproliferative effect

Next, the effect of PDGF-BB on fibroblast proliferation was assessed. PDGF-BB
stimulation significantly increased proliferation of lung fibroblasts compared to non-
stimulated cells in both control and KO groups as assessed by a BrdU incorporation
assay (Figure 15). Interestingly, PDGF-BB boosted the proliferation of KO fibroblasts to
a greater extent than the control cells. To verify the anti-proliferative and preventive effect
of CNP, cells were pretreated with the peptide before PDGF-BB stimulation. CNP
reduced the proliferative effect of PDGF-BB in control cells, however, this effect was

removed in the KO group with the PDGF-BB induced proliferation remaining unchanged.
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Figure 15: BrdU incorporation assay to investigate the effect of CNP on PDGF-BB

induced proliferation

Control and KO fibroblasts were pre-treated with CNP (10nM and 100nM) for
30 minutes followed by PDGF-BB (50ng/ml) stimulation for 24 hours.
Proliferation was analyzed by BrdU incorporation assay. (n= 10 wells from 2
mice per genotype, *p<0.05)

3.1.2.7 Effect of CNP on PDGF-BB induced FoxO3 phosphorylation
was abolished after GC-B knock out

To explore the mechanism underlying the effects of CNP-GC-B signaling on PDGF-BB

induced fibrotic changes, the regulation of transcription factor FoxO3 upon CNP

stimulation was assessed. FoxO3 is known to be hyperphosphorylated, resulting in its

downregulation, in IPF (Al-Tamari et al., 2018).

To study the FoxO3 phosphorylation state, fibroblasts were pretreated for 30 minutes
with CNP and then stimulated for 30 minutes with PDGF-BB. The phosphorylation of
FoxO3 in these fibroblasts was then analyzed by western blot, followed by densitometric
quantification (Figure 16). Consistent with previous experiments, the control and the KO
group were compared. In both groups, an increase in FoxO3 phosphorylation at
threonine 32 was evident in PDGF-BB stimulated cells, with the control group exhibiting
a statistically significant increase. Furthermore, this gain was significantly reversed in the
control group on CNP pretreatment. In contrast, this phosphorylation was not prevented
in the KO cells pretreated with CNP. This result shows that PDGF-BB leads to an
increased phosphorylation and degradation of FoxO3, consistent with previously
published data (Al-Tamari et al., 2018) and, interestingly, it also demonstrates that CNP
prevented FoxO3 phosphorylation via the GC-B receptor.
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Figure 16: Effect of CNP on PDGF-BB mediated FoxO3 phosphorylation (threonine 32)

Control and KO fibroblasts were pre-treated with CNP (10nM and 100nM) for
30 minutes, followed by PDGF-BB (50ng/ml) for further 30 minutes. Proteins
were isolated and FoxO3 phosphorylation and total FoxO3 was analyzed by
western blotting followed by densitometric analysis. Gapdh was used as a
loading control. (n= 2-3 mice per genotype, *p<0.05)

3.1.2.8 CNP has no effect on PDGF-BB induced AKT (Ser473)
phosphorylation

Having validated the association of PDGF-BB, CNP, and pFoxO3, the signaling
mechanism involved in regulation of the transcription factor FoxO3 by CNP was
investigated. PDGF-BB is able to activate different signal cascades, in many cases
through kinases, which results in downstream phosphorylation of the AKT kinase. This
kinase ultimately phosphorylates, and thereby inactivates, FoxO3 (Ghosh Choudhury et
al., 2003). To investigate how CNP reduces the PDGF-BB induced phosphorylation of
FoxO3 through AKT, the activatory phosphorylation of AKT was investigated (Figure 17).

In both groups, significant phosphorylation of AKT was visible after stimulation with
PDGF-BB, confirming existence of functional PDGF-BB/AKT cascade in the cells.
However, in both the KO and control group, pretreatment of the cells with CNP did not
have any effect on PDGF-BB induced AKT phosphorylation. This result indicates that

CNP does not regulate FoxO3 phosphorylation via interfering with AKT activation.
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Figure 17: Effect of CNP on PDGF-BB induced phosphorylation of AKT (serine 473)

Control and KO fibroblasts were pre-treated with CNP (10nM and 100nM) for
30 minutes, followed by PDGF-BB (50ng/ml) for further 30 minutes. Proteins
were isolated and AKT phosphorylation and total AKT was analyzed by
western blotting followed by densitometric analysis. Gapdh was used as a
loading control. (n=3 mice per genotype, *p<0.05)

3.1.2.9 CNP shows marginal effect on PDGF-BB induced ERK1/2
phosphorylation

PDGF-BB can also induce phosphorylation of FoxO3 via the RAS/RAF/MEK pathway,
resulting in phosphorylation of ERK. PDGF-BB activates the ERK kinase indirectly via
phosphorylation, with activated, phosphorylated, ERK able to inactivate FoxO3 (Lubinus
et al., 1994; Roy et al., 2010). To demonstrate whether CNP can interrupt this cascade,
the phosphorylation of ERK was detected by western blotting (Figure 18). Firstly, in both
groups of fibroblasts PDGF-BB induced a significant increase in ERK phosphorylation,
confirming that the growth factor activates this cascade. CNP pretreatment in the control
group led to a consistent but not significant reduction in PDGF-BB induced ERK
phosphorylation however in the KO group, this effect of CNP was lost. Taken together,
these results hint towards a role of ERK as a mediator in regulating CNP mediated effects
on FoxO3. To conclude whether these minor changes in ERK phosphorylation are

relevant, further experiments with increase in biological replicates are warranted.
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Figure 18: Effect of CNP on PDGF-BB mediated phosphorylation of ERK (threonine 202/

tyrosine 204)
Control and KO fibroblasts were pre-treated with CNP (10nM and 100nM) for

30 minutes, followed by PDGF-BB (50ng/ml) for further 30 minutes. Proteins
were isolated and ERK phosphorylation and total ERK were analyzed by
western blotting followed by densitometric analysis. Gapdh was used as a
loading control. (n=3 mice per genotype, *p<0.05)
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3.2 Antifibrotic effect of CNP on cultured human lung fibroblasts

In order to assess the physiological and pathophysiological importance of the studies
conducted in murine fibroblasts, it is essential to also examine the effect of CNP in human
lung fibroblasts. Therefore, we utilized lung fibroblasts isolated from lungs of IPF patients
and healthy controls to study effects of CNP on PDGF-BB induced collagen expression,

proliferation, and migration.

