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1 Introduction

1 Introduction

1.1 Chronic lung diseases

Chronic lung pathologies, such as chronic obstructive pulmonary disease (COPD) or
idiopathic pulmonary fibrosis (IPF), account for a significant health and economic
burden worldwide.

COPD is a widespread disease. A meta-analysis conducted in 2006 estimated a global
prevalence of around 10 %, while the Burden of Obstructive Lung Disease (BOLD)
study collected spirometry data from 12 sites all over the world and assumed an even
higher prevalence (1, 2). Although COPD is a slowly progressing disease, its mortality
and morbidity is striking. A projection of Mathers et al. estimated COPD to be the
fourth leading cause of death worldwide by 2030 and in another study assessing years
lived with disability in 2010, COPD was on rank 5 among all diseases (3, 4).

IPF is less common with a global incidence of 3-9 in 100,000 which is still on the rise
owing to improved diagnostic tools and raised awareness among physicians (5, 6). What
makes IPF a topic of increasing public interest is the clinical course of the disease with
a very poor median survival of 2.5 to 3.5 years after diagnosis making it deadlier than
many types of cancer (7).

Strikingly, the decline in lung function in both COPD and IPF is irreversible and

therapeutic approaches to slow down disease progression remain limited (8, 9).

1.1.1 COPD

COPD is characterized by progressive and irreversible airflow limitation caused by
chronic airway inflammation with subsequent airway remodeling and the destruction of
the alveolar walls resulting in lung emphysema. The main risk factor for the
development of COPD is clearly a history of continuous tobacco smoking which is the
reason why smoking cessation should be encouraged in every smoking COPD patient
(8). However, since COPD also occurs in never-smokers, other factors such as
occupational exposure to organic dusts, air pollution and a specific hereditary defect in
the al-antitrypsin gene need to be taken into account (10-13).

COPD patients present with respiratory symptoms of various degrees, the most
prevalent ones being chronic cough, increased sputum production, progredient dyspnea

and wheezing as consequence of the airflow limitation. Complications include

1



1 Introduction

exacerbations of lung function decline, chronic respiratory insufficiency, cachexia
secondary to increased respiratory muscle work and pulmonary hypertension (8, 14).

The formal diagnosis of COPD is made by spirometry with an initial assessment of the
Tiffeneau index after bronchodilator application, which is calculated by the Forced
Expiratory Volume in 1 second (FEV1) divided by the Forced Vital Capacity (FVC).
Once COPD is diagnosed, the subsequent classification into Global Initiative for
Chronic Obstructive Lung Disease (GOLD) groups A-D relevant for therapy relies on
the age-adjusted FEV|, the amount of exacerbations and the impact of the symptoms on

quality of life assessed by the mMRC and CAT questionnaire (8).
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Figure I1: Radiologic and histologic characteristic of COPD
CT scan (left) shows airway thickening (yellow arrow) and emphysema (black arrow), histology (right,
hematoxylin and eosin stain) shows severe emphysema with loss of alveolar septa. Modified images with

permission of John Wiley and Sons and American Society for Clinical Investigation (15, 16).

The current pharmacological therapy of COPD focuses on bronchodilators, mainly
anticholinergic drugs and B2-agonists, which are both available in short-acting and long-
acting formulas, and in later stages on anti-inflammatory inhaled corticosteroids (8, 17).
Antibiotics and the phosphodiesterase inhibitor Roflumilast are occasionally used in
patients with frequent exacerbations. Mucolytics can help to control symptoms.
Nonpharmacologic treatment options like pulmonary rehabilitation programs, physical
exercise and vaccinations against influenza and pneumococcus have also been shown to
be beneficial. For patients with respiratory insufficiency, oxygen therapy and assisted

ventilation should be considered (8).
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1.1.1.2 Pathogenesis of COPD

The pathologic hallmarks of COPD are chronic airway inflammation and remodeling as
well as pulmonary emphysema. Large airway inflammation in the context of chronic
bronchitis is characterized by submucosal gland hypertrophy and disruption of the
mucociliary clearance which is responsible for the productive cough patients suffer
from, but probably not for airflow limitation (18, 19). Airflow limitation seems to be
mainly caused by small airway disease and emphysema, specifically the loss and
narrowing of terminal bronchioles which has been shown to precede the
emphysematous destruction (20, 21). The initial step is usually the repeated inhalation
of injurious substances, mainly tobacco smoke, which leads to ongoing inflammatory
infiltration of airways and alveolar walls (22, 23). Along with the oxidative stress
caused by smoking, this inflicts damage to the structural cells of the lung such as
alveolar epithelial cells which subsequently undergo apoptosis (24-26). The list of
further pathobiological processes driving disease progression is extensive. Some
examples include impaired lung development in utero, genetic and epigenetic alterations
and interactions with the lung microbiome (11, 27, 28). Upon ongoing inflammation
and cellular damage in the lung, abnormal tissue repair and remodeling start to take
place (29). One key remodeling feature observed in COPD is vast degradation of the
extracellular matrix (ECM). The main effectors of this cleavage are neutrophil elastase
and matrix metalloproteinases (MMP), whose control by anti-proteinases is disturbed in
COPD (22, 30). Historically, elastin has been recognized as the chief ECM component
insulted resulting in reduced elastic recoil (23). However, recent studies also identified
other matrix proteins as differentially expressed in COPD around the small airways as
well as in the emphysematous parenchyma (31-35). Fibroblasts are the main ECM-
producing cell type in the lung and one of the chief effectors of tissue homeostasis and
repair following injury (36). In addition to altered ECM synthesis, which is likely
attributable to fibroblast dysfunction, primary fibroblasts from lungs of COPD patients
show features of diminished repair capacity along with increased senescence and
increased secretion of inflammatory cytokines (37-40). A more profound understanding
of the molecular background and mediators driving these alterations is needed and will

pave avenues for future therapeutic strategies.
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1.1.2 IPF

IPF is a specific form of idiopathic interstitial pneumonia of unknown etiology. It is

characterized by progressive scarring of the lungs resulting in respiratory failure within

few years in most patients. Adult patients with chronic exertional dyspnea, dry cough,

finger clubbing and inspiratory crackles should be evaluated regarding IPF (41, 42). In

the clinical course, which appears to vary remarkably, patients gradually develop a

restrictive lung disorder with reduced FVC and reduced diffusion across the blood-air

barrier (7). Clinical deteriorations are caused by acute exacerbations, right heart and

respiratory failure similar to end-stage COPD (41, 43, 44). The diagnosis of IPF is made

when three criteria are fulfilled:

1. Known causes (e.g. connective tissue disease, drug toxicity, occupational
environmental exposure) have to be excluded.