3.2.1 Control and IPF fibroblasts show increased cGMP levels in
response to CNP

Firstly, the cGMP responsiveness of healthy ‘control’ and IPF fibroblasts to CNP was
assessed by cGMP RIA. CNP stimulation led to an increased cGMP production in a
concentration dependent manner. The increase was similar in both control and IPF
fibroblasts (Figure 19,A).

This confirmed that the GC-B receptor can be activated by the peptide in both groups,
leading to generation of cGMP. CNP is able to act on IPF fibroblasts, hinting that a

treatment of patients could be successful under diseased conditions.

However, the absolute cGMP amount at basal level (without CNP stimulation) was
significantly lower in IPF fibroblasts (Figure 19,B). Both control and IPF fibroblasts
displayed an increase in absolute amounts of cGMP in response to CNP, though the

increase was smaller in IPF group (Figure 19,C).
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Figure 19: cGMP response of IPF and control fibroblasts to CNP stimulation

Control and IPF fibroblasts were treated with increasing concentrations of CNP
for 15 minutes in presence of PDE inhibitor and the cGMP levels were
measured by Radioimmunoassay. Relative (A) and absolute (B, C) cGMP
levels were plotted. (n=15-16 replicates from 4 biological replicates per group,

*p<0.05 vs PBS Controls, #p<0.05 vs PBS IPF)
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3.2.2 Membrane GC-B expression is increased in IPF fibroblasts
compared to control fibroblasts

Next, the membrane GC-B receptor and NPR-C expression was compared between IPF
and control fibroblasts by western blot. Interestingly, the expression of the GC-B receptor
was significant upregulated in the IPF samples in comparison to the control group (Figure

20, A-B). There was no significant difference observed in NPRC expression between the

groups (Figure 20, A-C).
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Figure 20: Membrane GC-B and NPR-C expression in control and IPF fibroblasts

Subcellular fractionation was carried out from IPF and control fibroblasts and
membrane expression of the GC-B and NPR-C receptors was analyzed by
western blotting. (n= 4 per group, *p<0.05)

3.2.3 VASP phosphorylation in control and IPF fibroblasts

To assess the activation of cGMP mediated downstream signaling by CNP stimulation,
phosphorylation of VASP protein was analyzed. Cells were pretreated for 30 minutes
with 10nM and 100nM CNP and then stimulated with 50ng/ml PDGF-BB and VASP
phosphorylation was analyzed by western blot. PDGF-BB stimulation alone did not
increase VASP phosphorylation. On the other hand, CNP pretreatment led to a robust
elevation in the VASP phosphorylation in both control and IPF fibroblasts, indicative of

active CNP mediated cGMP-cGKI signaling (Figure 21).
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Figure 21: Western blot for VASP phosphorylation at Serine 239 in response to CNP
stimulation

Control and IPF fibroblasts were treated with CNP (10nM and 100nM) for 30
minutes, followed by PDGF-BB (50ng/ml) for another 30 minutes. Proteins
were isolated and VASP phosphorylation and total VASP were analyzed by
western blotting followed by densitometric analysis. Gapdh was used as a
loading control. (n=3 per group, *p<0.05)

3.24 CNP prevents PDGF-BB induced increase of collagen 1 in IPF
and control fibroblasts

After confirmation of active CNP-GC-B signaling, the effect of CNP on PDGF-BB induced
collagen 1 expression was studied (Figure 22). In both the control and IPF fibroblasts,
PDGF-BB treatment resulted in a significant upregulation of collagen 1 expression as
observed by western blot. Pretreatment with CNP (10nM and 100nM) abrogated this
effect in both groups. These findings are in agreement with the results of the murine
fibroblasts that show CNP is able to reduce PDGF-BB induced collagen 1 expression.
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Figure 22: Effect of CNP on PDGF-BB induced collagen 1 expression

Control and IPF fibroblasts were serum starved (24 hours), pre-treated with
CNP (10nM and 100nM) for 30 minutes, followed by PDGF-BB (50ng/ml)
stimulation for 24 hours. Proteins were isolated and Collagen 1 expression was
analyzed by western blotting followed by densitometric analysis. Gapdh was
used as a loading control. (n=3 per group, *p<0.05)

3.25 CNP reduces PDGF-BB mediated MMP9 expression in control
and IPF fibroblasts

To study the effect of CNP on MMP9, which influences the organization of the
extracellular matrix, expression of MMP9 was analyzed by western blot (Figure 23).
PDGF-BB significantly increased MMP9 expression, consistent with the previously
observed results in murine fibroblasts. Similar to the collagen 1 expression, MMP9 was

significantly reduced after pretreating the cells with CNP in both groups.
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Figure 23: Effect of CNP on PDGF-BB induced MMP9 expression

Control and IPF fibroblasts were serum starved (24 hours), pre-treated with
CNP (10nM and 100nM) for 30 minutes followed by PDGF-BB (50ng/ml)
stimulation for 24 hours. Proteins were isolated and MMP9 expression was
analyzed by western blotting followed by densitometric analysis. Gapdh was
used as a loading control. (n= 3 per group, p<0.05)

3.2.6 IPF fibroblasts exhibit a higher migration rate compared to
control fibroblasts

To check for the functional differences between the control and the IPF groups, a gap
closure migration assay was performed, where the velocity of the gap closure was
measured. At first, the differences between both groups at basal level, without
stimulation, were examined. In the IPF group, the gap closed significantly faster relative
to the controls (Figure 24,A).

Next, the impact of the peptide was assessed after stimulation with both PDGF-BB and
CNP (Figure 24,B-C). On stimulation with PDGF-BB, both control and IPF fibroblasts
displayed an increase in migration. Interestingly, while the control fibroblasts showed a
significant increase in migration after 8 hours, the IPF fibroblasts already exhibited a
similar increase in migration in 4 hours. Pretreatment with CNP (10nM for 30 minutes)
reduced the migration significantly after 8 hours in control, and 4 hours in IPF, compared
to the cells stimulated with PDBGF-BB only (Figure 24,C). This shows that the peptide

prevented the fibroblast migration, typical of fibrosis.
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Figure 24: Migration analysis of control and IPF fibroblasts by gap closure assay
(A) Migration of IPF and control fibroblasts was compared at basal level. (B-
C) Confluent control and IPF fibroblasts were serum starved (24 hours) and
pre-treated with CNP (10nM) for 30 minutes, followed by PDGF-BB (50ng/ml).
Migration was assessed after 0, 4, 8 and 24 hours under the microscope. The
size of the scratch was measured using ImageJ and calculated as percentage
of the gap size at time point 0. (n=6-9 wells from 2-3 biological replicates,
*p<0.05 vs PBS, # p<0.05 vs PDGF-BB)
3.2.7 CNP prevents PDGF-BB induced increase in proliferation in

control and IPF fibroblasts
In murine lung fibroblasts, a reduction in PDGF-BB induced cell proliferation was
observed after CNP pretreatment (Figure 15). As IPF fibroblasts were previously shown
to proliferate at a higher rate compared to control cells in vitro (Al-Tamari et al., 2018),

we investigated effect of CNP on PDGF-BB induced proliferation of control and IPF
fibroblasts.

In both groups, stimulation with PDGF-BB led to a significant increase of BrdU
incorporation, indicative of increased proliferation. A tendency towards higher
proliferation after stimulation was detected in IPF fibroblasts, but this was not significant

due to variability within the IPF samples (Figure 25, A). Pretreatment with CNP, at 10nM
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and 100nM, prevented the PDGF-BB induced effect significantly and reduced
proliferation in both groups (Figure 25, B). This shows that CNP can lower proliferation,

not only in the control group, but also in IPF fibroblasts, hinting towards a therapeutic

potential.
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Figure 25: BrdU incorporation assay to investigate effect of CNP on PDGF-BB induced
proliferation
Control and IPF fibroblasts were pre-treated with CNP (10nM and 100nM) for
30 minutes, followed by PDGF-BB (50ng/ml) stimulation for 24 hours.
Proliferation was analyzed by BrdU incorporation assay. (n=6 replicates from
2 biological replicates per group, *p<0.05)
3.2.8 FoxO3 as the mediator of CNP effects on control and IPF

fibroblasts
Having confirmed the antifibrotic impact of CNP in both healthy and diseased human
lung fibroblasts, we focused on deciphering the underlying mechanisms. Since FoxO3
phosphorylation was reduced by CNP in murine fibroblasts, we investigated whether the

effects of CNP on FoxO3 are preserved in human fibroblasts (Figure 26). Hence, control
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and IPF fibroblasts were pretreated with 10nM and 100nM CNP (30 minutes) followed
by PDGF-BB stimulation (30 minutes). FoxO3 phosphorylation at Threonine 32 was
checked by western blotting. PDGF-BB led to a significant increase in FoxO3
phosphorylation. Pretreatment with CNP led to a significant reduction of FoxO3
phosphorylation in the control group, hinting towards an increase in active FoxO3 after

CNP stimulation. Interestingly, this effect was less pronounced in the IPF group.
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Figure 26: Effect of CNP on PDGF-BB induced FoxO3 phosphorylation

Control and IPF fibroblasts were pre-treated with CNP (10nM and 100nM) for
30 minutes, followed by PDGF-BB (50ng/ml) for further 30 minutes. Proteins
were isolated and FoxO3 phosphorylation (Thr32) and total FoxO3 were
analyzed by western blotting followed by densitometric analysis. Gapdh was
used as a loading control. (n=3 per group. *p<0.05)

3.2.9 CNP does not prevent PDGF-BB induced phosphorylation of
AKT

As described in part 1.5.2, phosphorylation of AKT is part of a PDGF-BB activated
pathway which can finally lead to the phosphorylation and inactivation of FoxO3. To
investigate if CNP inhibits the PDGF-BB induced phosphorylation of AKT, a western blot
for AKT phosphorylation was performed. Similar to murine lung fibroblasts (Figure 17),
PDGF-BB led to a significant increase in AKT phosphorylation at Serine 473, while CNP

pretreatment did not have any effect in both the control and IPF fibroblasts (Figure 27).