2. A pattern of usual interstitial pneumonia (UIP) has to be present in high-
resolution computed tomography (HRCT).

3. If surgical lung biopsy has been undertaken, the histologic results have to be

concordant with the HRCT imaging (41).

Figure 12: Radiologic and histologic characteristic of IPF

HRCT imaging (left) shows UIP pattern with honeycombing and subpleural thickening, histology (right,
hematoxylin and eosin stain) shows dense fibrosis with fibroblastic foci (arrows) and mild interstitial

inflammation. Modified images with permission of Elsevier (45).

Given the devastating and incurable nature of IPF, the lack of therapeutic options is
alarming. The usual approach to treat interstitial lung diseases with steroids and
immunomodulatory agents like Azathioprin is ineffective, in some constellations even

harmful (46, 47). In the last years, two drugs with antifibrotic properties, Pirfenidone
4
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and Nintedanib, were introduced (48, 49). In 2015, an international practice guideline
gave a conditional recommendation for the use of these drugs because of studies
showing improved clinical parameters. However, they do not seem to decrease mortality
(9). In the treatment of acute exacerbations, corticosteroids are used based on a weak
recommendation (50). Regarding supportive care, the guideline endorses the use of
pulmonary rehabilitation as well as oxygen for resting hypoxemia. As a last resort, the

only therapeutic intervention to improve survival is lung transplantation (41).

1.1.2.2 Pathogenesis of IPF

Central to the pathology of IPF are marked fibrotic changes which distort normal lung
architecture in a heterogeneous temporospatial pattern. Usually, these remodeling
processes begin to manifest in the subpleural regions with the deposition of collagen.
Professional collagen-producing fibroblasts are organized in reticular foci at the edge
between healthy-looking and diseased lung tissue (46). These cellular conglomerates are
often located close to hyperplastic or apoptotic alveolar epithelial cells (51, 52). This
spatial association underlines the prevailing hypothesis of IPF as a disease driven by
deranged epithelial-mesenchymal crosstalk. It is assumed that repetitive injury to
alveolar epithelial cells is the initial step in this respect. Alike COPD, cigarette smoking
is recognized as one of the major risk factors, but also gastroesophageal reflux,
endoplasmatic reticulum stress and oxidative stress have been subject to discussions
(46, 53-55). Notably, there are familial forms of pulmonary fibrosis which present with
mutations in genes encoding for epithelial proteins, like mucin 5B, highlighting genetic
predispositions for the development of IPF (56, 57). Upon injury in the context of IPF,
alveolar epithelial cells secrete cytokines such as the profibrotic transforming growth
factor B1 (TGF-B) acting on the surrounding cells. Furthermore, the basement membrane
is continuously damaged because alveolar epithelial cells fail to regenerate properly,
and the coagulation cascade is ongoingly activated (45, 58). All these factors contribute
to the differentiation of fibroblasts into highly synthetically active myofibroblasts,
which account for the increased ECM production (46, 52). A special characteristic of
myofibroblasts present in IPF lungs is the enhanced resistance to apoptosis which is
suggested to be an explanation why the scarring does not resolve like in physiologic
wound healing (59). Interestingly, the composition and stiffness of the ECM deposited
in IPF appears to propagate the profibrotic phenotype of fibroblasts (46, 60). Several

contributing factors to disease development, like gastric reflux, oxidative stress and an
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overactive coagulation cascade are amenable to therapy. However, studies using anti-
acid drugs, antioxidants or anticoagulants could hardly show any clinical benefit (61-
63). The same holds true for drugs used against pulmonary hypertension with the
observation of pathological vasculature found in IPF lungs (64, 65). Collectively, there
is an urgent need for new therapeutic targets in IPF. Investigating fibroblasts as the

main effector of ECM production seems to be a promising strategy.

1.1.3 Similarities between COPD and IPF

Although COPD and IPF are often regarded as highly dissimilar diseases with the
obstructive disorder with tissue loss, COPD, on one side and the restrictive disorder
with tissue increase, IPF, on the other side, there is a growing number of reports
describing overlap of these diseases, even in individual patients (45, 66). In fact, the
scientific field is discussing whether a disease entity called combined pulmonary
fibrosis and emphysema (CPFE) should be recognized (67). The major risk factor for
CPFE is heavy cigarette smoking. A review of Jankowich et al. described that a
compelling number of 98% of CPFE patients have a smoking history (68). Interestingly,
spirometric parameters of CPFE patient are often normal, so HRCT imaging is used to
establish the diagnosis (Fig. I3). The management of CPFE requires precaution because
patients are more prone to develop pulmonary hypertension and lung cancer compared

to patients suffering from COPD or IPF alone (67, 69, 70).

Figure I3: Chest HRCT of a CPFE patient

HRCT imaging shows upper-lobe emphysema (left) and lower-lobe pulmonary fibrosis (right) in a patient
with CPFE. Modified images with permission of El Sevier (68).
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As an explanation for the clinical picture described, it is worth noting that COPD and
IPF share several pathophysiological principles (71). One of the best described
similarities is the concept that both diseases partly represent accelerated and abnormal
aging of the lung (72, 73). Astonishingly, a recent report described familial early-onset
combined fibrosis and emphysema caused by a mutation in telomerase, a protein that is
a key regulator of cellular regeneration in the face of aging processes (74). As a feature
of lung aging in the context of chronic lung diseases, Meiners et al. proposed
dysregulation of the ECM. In both COPD and IPF, ECM composition and turnover and
along with this, the biology of the main professional ECM-synthesizing and -organizing
cells, fibroblasts, is substantially deranged (32, 72). This has severe implications on the
regenerative potential of the lung. In addition to the dynamics of cell-ECM interaction,
lung regeneration is determined by endogenous progenitor cells and signaling pathways
(75). Also, when it comes to altered cellular signaling, COPD and IPF display
remarkable similarities. Both profibrotic such as TGF-f and “Wingless-related
integration site”’-3A (WNT3A) and proinflammatory cytokines such as Tumor Necrosis
Factor-a (TNF-a), Interleukin-6 (IL-6) and Interleukin-1p (IL-1B) have been shown to
be involved in the pathogenesis in both diseases (76-81). Another group of dysregulated
signaling pathways are developmental pathways, like Notch and WNT signaling (82-
84).
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1.2 WNT pathway

1.2.1 Signal transduction and functions

The WNT pathway refers to a group of 19 secreted glycoproteins, the so-called WNTs,
that share specific amino acids sequences and are able to initiate an intracellular
signaling cascade by binding to one of 10 Frizzled (FZD) receptors (85, 86). In a
simplified way, WNT signaling can be divided into a canonical pathway that relies on
intracellular signal transduction activating the key mediator B-catenin, and non-
canonical pathways that signal independently of B-catenin (Fig. 14). When the canonical
WNT signaling pathway is inactive (i.e. no WNT present), cytosolic B-catenin is
constantly marked for proteasomal degradation by the so-called “B-catenin destruction
complex” consisting of “glycogen synthase kinase” (GSK)-3p, “adenomatosis polyposis
coli” (APC), axin and casein kinase (CK)-1 (85). The first step in the activation of
canonical WNT signaling is binding of a WNT to a FZD receptor and a “low density
lipoprotein receptor related proteins receptor” (LRP) 5/6 located on the cell membrane
(87). Subsequently, the B-catenin destruction complex is inhibited by the signaling
intermediate dishevelled (DVL). [-catenin accumulates in the cytosol and is
translocated into the nucleus. There it binds to the group of “T-cell factor/lymphoid
enhancer factor-1” (TCF/LEF) transcription factors promoting transcription of classical
WNT target genes like AXIN2 (85, 88).

Non-canonical WNT signaling is activated by binding of a WNT to a receptor
(independently of LRP5/6 receptors) which could be either one of the FZD receptors
and/or an alternative receptor like Ryk, Rorl or 2 (89). Downstream of these receptors
lay a multitude of signaling cascades such as the Rho-kinase, c-Jun N-terminal kinase
(JNK) or the YAP/TAZ pathway (90, 91). Owing to this heterogeneity, it is difficult to
define clear target genes of non-canonical WNT signaling. Interestingly, non-canonical
WNT signaling has been shown to antagonize canonical WNT/B-catenin signaling in
various ways (92-94).

Whether canonical or non-canonical WNT signaling is transmitted, was originally
thought to be determined by the WNT binding on the cell surface. Although this process
was discovered to be more complex and highly dependent on cell type and receptor
recruitment, some WNTs are still considered to mainly trigger canonical (e.g. WNT3A)

or non-canonical WNT (e.g. WNT5A) signaling (89, 90, 95).
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Figure 14: Overview of WNT signaling cascades
Canonical (B-catenin-dependent) and non-canonical (B-catenin-independent) WNT pathways are triggered

based on WNT and (co-)receptor interaction. Modified images with permission of El Sevier (96).

Balanced WNT signaling is indispensable for a multitude of biological processes during
embryogenesis (86, 88). In lung development, WNT signaling controls lung progenitor
specification, epithelial-mesenchymal interaction and branching of the distal airways
(97-100). However, it has been recognized for a long time that the WNT pathway also
affects adult tissue homeostasis orchestrating cellular processes like proliferation,
migration and differentiation (88, 101). Considering this, it is easy to conceive that
dysregulated WNT signaling contributes to disease pathogenesis. In fact, one of the
best-described implications of WNT signaling in human disease is a mutation of APC
leading to inappropriate accumulation of B-catenin promoting a hereditary form of colon

cancer called familial adenomatous polyposis (102, 103).
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1.2.2 Involvement in chronic lung diseases

The first study describing deranged WNT signaling in chronic lung pathologies was
conducted by Chilosi et al. who detected enhanced B-catenin staining in bronchiolar
lesions and fibroblastic foci in IPF samples (104). These findings were supported by
unbiased gene expression profiling detecting a so-called “WNT signature” in IPF (83).
Further research created a more comprehensive view showing that in addition to -
catenin other components of the WNT pathway such as WNT7B, WNT10A and FZD
receptors like FZD2 and FZD3 are increasingly expressed in IPF lung tissue compared
to donor lung tissue (81, 96, 105-107). It is worth noting that also modulators of WNT
signaling are differentially expressed in IPF, for instance dickkopf (DKK) proteins,
“inhibitor of B-catenin and TCF-4” (ICAT) and micro-RNA (miR/miRNA) targeting
FZD receptors (108-111). Furthermore, increased gene expression of WNT3A, FZD?7,
FZD8 and the WNT coreceptors LRP5/6 among other WNT components in peripheral
blood mononuclear cells (PBMC) has been associated to disease progression (112).
Promisingly, numerous studies presented alleviated experimental fibrosis using
pharmacological inhibitors or antibodies to target transcriptional coactivators of -
catenin, the B-catenin destruction complex or the WNT target gene “WNT1-inducible
signaling protein—17 (WISP1) (105, 113, 114). However, when therapeutically
modulating the canonical WNT pathway, it must be considered that a certain expression
level of B-catenin seems essential for proper epithelial repair. Thus, determining an
adequate equilibrium between too much profibrotic and too little regenerative WNT/3-
catenin signaling remains an ongoing challenge (115, 116).

A disease which displays insufficient regeneration in the form of lung emphysema and
reduced canonical WNT signaling in the epithelium is COPD, as shown by diminished
nuclear B-catenin staining and reduced WNT target gene expression in specimen of
human COPD lungs compared to donors (117-121). Several underlying mechanisms
have been proposed. Ezzie et al. described that WNT pathway components might be a
target of miRNA dysregulated in COPD and Jiang et al. suggested that WNT/B-catenin
signaling is controlled by the COPD susceptibility gene “family with sequence
similarity 13, member A” (FAMI3A) (122, 123). Fascinatingly, FAM13A null mice
were protected against emphysema induced by either cigarette smoke or elastase while
the protection against the latter could be reversed by inhibition of B-catenin signaling
(123). Other studies focused on WNT signaling components upstream of [-catenin.

Specifically, decreased expression levels of FZD4 and increased levels of non-canonical
10
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WNTS5A have been delineated with a negative regulatory effect on WNT/B-catenin
signaling. In these studies, low FZD4 expression and high WNTS5A expression impaired
alveolar epithelial cell function in terms of wound healing, differentiation capacity and
organoid formation (94, 124, 125). Finally, the immanent therapeutic potential of
WNT/B-catenin signaling in COPD was highlighted by studies using reactivation of
WNT/B-catenin signaling via inhibition of GSK-3B, an enzyme of the [-catenin
destruction complex. This intervention resulted in restored lung architecture in a murine
model of COPD and notably, in patient-derived three dimensional-lung tissue cultures

(117, 119).

An aspect of WNT signaling that is of emerging interest, but still less extensively
studied, is the non-canonical branch of the pathway (121). In the context of IPF, Vuga
et al. were first to describe that the prototype of a non-canonical WNT, WNTS5A, is
enhanced in fibroblasts isolated from patients with UIP, the pathologic correlate to IPF,
compared to normal lung fibroblasts (126). Further studies showed that in fibrotic lung
disease, WNTSA is expressed in a variety of structural cells, WNTS5A expression is
increased (even in normal-looking parenchyma belonging to IPF specimen) and that
WNTS5A is secreted in extracellular vesicles (109, 127, 128). Interestingly, in the IPF
patient cohort investigated by Lam et al., WNT5A in PBMCs was among the top hits of
WNT pathway components associated to disease progression (112). As receptors
transmitting non-canonical WNT signals in IPF, FZD7 and FZD8 have been proposed
(129, 130).