58



3 Results

Controls IPF
PDGF-BB (50 ng/ml) - + + + - + + +
CNP (nM) - - 10 100 - - 10 100
PAKT gera73
-——— e —  C— ——

AKT

Gapdh e RN catGSe  S——— D g GNP TS

2.07 2.07 .
g =
2 7 1.5 * 1.5
X
<& =,
2
501.0 1.01
B2
X O
< 2 0.5 0.5
X
0.0- 0.0-
PDGF-BB(50ng/ml) -+ o+ 4 -+ + 4
CNP (nM) - - 10100 - - 10100
Figure 27: Effect of CNP on PDGF-BB mediated AKT phosphorylation (serine 473)

Control and IPF fibroblasts were stimulated with 10nM and 100nM CNP for
30min, followed by 50ng/ml PDGF-BB for another 30min. Proteins were
isolated and phosphorylation of AKT (Ser473) and total AKT were detected by
western blotting followed by densitometric analysis. Gapdh was used as a
loading control. (n=3 per group, *p<0.05)

3.2.10 CNP does not prevent PDGF-BB induced phosphorylation of
ERK1/2

Another signaling pathway leading to phosphorylation of FoxO3 through PDGF-BB
activation is the RAS/RAF/MEK cascade, where the kinase ERK phosphorylates FoxO3
(Lubinus et al., 1994; Roy et al., 2010). To examine if CNP can influence this kinase,
ERK1/2 phosphorylation was tested by western blotting (Figure 28). In agreement with
results from murine fibroblasts (Figure 18), PDGF-BB stimulation led to a substantial
increase in ERK1/2 phosphorylation in both groups. No reduction of phosphorylation was
evident after pretreatment with CNP at 10nM or 100nM.
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Figure 28:

tyrosine 204)

Control and IPF fibroblasts were stimulated with CNP 10nM and 100nM for 30
minutes, followed by PDGF-BB (50ng/ml) for another 30 minutes. Proteins
were isolated and phosphorylation of ERK1/2 (Thr202/ Tyr204) and total ERK
were detected by western blotting followed by densitometric analysis. Gapdh

Effect of CNP on PDGF-BB induced ERK phosphorylation (threonine 202/

was used as a loading control. (n=3 per group, *p<0.05)
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4 Discussion

The pathological alteration of resident fibroblasts to myo-fibroblasts under influence of
fibrogenic factors, such as PDGF-BB, has been shown to play an important role in IPF
pathogenesis (Yi et al., 1996). Endogenous counter-regulating factors are barely known.
Several studies have described a protective role of exogenously administered CNP in
pathological tissue remodeling, for example in cardiac and hepatic fibrosis (Bae, Hino,
Hosoda, Miyazato, et al., 2018; Horio et al., 2003). CNP and its cGMP producing GC-B
receptor are expressed in the lung, but it is unknown whether CNP can attenuate lung
fibrosis (Hirsch et al., 2003; Nakanishi et al., 1999).

By employing murine lung fibroblasts and human lung fibroblasts (from ‘healthy’ controls
and IPF patients), this study revealed:

¢ an important role of CNP in regulating PDGF-BB induced collagen expression,
proliferation and migration

¢ these inhibitory effects of CNP are mediated via the GC-B receptor

¢ CNP might mediate these effects via regulation of antifibrotic transcription factor,
FoxO3
These results provided the foundation for further in vivo investigations into the
therapeutic potential for targeting the signaling pathway.

4.1 CNP mediates its effects on collagen and MMP9 expression
viathe GC-B receptor

Studies show that CNP can target two different receptors: The GC-B receptor with
guanylyl cyclase activity, and the cGMP-independent NPR-C receptor (Bennett et al.,
1991). Previously, the NPR-C receptor was accepted as a clearance receptor, leading
to internalization and lysosomal mediated degradation of NPs. (Almeida et al., 1989;
Cohen et al., 1996). All signaling effects of CNP were thought to be mediated via the
GC-B receptor. It took some time until the ability to mediate CNP signaling was also
observed for the NPR-C receptor. However, in contrary to the GC-B receptor, NPR-C
does not possess guanylyl cyclase activity. Instead, this receptor activates the inhibitory
guanine nucleotide regulatory protein Gi, which then inhibits adenylyl cyclase activity and
triggers phospholipase 2 (Anand-Srivastava et al., 1990; Anand-Srivastava et al., 1987;
Hirata et al., 1989). It is still unknown how, and under which conditions, the receptor

switches between its clearance and signaling functions.
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To investigate the receptor responsible for mediating the preventive effect of CNP on
PDGF-BB-induced collagen and MMP9 expression, a knock out (KO) of the GC-B
receptor was induced in murine fibroblasts. For this purpose, lung fibroblasts isolated
from mice with Colla2Cre®R™2; GC-B"*"* genotype were treated with 4-OH Tamox for
72 hours to induce a KO of the receptor and compared to 4-OH Tamox treated control
wildtype fibroblasts. The KO was confirmed at the genetic and protein level by DNA PCR
and western blotting, respectively (Figure 6, Figure 7). The cGMP response to CNP in
the KO cells was absent as compared to controls, validating a functional KO.

In agreement with previous findings from our lab, the control fibroblasts treated with
4-OH Tamox demonstrated a significant increase in the expression of collagen 1 and 3,
and MMP9, after PDGF-BB treatment. Pretreatment of the cells with CNP (10nM and
100nM) prevented this effect (Figure 11, Figure 12, Figure 14). Interestingly, in KO
fibroblasts, though PDGF-BB still augmented the expression of the above mentioned
fibrotic markers, CNP did not display any preventive effect (Figure 11, Figure 12, Figure
14). Hence, we conclude that CNP attenuates PDGF-BB induced changes in expression
of fibrotic genes through activation of the GC-B receptor.

Few earlier studies have indicated a role of CNP in regulating fibroblast phenotype. CNP
was shown to inhibit DNA and collagen synthesis in cultured adult rat cardiac fibroblasts
(Horio et al., 2003). CNP was further shown to ameliorate collagen increase in a
bleomycin induced pulmonary fibrosis mouse model (Kimura et al., 2016). Our findings
agree with these previous studies, and further, show that these effects of CNP are

mediated via GC-B receptor.

Interestingly, the effect of CNP on VASP phosphorylation and expression of MMP9 and
collagen was similar in concentrations of 10nM and 100nM. One plausible reason could
be the saturation of the GC-B receptor at 10nM concentration, hence an increase in the

CNP concentration does not show an additive effect.