In COPD, fascinatingly, observations of upregulated non-canonical WNT signaling
have been made as well. Bronchial biopsy specimen and epithelial cells of COPD
patients are enriched with WNT4, which was described to have proinflammatory effects
in the setting of bronchitis independently of B-catenin (131, 132). The induction of
WNT5B, another WNT known to predominantly trigger non-canonical WNT signaling,
by TGF-B stimulation was more pronounced in fibroblasts from COPD patients
compared to fibroblasts from patients without COPD, whereas immunohistochemistry
studies showed enhanced WNTS5B signal in the bronchial epithelial layer (133, 134). On
the cellular level, WNTSB increased the expression of remodeling genes in bronchial
epithelial cells and of proinflammatory genes in lung fibroblasts (134, 135). Moreover,
a single nucleotide polymorphism of the FZDS8 receptor was associated with chronic

mucus hypersecretion, a feature of chronic bronchitis. Functionally, Spanjer et al.
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delineated that FZD8 concerts different proinflammatory stimuli in lung fibroblasts
(136). Recent studies finally investigated the expression of the prototype ligand for non-
canonical WNT signaling, WNTS5A, in COPD and found an upregulation in lung
homogenate of murine models and COPD patients as well as in patients™ sera (94, 135,
137). Intriguingly, antibody-mediated inhibition of WNTS5A in a murine model of
COPD resulted in improved lung architecture and function along with restored epithelial

cell markers (94).

The same study compared WNTSA expression in different structural cells of the lung
indicating that a large proportion of WNT5A in the lung is derived from fibroblasts,
which is in accordance with the studies carried out in IPF (94, 126, 127). However, the
understanding of the background of elevated WNTS5A in chronic lung diseases is poor
and there are remarkable gaps in the knowledge regarding the autocrine function of

WNTS5A on fibroblasts.

12



2 Aim of the study

2  Aim of the study

COPD and IPF are severe and ultimately fatal diseases. While COPD mostly harms in a
slowly progressing way, yet with a high prevalence all over the world, IPF occurs less
often, but has a prognosis worse than many types of cancer with a median survival of ~
3 years (7, 13). Both disorders lack causal therapies with disease management focusing
on symptom relief and deceleration of disease progression (9, 13). Pathological features
that COPD and IPF have in common are among others aberrant fibroblast function and
altered signaling of development pathways, such as the WNT pathway (71, 72, 121).
Promisingly, modulation of WNT/B-catenin signaling has been shown to be beneficial
in murine models of COPD and pulmonary fibrosis (105, 114, 117, 138, 139). However,
the role of non-canonical WNT signaling in COPD and IPF is less clearly determined.
Here, we aimed to further understand the role of non-canonical WNT signaling for the
following reasons: 1) The expression of the non-canonical WNT WNTS5A is not only
upregulated in the whole lung of COPD and IPF patients, but also 2) specifically in
fibroblasts isolated from lungs of individuals that suffer from these diseases (94, 109,
126, 127). Yet, there is scarce evidence about what causes the increased WNTS5A levels
in the lung and the consequences on development and progression of COPD and IPF
that arise from it.

Thus, we frame two research questions for the present study:

1) Do COPD- and IPF-relevant stimuli induce WNT5A expression in lung
fibroblasts?
2) Does WNTSA stimulation lead to aberrant lung fibroblast function?

To answer this, we analyzed:
e Regulation of WNT5A mRNA and protein expression in human lung fibroblasts
by profibrotic (TGF-B, WNT3A) and proinflammatory (TNF-a, IL-18, IL-6)
stimuli as well as soluble components of cigarette smoke
¢ Impact of WNTS5A treatment on gene expression, proliferation, differentiation

and attachment of human lung fibroblasts
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3 Material and Methods

3.1 Materials

3.1.1 Recombinant protein

Protein: Company: Product code:

hTGF-1 R&D, Minneapolis, MN, USA 240B

hWNT3A R&D, Minneapolis, MN, USA 5036-WN

hTNF-a R&D, Minneapolis, MN, USA 210-TA

hIL-6 R&D, Minneapolis, MN, USA 206-IL

hIL-1B R&D, Minneapolis, MN, USA 201-LB

h/mWNTS5A R&D, Minneapolis, MN, USA 645-W

3.1.2 Antibodies

Antibody: Company: Application:

Anti-WNTS5A (rat) R&D Systems 1:750 in Roti-Block, non-reducing,

MAB645
Anti-BSA (mouse)
SC57504
Anti-p-actin, HRP-
labelled (mouse)
A5228

Anti-Cyclin D1
(rabbit), 92G2
Anti-a-SMA
(mouse), A5228

Anti-rat
NA935V
Anti-mouse
NA931V
Anti-rabbit
NA934V

Minneapolis, MN, USA

Santa Cruz Biotechnology

Santa Cruz, CA, USA
Sigma-Aldrich
St. Louis, MO, USA

Cell Signaling
Danvers, MA, USA
Sigma-Aldrich
St. Louis, MO, USA

GE Healthcare
Chicago, IL, USA
GE Healthcare
Chicago, IL, USA
GE Healthcare
Chicago, IL, USA
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1:500 in Roti-Block, non-reducing,
non-denaturating conditions
1:50000 in 5% milk

1:1000 in Roti-Block

1:1000 in Roti-Block

1:4000 in 5% milk

1:4000 in 5% milk

1:10000 in 5% milk
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3.1.3 Primer sequences

Gene: Sequence (5’ to 3°):

HPRT_fw AAGGACCCCACGAAGTGTTG
HPRT _rv GGCTTTGTATTTTGCTTTTCCA
WNTSA_fw CCAAGGGCTCCTACGAGAGTGC
WNTS5A_rv CACATCAGCCAGGTTGTACACCG
IL8_fw CAGGAAGAAACCACCGGAAG
IL8_rv AACTGCACCTTCACACAGAG
COMP_fw ATGCAGACTGCGTCCTAGAG
COMP_rv GTCACGCAGTTGTCCTTACG
ELN_fw GGCCATTCCTGGTGGAGTTCC
ELN_rv AACTGGCTTAAGAGGTTTGCCTCC
TNS1_fw TCAAGTGGAAGAACTTGTTTGCTT
TNS1_rv CACGACAATATAGTGGAGGCACA
TSPAN2_fw TCTATGTGGGGCTGTATGTTCT
TSPAN2_rv TCACCAGGAGGCAGGTAAAA
Acta2_fw CGAGATCTCACTGACTACCTCATGA
Acta2_rv AGAGCTACATAACACAGTTTCTCCTTGA
Axin2_fw AGAAATGCATCGCAGTGTGAAG
Axin2_rv GGTGGGTTCTCGGGAAATG
CyclinD1_fw CCGAGAAGCTGTGCATCTACAC
CyclinD1_rv AGGTTCCACTTGAGCTTGTTCAC

Primer pairs were ordered from Eurofins MWG Operon; Ebersberg, Germany.

3.1.4 Pharmacological inhibitors

Pharmacological inhibitor: Company: Product Number:
SB216763 Tocris 1616
SC514 Tocris 3318
7-Oxozeaenol Tocris 3604

U0126 Tocris 1144
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3.1.5 Reagents and chemicals

10x PCR Buffer 11 Applied Biosystems, Thermo Fisher; Waltham, MA, USA
Acryl-bisacrylamide mix ~ Carl Roth; Karlsruhe, Germany

(Rotiphorese gel 30 (37,5:1))

Amicon-Ultra-filters Merck; Darmstadt, Germany

APS AppliChem; Darmstadt, Germany
Bromophenol blue AppliChem; Darmstadt, Germany

BSA in PBS Sigma-Aldrich; St. Louis, MO, USA
Collagenase | Biochrom, Merck; Darmstadt, Germany

COmplete Mini Prot. Inh.  Roche; Basel, Switzerland

Cyanine-3 dye Agilent Technologies; Santa Clara, CA, USA
DAPI Sigma-Aldrich; St. Louis, MO, USA

dNTPs Thermo Fisher; Waltham, USA

DTT AppliChem; Darmstadt, Germany

DMEM-F12 Gibco, Thermo Fisher Scientific; Waltham, MA, USA
DMSO Carl Roth; Karlsruhe, Germany

EDTA AppliChem; Darmstadt, Germany

EGTA Sigma-Aldrich; St. Louis, MO, USA

Ethanol AppliChem; Darmstadt, Germany

Falcon Cell Strainer filters BD; Franklin Lakes, NJ, USA

FCS PAN-Biotech; Aidenbach, Germany

Glycerol AppliChem; Darmstadt, Germany

Glycine AppliChem; Darmstadt, Germany

H>0, RNase free Peqlab, VWR Life Science; Erlangen, Germany

LightCycler® 480 SYBR  Roche; Basel, Switzerland

Green I Master

Lipofectamine 2000 Thermo Fisher Scientific; Waltham, MA, USA

Methanol AppliChem; Darmstadt, Germany

MgCl Applied Biosystems, Thermo Fisher; Waltham, MA, USA
Minisart filter Sartorius; Gottingen, Germany

MuLV reverse transcriptase Applied Biosystems, Thermo Fisher; Waltham, MA, USA
NaCl Sigma-Aldrich; St. Louis, MO, USA
NasP>0Oy Sigma-Aldrich; St. Louis, MO, USA
Non-fat dried milk powder AppliChem; Darmstadt, Germany
16
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NP-40 AppliChem; Darmstadt, Germany

Opti-MEM Gibco, Thermo Fisher Scientific; MA, USA
peqGOLD Total RNA kit Peqlab, VWR Life Science; Erlangen, Germany
Pierce ECL substrate Thermo Fisher Scientific; Waltham, MA, USA
Pierce BCA Assay Kit Thermo Fisher Scientific; Waltham, MA, USA
Protein marker V VWR Life Science; Erlangen, Germany

Random hexamers Invitrogen, Thermo Fisher Scientific; Waltham, USA

Research cigarettes (3R4F) Kentucky Tobacco Research and Development Center at

the University of Kentucky; Lexington, KY, USA

RNase inhibitor Applied Biosystems, Thermo Fisher; Waltham, MA, USA
Roti®-Block Carl Roth; Karlsruhe, Germany

P/S Gibco, Thermo Fisher Scientific; Waltham, MA, USA
PFA 4% Carl Roth; Karlsruhe, Germany

PhosSTOP phosph. inh. Roche; Basel, Switzerland

SDS Carl Roth; Karlsruhe, Germany

Sodium deoxycholate Sigma-Aldrich; St. Louis, MO, USA

Stripping buffer Restore Thermo Fisher Scientific; Waltham, MA, USA
Plus for Western blot

SuperSignal West Dura Thermo Fisher Scientific; Waltham, MA, USA

SuperSignal West Femto Thermo Fisher Scientific; Waltham, MA, USA

SurePrint G3 Human GE Agilent Technologies; Santa Clara, CA, USA

8x60K Microarrays
TEMED AppliChem; Darmstadt, Germany
Tris AppliChem; Darmstadt, Germany
Trypsin Gibco, Thermo Fisher Scientific; Waltham, MA, USA
Tween-20 AppliChem; Darmstadt, Germany

3.1.6 Equipment and software

24-well plates Costar® Corning, Sigma-Aldrich; St. Louis, MO, USA

for adhesion assay

2100 Bioanalyzer Agilent Technologies; Santa Clara, CA, USA
AxioVision LE 4.8 Zeiss; Jena, Germany
ChemiDoc XRS+ Bio-Rad; Hercules, CA, USA

Chromatography paper GE Healthcare; Chicago, IL, USA
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Whatman 3 mm

Electrophoresis chamber Bio-Rad; Hercules, CA, USA
Mini-PROTEAN Tetra Cell

Feature Extraction 10.7.3.1 Agilent Technologies; Santa Clara, CA, USA

GraphPad PRISM GraphPad Software; San Diego, CA, USA
Image Lab software Bio-Rad; Hercules, CA, USA
Light Cycler 480 11 Roche; Basel, Switzerland
LSM Microscope 710 Zeiss; Jena, Germany
MasterCycler nexus Eppendorf; Hamburg, Germany
NanoDrop 1000 Peqlab, VWR Life Science; Erlangen, Germany
Nitrocellulose membrane Bio-Rad; Hercules, CA, USA
(0.2 um)
Plate Reader Sunrise Tecan; Miannedorf, Switzerland
Scan Control A.8.4.1 Agilent Technologies; Santa Clara, CA, USA

3.2 Cell culture

3.2.1 Fibroblast isolation

Primary human lung fibroblasts were kindly provided by the CPC Munich bioArchive
whose employees performed the herein described procedures. Fibroblasts were obtained
from human lungs that couldn’t be entirely transplanted to a recipient or from patients
undergoing thoracic surgery due to lung cancer whose adjacent tumor-free lung tissue
was processed. Surgeries were performed at University Hospital of the LMU,
GroBhadern, Munich and at Asklepios Clinic Gauting. Participants provided written
informed consent to participate in this study, in accordance with approval by the local
ethics committee of the LMU (Project 333—10, 455-12). Lung fibroblasts were isolated
using the outgrowth method. Resected lungs were cut into pieces of 1-2 cm? followed
by 2 h of digestion at 37°C with Collagenase I to degrade collagen in the extracellular
matrix. Next, digested samples underwent filtration through Falcon Cell Strainer filters
with a pore size of 70 um to remove large tissue clumps. The cell containing filtrate was
centrifuged at 400 g at 4 °C for 5 min. The obtained pellet was resuspended in
“Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12” (DMEM-F12)
supplemented with 20% (v/v) fetal calf serum (FCS), 100 U/ml penicillin and 100 mg/1
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streptomycin (P/S) and seeded on 10 cm cell culture dishes for expanding. Medium was

changed every other day and cells were split at 80-90% confluency.