4.2 CNP modulates PDGF-BB induced proliferation and migration
of murine lung fibroblasts via GC-B receptor

In IPF, the lung fibroblasts exhibit significantly increased proliferation and migratory

capacity. This has been attributed to the elevated levels of growth factors such as

PDGF-BB and TGF-3 (Al-Tamari et al., 2018; Tisler et al., 2020). Indeed, we observed

an increased migration and proliferation in control and KO fibroblasts after treatment with
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PDGF-BB. Importantly, in the control group, CNP was able to reduce these functional
changes. However, in the KO fibroblasts the peptide did not show any effect on the
migration and proliferation induced by PDGF-BB (Figure 13, Figure 15). This confirms
that the anti-proliferative and anti-migratory effects of CNP is mediated by the GC-B
receptor. Intriguingly, KO fibroblasts displayed a significantly higher proliferation
compared to control cells at basal conditions, hinting towards an inherent role of GC-B

in regulating proliferation. This effect needs to be further investigated in future.

In bleomycin induced fibrosis mouse model, CNP infusion decreased the number of
Ki-67-positive cells in lung fibrotic lesions, suggesting antiproliferative effects of CNP in
PF (Murakami et al., 2004). Further, by employing a transwell migration assay using rat
cardiac fibroblasts, Li et al. showed that CNP inhibits the migration of these cells (Li et
al., 2015). Our results agree very well with these previous findings and further show that
GC-B receptor mediates the effects.

4.3 CNP/GC-B signaling regulates antifibrotic transcription factor
FoxO3

Recently it was shown that FoxO3 in its active, unphosphorylated form is downregulated
in IPF. A knockdown of FoxO3 in healthy fibroblasts promotes fibroblast-myofibroblast
conversion with increase of migration, proliferation, and collagen production. In
bleomycin-induced pulmonary fibrosis, knockdown of the peptide aggravates fibrotic
changes (Al-Tamari et al., 2018). FoxO3 activity is regulated by post translational
modifications of the protein, mainly phosphorylation. This phosphorylation is regulated
by various kinases such as AKT and ERK that are also known to be regulated by NPs
via cGMP mediated signaling in different cell types (Brunet et al., 1999; Jerczynska &
Pawlowska, 2009; Roy et al., 2010). Hence, we aimed to investigate whether CNP can
mediate its antifibrotic effects via regulation of FoxO3. In previous studies carried out in
our lab, the typical profibrotic phosphorylation of FoxO3 at Threonine 32 was detected
after treatment of control lung fibroblasts with PDGF-BB. This phosphorylation was

prevented after pretreatment with CNP.

As a part of the presented thesis work, the effect of GC-B KO was analyzed on the CNP
mediated regulation of FoxO3 phosphorylation. Similar to our previous results, PDGF-BB
induced FoxO3 phosphorylation was prevented by CNP in control murine lung

fibroblasts. This effect was completely removed in GC-B KO fibroblasts (Figure 16).
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To investigate the mechanism underlying CNP dependent regulation of the FoxO3
phosphorylation, AKT and ERK1/2 phosphorylation were studied. Both kinases are
known to induce phosphorylation of FoxO3 and are activated by growth factors like IGF-1
(Brunet et al., 1999; Nho et al., 2011; Roy et al., 2010). This described increase in
phosphorylation was observed in control and KO group after treatment with PDGF-BB.
Previous studies have also shown that in endothelial cells CNP inhibits the activation of
PI3K/AKT and MEK/ERK pathways by the cytokine TNFa, concomitantly reducing the
expression of the fibrinolysis inhibitor PAI-1 (plasminogen activator inhibitor type 1)
(Jerczynska & Pawlowska, 2009). However, depending on the cell type, opposite effect
of CNP on activation of AKT and ERK1/2 are observed mediated via the NPR-C pathway
(Bubb et al., 2019). In the current study, CNP did not exhibit any significant effect on
PDGF-BB induced phosphorylation of AKT and ERK1/2 in the control or GC-B KO group.
Based on our results, we conclude that CNP is not dephosphorylating FoxO3 via these
two pathways (Figure 17, Figure 18). Hence, other signaling pathways leading to
inactivation of FoxO3 need to be further explored and their regulation by CNP studied.
For example, serum- and glucocorticoid-inducible kinases (SGKs), which also can be
activated by growth factors and lead to cellular functions in concert with AKT, could be
part of continuing studies (Brunet et al., 2001). Further, considering the high number of
negative regulatory Ser/Thr phosphoacceptor sites of FoxO3, the involvement of protein
Ser/Thr phosphatases in the control of transcriptional activity was investigated by Singh
et al. in 2010. In their study, they detected a strong interaction between FoxO3 and the
Protein Phosphatase 2A (PP2A). After inhibition of AKT, PP2A-mediated
dephosphorylation of Thr32/Ser253 is necessary for dissociation of the scaffold protein
14-3-3, nuclear translocation, and activation of FoxO3 (Singh et al., 2010). Therefore,

future studies should explore the Foxo3 reactivating, dephosphorylating phosphatases.

4.4 CNP mediated cGMP response in control and IPF fibroblasts
and expression of CNP receptors (GC-B and NPR-C)

After a preventive, antifibrotic effect of CNP on PDGF-BB induced fibrosis was proven in
murine lung fibroblasts, similar studies were carried out in human lung fibroblasts to
verify the clinical relevance. For these experiments healthy control and diseased
idiopathic pulmonary fibrosis (IPF) fibroblasts were used to compare the reaction of the

physiological and pathophysiological cells to the stimulation.