3.2.2 Fibroblast culture

All experiments were carried out using primary human fibroblasts if not described
differently. Fibroblasts isolated as described above were expanded in 75 cm?-flasks in
DMEM-F12 supplemented with 10% (v/v) FCS and P/S in the concentrations described
in chapter 3.2.1 in an incubator with a temperature of 37°C and an atmosphere with 5%
CO2, 19.5% O: and 95% relative humidity. Medium was changed every 2-3 days. For
experimental procedures, cells were detached by treatment with 0.1% Trypsin in
ethylenediaminetetraacetic acid (EDTA). After complete detachment, the reaction was
stopped adding 10% (v/v) FCS DMEM-F12. The cells in the suspension were counted
using a Neubauer chamber and seeded at a density of 20.000 cells/cm? on appropriate
cell culture dishes. The next day, medium was changed to 0.1% (v/v) FCS starvation
medium for growth arrest overnight before treatment.

Recombinant proteins were dissolved in 0.1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS), thus control cells were treated with the respective
amount of 0.1% BSA in PBS. If used, pharmacological inhibitors or the vehicle
substance dimethyl sulfoxide (DMSO) were applied 30 min before stimulation of cells

with growth factors, for instance TGF-f.

3.2.3 siRNA transfection

Fibroblasts were seeded as described in chapter 3.2.2. The next day, cells were
transfected for 6 h with 50 pmol WNT5A-small interfering ribonucleic acid (siRNA)
(sc-41112; Santa Cruz Biotech; Dallas, TX, USA) or scrambled (scr) siRNA (sc-37007,
Santa Cruz Biotech; Dallas, TX, USA) using Lipofectamine RNAIMAX transfection
reagent dissolved in serum- and antibiotics-free Opti-MEM. Afterwards, transfection
medium was replaced by 10% FCS DMEM-F12 full growth medium overnight and
subsequently treated with TGF-p.
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3.2.4 Cigarette smoke extract (CSE) preparation

Six research cigarettes (Research-grade cigarettes (3R4F)) were constantly bubbled
through 100ml of serum- and antibiotics-free DMEM-F12 medium (Fig. M1) followed
by sterile filtration through a 0.20 um Minisart filter. This CSE was frozen at -20°C
before use to reduce batch-to-batch variation and considered to be 100% CSE. Before
treatment, CSE was diluted to the desired concentration with starvation medium and
supplemented with FCS (final concentration 0.1% (v/v)) and P/S (final concentration
(1% (v/v)). Cells were photographed after the indicated culture time to assess toxic

effects of CSE.

Figure M1: Pump for the generation of cigarette smoke extract
The experimental setup was kindly provided by the Meiners lab at CPC Grofhadern. One burning
research cigarette is fixed in the black box on the left and smoked at constant airflow by the pump in the
back of the setup. Smoke is bubbled through cell culture medium in a flask placed between the smoking
box and the pump. The pump is protected from smoke particles by an interposed filter. Filter papers are

changed after every smoked cigarette (compare used ones on the left).
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3.3 Immunoblotting

3.3.1 Supernatant concentration

Supernatants collected from cultured cells were concentrated ten-fold using Amicon-
Ultra-0.5 ml centrifugal filters. 500 ul of supernatant was loaded on filter devices that
were placed in a microcentrifuge tube provided with the filters. Following 30 min of
centrifugation at 14.000 g, the filter devices were inversely placed in a fresh
microcentrifuge tube and centrifuged for 2 min at 2.000 g to recover the concentrate

which was stored at -20°C before further use.

3.3.2 Protein isolation

Lung fibroblasts were lysed on ice for 5 min with radioimmunoprecipitation assay
(RIPA) buffer or, when a stronger detergent was desirable, with sodiumdodecylsulphate
(SDS) buffer supported by scraping with a pipet tip. For one well of a 6-well plate, 125
ul of lysis buffer was used. Lysates were centrifuged at 13.000 rotations per minute

(rpm) for 10 min and supernatants were collected. Samples were stored at -20°C before

further use.

RIPA buffer (pH adjusted to 7.4): SDS buffer (pH adjusted to 6.8):
20 mM Tris HCI 62.5 mM Tris

1 mM EDTA 2% (wlv) SDS

1 mM EGTA

150 mM NaCl

2.5 mM NayP>0y
1% (w/v) sodium deoxycholate C24H39NaOs4
1% (v/v) NP-40

Before use, to 10 ml of RIPA or SDS buffer one tablet of cOmplete Mini Protease
Inhibitor and one tablet of PhosSTOP phosphatase inhibitor were added.
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To determine the protein concentration in the lysate, the colorimetric bicinchoninic acid
(BCA) assay with Pierce BCA Protein Assay Kit was carried out according to the
manufacturer’s protocol. The BCA assay relies on two principles. First, Cu** ions are
reduced by peptide bonds to Cu* ions (biuret reaction). The amount of reduced Cu
herein is straight proportional to the amount of peptide bonds. Next, the Cu* ions form a
complex with BCA in purple color. Analysis was performed by scanning the used 96-
well plate with Plate Reader Sunrise. To normalize the absorbance, a standard curve
using provided BSA was created and protein concentrations in the samples were
determined by interpolation of absorbance. All samples were diluted 1:5 to save lysates,
tested in duplicates and absorbance was averaged.

Prior to loading to the SDS-PAGE gel, 7.5 — 10 pug of protein per sample was diluted
with the respective lysis buffer to 30 ul and mixed 3:1 with 4x Laemmli loading buffer.
Next, samples were boiled at 95°C for 10 min to denaturate the proteins, so that in
combination with the equally negative charge reassured by SDS in the Laemmli buffer,
proteins were only to be separated according to their molecular weight during the
electrophoresis. If an antibody worked best in non-reducing, non-denaturating
conditions (compare chapter 3.1.2), no DTT was added to the Laemmli buffer and the
samples were not boiled. To determine the molecular weight of the detected bands at the
end of the immunoblotting procedure, a prestained Protein Marker V was always run

alongside of the samples.