64



4 Discussion

In both control and IPF fibroblasts, treatment with CNP leads to a similar increase in the
cGMP response, confirming that CNP can take effect under healthy and diseased
conditions (Figure 19A). However, a comparison of the absolute cGMP amount at basal
level demonstrated a lower formation rate in the IPF cells (Figure 19B). Also, with
increasing CNP concentration the absolute cGMP level tends to be lower in the IPF cells
(Figure 19C). Interestingly, the expression of the GC-B receptor is increased in the IPF
fibroblasts (Figure 20). This means that the diseased cells display higher membrane
receptor expression, but the receptor is producing less cGMP on binding CNP. Previous
studies showed that temporal desensitization of the receptor can be a reason for the
reduced cGMP formation. This conformation change happens in a time-dependent
manner after exposure to the NP, leading to dephosphorylation, and therefore,
inactivation of the GC-B receptor (Potter, 1998). It is also published that growth factors
can inhibit the GC-B receptor by dephosphorylation (Robinson et al., 2017). In IPF
fibroblasts these factors are more represented, leading to less activated receptors. In
contrast, the NPR-C receptor expression was similar in both groups.

4.5 CNP prevents PDGF-BB induced collagen 1, MMP9
expression, proliferation and migration in control and IPF
fibroblasts

As mentioned above, Al-Tamari et al. previously described an increased collagen
expression and proliferation in human IPF fibroblasts in vitro when compared to a healthy
control group (Al-Tamari et al., 2018). Also, the collagen fiber organization of control and
diseased fibroblasts were compared and an increased cell migration was already
detected (Tisler et al., 2020). All these results could be confirmed in this thesis to an
extent. IPF fibroblasts exhibited significantly higher migration rate in comparison to
control group (Figure 24). Furthermore, a tendency towards increased proliferation was
observed in IPF fibroblasts (Figure 25).

Next, the protective effects of CNP (uncovered in murine lung fibroblasts) on PDGF-BB
driven collagen expression, proliferation, and migration were investigated in human cells.
The PDGF-BB induced increase in collagen 1 and MMP9 expression was reduced after
CNP pretreatment in control and IPF fibroblasts (Figure 22, Figure 23). Moreover, the
PDGF-BB mediated enhanced migration and proliferation was attenuated by CNP
stimulation in both groups (Figure 24, Figure 25). Importantly, these results show that
effects of CNP are preserved in healthy human control as well as IPF fibroblasts. CNP

can play a preventive role not only in healthy patients, but also in IPF where it could help
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to ameliorate the disease. Similar to the murine cells, CNP concentrations of 10nM and
100nM displayed a similar effect, that can again be due to the saturation of GC-B
receptor already at the lower CNP concentration. Indeed, as observed from the RIA,
cGMP response to 10nM and 100nM CNP were quite similar in both control and IPF

fibroblasts.

4.6 CNP prevents PDGF-BB-induced phosphorylation of FoxO3 in
control fibroblasts, while the effect was attenuated in IPF
fibroblasts

In previous studies, a decreased FoxO3 expression was detected in IPF fibroblasts
compared to a control group, whereas the inactive, phosphorylated FoxO3 form was
upregulated (Al-Tamari et al., 2018). This underpins the idea that regulation of the
transcription factor plays an important role in this disease. To study whether CNP can
influence FoxO3 as in murine fibroblasts, the phosphorylation of FoxO3, AKT and
ERK1/2 were investigated by western blotting. All three, FoxO3, AKT, and ERK1/2,
exhibited increased phosphorylation in response to PDGF-BB stimulation, in both control
and IPF fibroblasts. Similar to murine cells, CNP prevented FoxO3 phosphorylation
significantly in control cells, while this was less pronounced in IPF cells (Figure 26).
Furthermore, AKT and ERK1/2 phosphorylation were not affected by CNP (Figure 27,
Figure 28). In conclusion, PDGF-BB mediated FoxO3 phosphorylation is prevented by
CNP in human fibroblasts. Consistent with murine fibroblasts, this effect is via GC-B
receptor. Further studies need to be carried out in order to determine the mechanism

underlying this regulation.

4.7 Conclusion and Outlook

Taken together, the results of this thesis show that CNP moderates the PDGF-BB-
induced activation and differentiation of human and murine lung fibroblasts to
myofibroblasts. The peptide prevents an increase of collagen and MMP9 expression and
reduces the migratory and proliferative capacity of the cells. This effect is mediated by
GC-B/cGMP signaling and by FoxO3 regulation/stabilization. Importantly, the
observation that the antifibrotic effect is preserved in IPF fibroblasts confirms the

therapeutically relevance of these findings.

To follow up the pathophysiological and therapeutic importance of these results, we are

generating mice with fibroblast-restricted GC-B deletion for studies in the model of
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bleomycin-induced pulmonary fibrosis. Additionally, the desensitization of the GC-B
receptor detected in the IPF cells will be further explored. Therefore, a cyclase assay is
planned to investigate the guanylyl cyclase activity of the GC-B receptor and the
phosphorylation status of the GC-B receptor in control and IPF fibroblasts will be

checked.
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5 Summary

Idiopathic Pulmonary Fibrosis (IPF) is a progressive parenchymal lung disease with
limited therapeutic treatments. Pathologically altered Ilung fibroblasts, called
myofibroblasts, exhibit increased proliferation, migration, and collagen production, and
drive IPF development and progression. Fibrogenic factors such as Platelet derived
growth factor-BB (PDGF-BB) contribute to these pathological alterations. Endogenous
counter-regulating factors are barely known. Published studies have described a
protective role of exogenously administered C-type Natriuretic Peptide (CNP) in
pathological tissue remodeling, for example in heart and liver fibrosis. CNP and its cyclic
GMP producing guanylyl cyclase B (GC-B) receptor are expressed in the lungs, but it is
unknown whether CNP can attenuate lung fibrosis by this pathway. To address this
guestion, we performed studies in primary cultured lung fibroblasts.

To examine the effects of the CNP/GC-B pathway on PDGF-BB-induced collagen
production, proliferation, and migration in vitro, lung fibroblasts were cultured from wild-
type control and GC-B knockout mice. Human lung fibroblasts from patients with IPF and
healthy controls were obtained from the UGMLC Biobank. In RIA experiments, CNP, at
10nM and 100nM, markedly and similarly increased cGMP levels in both the murine and
human lung fibroblasts, demonstrating GC-B/cGMP signaling. CNP reduced PDGF-BB-
induced proliferation and migration of lung fibroblasts in BrdU incorporation and gap
closure assays, respectively. CNP strongly decreased PDGF-BB-induced collagen 1/3
expression as measured by immunocytochemistry and immunoblotting. Importantly, the
protective actions of CNP were preserved in IPF fibroblasts. It is known that the
profibrotic actions of PDGF-BB are partly mediated by phosphorylation and nuclear
export of Forkhead Box O3 (FoxO3), a transcription factor downregulated in IPF. CNP
prevented PDGF-BB elicited FoxO3 phosphorylation and nuclear exclusion in both
murine and human control and IPF fibroblasts. CNP signaling and functions were

abolished in GC-B-deficient lung fibroblasts.

Taken together, the results show that CNP moderates the PDGF-BB-induced activation
and differentiation of human and murine lung fibroblasts to myofibroblasts. This effect is
mediated CNP-dependent by GC-B/cGMP signaling and FoxO3 regulation. To follow up
the patho-physiological relevance of these results, we are generating mice with
fibroblast-restricted GC-B deletion for studies in the model of bleomycin-induced

pulmonary fibrosis.
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6 Zusammenfassung

Idiopathische pulmonale Fibrose (IPF) ist eine progressiv fortschreitende, parenchymale
Lungenerkrankung mit beschrankten therapeutischen Behandlungsmdglichkeiten.
Pathologisch veranderte Lungenfibroblasten, sogenannte Myofibroblasten, zeigen eine
verstarkte Proliferation, Migration und Kollagenproduktion, die zu einem permanenten
Fortschreiten der Erkrankung fuihren. Wahrend fibrogene Faktoren wie Platelet derived
growth factor-BB (PDGF-BB) zu dieser pathologischen Verédnderung beitragen, sind
endogene Faktoren, die diesem Wandel entgegenwirken, kaum bekannt. Allerdings
konnten Studien bereits eine protektive Wirkung von exogen verabreichten C-typ
natriuretischen Peptid (CNP) auf krankhaft verédndertes Gewebe beschreiben, wie
beispielsweise bei Herz- und Leberfibrose. Es ist bekannt, dass CNP und sein cGMP
produzierender Rezeptor Guanylyl-Cyclase-B Rezeptor (GC-B) in der Lunge exprimiert
werden. Allerdings konnte noch nicht nachgewiesen werden, ob CNP durch diesen
Signalweg den Fortschritt einer Lungenfibrose verzégern kann. Um dies herauszufinden,

wurden Experimente mit kultivierten, priméren Lungenfibroblasten durchgefihrt.

Um die Effekte des CNP/ GC-B Signalwegs auf die PDGF-BB induzierte
Kollagenproduktion, Proliferation und Migration in vitro zu Uberprufen, wurden
Lungenfibroblasten von Kontroll- und GC-B-Knock-Out Méausen kultiviert. Weiterhin
erhielten wir von der UGMLC Biobank menschliche Fibroblasten von IPF-erkrankten
Patienten, sowie gesunde Kontrollfibroblasten. Zur Bestatigung der Funktionalitat des
GC-B/cGMP Weges, wurde in murinen und humanen Fibroblasten mithilfe eines RIAs
ein durch CNP (10nM und 100nM) deutlich erhdhtes cGMP-Level gemessen. CNP
reduzierte die durch PDGF-BB induzierte Beschleunigung von Proliferation und
Migration der Lungenfibroblasten, was mit Hilfe von BrdU incorporation und Gap closure
assay hachgewiesen wurde. Ebenfalls zeigten Immunocytochemistrie und -blotting, dass
CNP den PDGF-BB induzierten Anstieg an Kollagenexpression verhindert. Somit wurde
festgestellt, dass der schitzende Effekt von CNP auch in IPF Fibroblasten erhalten
bleibt. Weiterhin ist bekannt, dass die PDGF-BB-induzierten, profibrotischen
Veranderungen durch Phosphorylierung und Export des Transkriptionsfaktors Forkhead
Box O3 (FoxO3) aus dem Zellkern vermittelt werden, welcher in IPF Fibroblasten
vermindert exprimiert ist. CNP verhindert diese PDGF-BB aktivierte Phosphorylierung
und Translokation in murinen und humanen Kontroll- und IPF-Fibroblasten. In
Lungenfibroblasten mit Deletion des GC-B- Rezeptors war das CNP-Signal und auch

dessen Effekt ausgeldscht.
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6 Zusammenfassung

Zusammengefasst zeigen die Ergebnisse, dass CNP die PDGF-BB induzierte
Aktivierung und Differenzierung von menschlichen und murinen Lungenfibroblasten zu
Myofibroblasten beeinflusst. Dieser Effekt wird CNP-abhéngig durch den GC-B/cGMP
Signalweg und durch die Regulierung von FoxO3 vermittelt. Um abschlieRend die
pathophysiologische Relevanz dieser Erkenntnisse zu zeigen, werden zukiinftig Mause
mit einer fibroblasten-spezifischen Deletion des GC-B Rezeptors fir Studien in

Bleomycin-induzierter Lungenfibrose genutzt.
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Appendix

List of Abbreviations

AKT Ak strain transforming/ Proteinkinase B
ALAT Latin American Thoracic Association
ANP Atrial natriuretic peptide

ATS American Thoracic Society

BCA Bicinchonine acid-Assay

bFGF Basic fibroblast growth factor

BNP Brain natriuretic peptide

BrdU Bromodeoxuridine

BSA Bovine serum albumin

cAMP Cyclic adenosine monophosphate
CF-CYT Cell fractioning buffer-cytoplasma
CF-MEM Cell fractioning buffer-membrane
CF-NE Cell fractioning buffer-nucleus

cGK cGMP-dependent protein kinase
cGMP Cyclic guanosine monophosphate
CNP C-type natriuretic peptide

DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

EGF Epidermal growth factor

ERK Extracellular-signal related kinase
ERS European Respiratory society

FCS Fetal calf serum

FGF Fibroblast growth factor

Fox Forkhead box transcription factor
GC-A Guanylyl-cyclase receptor A

GC-B Guanylyl-cyclase receptor B

GTP Guanosine triphosphate

HRCT High-resolution computed tomography
IBMX 3-Isobutyl-1-Methylxanthin

ICAM Intercellular adhesion molecule
IFNy Interferon y

IGF 1 Insulin-like growth factor 1

IPF Idiopathic pulmonary fibrosis

JRS Japanese Respiratory Society

KO knock out

MEK Mitogen activated protein-kinase
microRNA Micro-ribonucleic acid

MRNA Messenger-ribonucleic acid




MMP Matrix-metalloproteinase

NO Nitrogen monoxide

NPR-A Natriuretic peptide receptor A

NPR-B Natriuretic peptide receptor B

NPR-C Natriuretic peptide receptor C

PAI-1 Plasminogen activator inhibitor type 1

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PDE Phosphodiesterase

PDGF Platelet derived growth factor

PDK1 Phosphoinositide-dependent kinase-1

PF Pulmonary fibrosis

PFA Paraformaldehyde

PI3K Phosphoinositid-3-kinase

PKG Proteinkinase G

RAAS Renin-angiotensin-aldosterone-system

RAF Rapidly accelerated Fibrosarcoma

RAS Rat sarcoma virus

RIA Radioimmuno-assay

RIPA buffer Radioimmunoprecipitation assay buffer

RT Room temperature

SGK Serum- and glucocorticoid-inducible kinase

a-SMA Alpha-smooth muscle actin

SDS Sodium-Dodecyl-Sulfate

SDS-Page Sodium-Dodecyl-sulfate-polyacrylamide-
gelelctrophorese

Tamox Tamoxifen

TBS-T Tris-buffered saline with Tween20

TGF B Transforming growth factor 8

uIP Usual interstitial pneumonia

VASP Vasodilator-stimulated phosphoprotein
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IV Buffer, Gels and Antibodies

Table 11: Digestion buffer
Name: Concentration:
Ethylene diamine tetra acetate (EDTA) 5mM
PCR-H-O 50ml
Sodium Chloride (NaCl) 200mM
Sodium-Dodecylsulfate (SDS) 0,2% (w/iv)
Tris 100mM

Table 12: Laemmli-Buffer (3x)
Name Concentration
Bromphenolblue, pH 6.7 0.01% (wiv)
Glycerol 15% (v/v)
SDS 6% (W/V)
Tris-HCI (pH 6.8) 200mM

3-Mercaptoethanol

10% (V/v)

(KHoPOJ)

Table 13: PBS
Name: Concentration:
Disodium phosphate (Na;HPOy 10mM
NacCl 137mM
Potassium Chloride (KCI) 2.7mM
Potassium dihydrogen phosphate 1.8mM

Table 14: Resolving gel
Name Concentration 8% Concentration 10%
Ammoniumpersulfat (APS, 10 %) | 150yl 150ul
ddH.0 7.0ml 5.9ml
N.N.N",N’- oul 6ul
tetramethylethylendiamine
Rotiphorese®Gel 30 4.0ml 5.0ml
SDS (10%) 150ul 150ul
Tris-HCI (1.5M, pH 8.8) 3.8ml 3.8ml
Table 15: Running Buffer
Name: Concentration:
Glycine 200mM
SDS 0.1% (w/iv)
Trizma®base 25mM
Table 16: Stacking gel
Name Concentration
APS (10 %), 100yl
ddH20 6.8ml
N.N.N",N’-tetramethylethylendiamine 10l
Rotiphorese®Gel 30 1.7ml
SDS (10%) 100pl
Tris-HCI (1,0 M, pH 6.8) 1.24ml




Table 17: Stripping Buffer

Name: Concentration:
ddH,O 44.35ml
SDS 12ml
Trizma®base 3.75ml
3-Mercaptoethanol 480ul

Table 18: TAE buffer (50x)
Name: Concentration:
EDTA 50mM
Natriumacetate 0.25M
Trizma®base 2M

Table 19: TBS-T
Name: Concentration:
NaCl 94.6mM
Trizma®base 19.8mM
Tween®20 0.1% (v/v)

Table 20: Transfer buffer
Name: Concentration:
Glycine 192mM
Methanol 20% (v/iv)
Trizma®base 25mM

Table 21: TE Buffer
Name: Concentration:
EDTA 20uM
Trizma®base 10mM

Table 22: Antibodies
Name: Company:
AKT Cell signaling (9272)

Alexa Fluor® 488 donkey anti-rabbit

Life technologies (A21206)

Collagen 1 (WB for human fibroblasts)

Proteintech (14695-1-AP)

Collagen 1 (WB for murine fibroblasts)

Meridian (T40777R)

Collagen 3 (Immunofluorescence)

Abcam (ab7778)

ERK

Cell signaling (9102S)

FoxO3 Cell signaling (2497)
GAPDH Cell signaling (2118S)
GC-B From Prof. Hannes Schmidt
MMP9 Proteintech (10375-2-AP)
Na'-K*-ATPase Abcam (ab26020)

NPR-C Origene (TA501080)

PAKT sera73 Cell signaling (9271S)
PERKrhr202/1yr204 Cell signaling (9102)
pFoxO3ths2 Cell signaling (9464)
PVASPser239 Cell signaling (3114)

Sec. AB guinea pig

Dianova (106-545-003)

Sec. AB mouse

Dianova (115-035-062)




Sec. AB rabbit

Dianova (111-035-144)

VASP

Cell signaling (3112)
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