Laemmli loading buffer:

Chemical: Concentration:
Tris (pH 6,8) 150 mM

SDS 275 mM
Glycerol 3.5 % (wlv)

Bromophenol blue  0.02 %
Dithiothreitol (DTT) 400 mM
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3.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed in an electrophoresis chamber filled with running buffer to
separate proteins depending on their molecular weight. Proteins with a higher molecular
weight run slower through the polymerized acrylamide gel than smaller proteins. The
gel consists of a stacking gel that gathers all proteins in the sample at the same point in
the gel before the actual separation step and a running gel where the proteins run
towards the positive electrode represented by the bottom of the gel. Electrophoresis was

performed at a voltage of initially 120 V for 60 min followed by 150 V for 20-30 min.

Stacking Gel: Running Gel (10% polyacrylamide):
68% distilled H2O 40%  distilled H2O

17% acryl-bisacrylamide mix (30%) 33% acryl-bisacrylamide mix (30%)
13% 1.5 M Tris (pH 6.8) 25% 1.5 M Tris (pH 8.8)

1%  10% (w/v) SDS 1%  10% (w/v) SDS

1% 10% (w/v) ammonium persulfate 1% 10% (w/v) ammonium persulfate

0.1% TEMED 0.04% TEMED

All percentages given are volume concentrations, if not indicated differently.
Preparing the gel, ammonium persulfate and Tetramethylethylenediamine (TEMED)
had to be added as the last step since these compounds start the acrylamide

polymerization.

Running buffer:

Tris/HCL pH 7.4 250 mM
Glycine 1.92M
SDS 1% (wlv)
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3.3.4 Immunoblotting

After completed electrophoresis, the proteins were transferred from the gel to a
nitrocellulose membrane (0.2 um) via wet electroblotting. The gel was placed vertically
in an electrophoresis chamber filled with transfer buffer. To assure proper transfer
without air bubbles, the gels were fixed in a stack made up of a support grid, sponges
and chromatography paper. Additionally, the electrophoresis chamber was cooled with
ice packs to mitigate heat generation. Electroblotting eventually was performed at 100
V for 60 min.

Afterwards, the nitrocellulose membranes carrying the proteins were briefly rinsed with
triphosphate buffered saline (TBS) supplemented with 0.05% Tween-20 (=TBST) and
subsequently blocked with 5% non-fat dried milk powder in TBST or Roti®-Block
depending on how the following primary antibody was dissolved (compare 3.1.2). This
minimized unspecific binding of the antibodies on the membranes. Primary antibody
incubation was performed overnight at 4°C or for 1-2 h at room temperature to detect
the protein of interest. After four washing steps for 5 min with TBST, the membrane
was incubated for 1 h at room temperature with the secondary antibody, which was
tagged with horseradish peroxidase (HRP) and directed against the species of origin of
the primary antibody. Next, the membrane was again washed with TBST four times for
5 min and proceeded to visualization.

Enhanced chemiluminescence (ECL) substrates for the HRP tagged to the secondary
antibody were applied to the membrane. Pierce ECL, SuperSignal West Dura Extended
or SuperSignal West Femto Maximum Sensitivity Western blotting substrates were
used with increasing signal intensity from ECL over Dura to Femto depending on the
strength of the chemiluminescent signal which was detected by ChemiDoc XRS+. If
membranes were to be incubated with a different antibody afterwards, stripping buffer
Restore Plus was added for 10 min and subsequently the membrane was briefly washed
with TBST.

All the procedures were performed at room temperature, if not indicated differently.
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Transfer buffer: Transfer buffer 10x:
Transfer Buffer 10x 10% Tris/HCI 50 mM
Methanol 200 ml Glycine 400 mM
TBS:

Tris/HC1 pH 7.4 10 mM

NaCl 150mM

3.3.5 Quantification

Densitometric analysis was carried out with Image Lab software. Optical density of the
specific band of interest was determined and normalized to the loading control. For cell
lysates, B-actin abundance served as a loading control, for supernatants, equal loading

was verified by protein expression of BSA, which is part of FCS.

3.4 Quantitative Real-Time Polymerase Chain Reaction

(qRT-PCR)

3.4.1 RNA isolation and quantification

RNA isolation from primary human lung fibroblasts was carried out with the peqGOLD
Total RNA kit according to the manufacturer’s instructions. Cells were lysed using the
provided lysis buffer supported by scraping with a pipet tip to detach all cells from the
culture plate. Deoxyribonucleic acid (DNA) was removed by precipitating the nucleic
acids in the lysate with ethanol and centrifugation through a specialized DNA binding
column, RNA isolation was performed with serial centrifugation trough RNA binding
columns. A DNase digestion step removed remaining contaminating DNA. Ultimately,
the RNA bound to the column was eluted with 42 ul of RNase free water.

RNA concentration and purity were determined using NanoDrop ND-1000 spectral
photometer. RNA concentration was calculated from the absorption at a wavelength of
260 nm, which is the absorption peak for RNA. In addition, the absorbance at the
absorbance peak of proteins at 280 nm was measured and a ratio of A260/A280 was
computed to determine the degree of protein contamination in the isolated RNA sample.

A value of >2.0 for A260/A280 was considered appropriate for reverse transcription.
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3.4.2 Reverse transcription

Reverse transcription with MasterCycler nexus was performed to convert and amplify
isolated RNA into complementary DNA (cDNA) which is suitable for further gPCR. Up
to 2000 ng of RNA sample were diluted to 20 ul and heated up at 70°C for 10 min to
degrade secondary structure into single-stranded RNA followed by 5 min incubation on
ice to assure enzyme stability for the reverse transcriptase used later. Next, the

denatured RNA samples were mixed with 20 pl of reverse transcription master mix

containing

Reagent: Volume:
10x PCR Buffer 11 4 ul
MgCl, 8 ul
dNTPs 2ul
random hexamers 2 ul
H>O, RNase free 1 ul
RNase inhibitor 1 ul
MuLV reverse transcriptase 2 ul

Random hexamers served as primers at random points on the RNA strand and annealed
at 20°C for 10 min. The reverse transcriptase started the reaction at 43°C for 75 min
with MgCl, as a cofactor and deoxynucleic triphosphates (AINTP) as substrates. Finally,
the reverse transcriptase degraded at 99°C for 5 min to finish the transcription. The

resulting cDNA concentrate was further diluted 1:5 and stored at -20°C.
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3.4.3 qPCR (quantitative Polymerase Chain Reaction)

qPCR was performed to determine the amount of a specific cDNA using the SYBR
Green I method. SYBR Green is a fluorescent cyanine dye that binds to the minor
groove of double-stranded DNA (dsDNA), a process that enhances the emission of its
fluorescent signal by more than the factor 1000. The fluorescent signal intensity is
proportional to the amount of dsDNA, which allows the quantification of the specific
sequences that are amplified by qPCR (140). Specificity was assured by proper primers
(compare chapter 3.4.4.) starting the action of the thermostable Taq polymerase in the
LightCycler® 480 SYBR Green I Master. We performed the qPCR in 96-well plates

with 2.5 pul cDNA solution per experimental condition and 7.5 pl of the master mix

containing

Reagent: Volume:

LightCycler® 480 SYBR Green I Master Sul

forward primer (10 uM) 0.25 ul

reverse primer (10 uM) 0.25 pl

distilled water 2ul

Step: Temperature: Duration:
1 warming-up of LightCycler 50°C 2 min

1 denaturation of double-stranded DNA 95°C 5 min

2 denaturation of double-stranded DNA 95°C 5 sec

2 primer annealing 59°C 5 sec

2 amplification of DNA by Taq polymerase 72°C 10 sec

3 melting curve 95°C 5 sec

3 melting curve 60°C 1 min

3 melting curve 60-97°C continuous
4 cooling 4°C 30 sec

The procedures belonging to step 2 were repeated 45 times doubling the amount
amplification product in every cycle. qPCR analysis with Light Cycler 480 II (Roche;
Basel, Switzerland) delivered a cycle threshold (C;) when the emitted fluorescence and
thus the amount of amplified cDNA started to be significantly increased compared to

the background signal which was representative of the amount of cDNA present in the
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sample. All samples were measured in duplicates and averaged. Next, the C; values of
the target gene were normalized to the C; of the constitutively expressed Hypoxanthine-
guanine phosphoribosyltransferase (HPRT)(141). C; (target gene) was subtracted from
Cit (HPRT) and considered AC;, Subtracting AC; (control) from AC; (treatment) was
determined as AAC:. Presented like this, a positive AAC; value signifies an upregulation
upon treatment and vice versa. Owing to the calculation, AC; and AAC; represent
logarithmic values.

With gPCR analysis, you aim to decipher the amount of a specific amplicon. However,
primer dimers also incorporate SYBR Green and can consequently distort the results.
To control for primer quality, a duplicate of no template controls (only master mix, no
cDNA sample) was run with every experiment. High C; values or undetectable signal in
the no template control indicated only few or no primer dimers. Additionally, melting
curve analysis was performed to define the melting temperatures of the amplification
product. Gradually increasing the temperature after 45 cycles releases the bound dye
with a maximum decline in fluorescent signal at the melting temperature of the
amplified dsDNA (140). A single sharp peak is indicative for specific primers, side
peaks suggest distinct formation of primer dimers and/or amplified side products. (Fig.

M2).

-(d/dT) Fluoresc
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Figure M2: Melting curves for amplified Plasminogen activator inhibitor-1 (PAI-1)
Example melting curves of PAI-1 amplicon from cDNA from primary human lung fibroblasts. The peak
at around 76 °C represents neglectable primer dimers in the no template control (turquoise) considering
that the samples’ melting curves (other colors) only have a single sharp peak at their designated melting

temperature (~ 86 °C) and no additional peaks at 76 °C.
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3.4.4 Primer design

Primers were designed with the NCBI Primer-BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Nucleotide sequences for the target
genes were obtained from the NCBI nucleotide database
(https://www.ncbi.nlm.nih.gov/nuccore/). Primer design was carried out taking account
of the following parameters that were harmonized with our qPCR protocol:

- PCR product size: minimum 80 — maximum 150 base pairs

- primer melting temperatures: minimum 61°C — optimum 64°C — maximal 72°C

- melting temperature difference between forward and reverse primer: <5°C

- exon junction span: Primer must span an exon-exon junction, in order not to amplify
contaminating DNA

- splice variant handling: choose “allow primers to amplify mRNA splice variants”

Primer pairs were delivered in lyophilized form and reconstituted with RNase free water
according to the manufacturer’s instructions. Primer efficiency was tested by qPCR of
serially diluted primary human lung fibroblast cDNA. If a doubling efficiency of 1.9 —
2.1 was achieved and the melting curve analysis showed no major side product or

primer dimer amplification, the primers were regarded as appropriate for gPCR.

3.5 Microarray analysis

Primary human lung fibroblasts were stimulated with WNTSA (100 ng/ml) or BSA
control for 6 and for 24 h followed by RNA isolation as described in chapter 3.4.1.
Samples were sent to IMGM Laboratories (Martinsried, Germany) which provided the
Agilent Microarray Analysis. RNA concentration and purity were determined using
NanoDrop ND-1000 spectral photometer as described in chapter 3.4.1. A ratio of
A260/280 > 1.6 was considered suitable for microarray analysis. RNA integrity was
determined with the 2100 Bioanalyzer. This system utilizes capillary electrophoresis of
RNA samples and calculates among other factors the 28S/18S-rRNA ratio to determine
the level of RNA degradation. Eventually, a RNA integrity number between 1 and 10 is
issued with a value of 1 meaning severe degradation and 10 meaning perfect RNA
integrity. A value higher than 7.5 was required for the continuation of the microarray
analysis. Our samples fulfilled all criteria described above. Next, 100 ng of RNA per
sample underwent reverse transcription to cDNA followed by in vitro transcription. In

the latter step, samples were labelled with fluorescent Cyanine-3 dye. To assure
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sufficient cRNA (RNA transcribed from cDNA) yield, purity, integrity and dye
incorporation, the samples were analyzed via NanoDrop and the 2100 Bioanalyzer as
described above. Next, 600 ng per Cyanine-3 labelled cRNA sample were subject to
hybridization on specific DNA probes on Agilent SurePrint G3 Human Gene
Expression 8x60K Microarrays on 65°C for 17 h. After washing and drying, Scan
Control A.8.4.1 software was used to scan fluorescent signal intensities to detect
fluorescently labelled cRNA that had bound to the probes on the microarray chip.
Further quantification and computational analysis were processed with Feature
Extraction 10.7.3.1 software and delivered to our lab.

We created heatmaps using R software (http://www.cran.r-project.org/). In silico
analysis of protein-protein interactions was performed using String database Version
10.0 (http://string-db.org/), functional annotation analysis was performed with DAVID

Bioinformatics tool 6.8 Beta (https://www.david.ncifcrf.gov/summary.jsp).

3.6 Adhesion assay

Three different experimental setups were chosen to assess attachment of primary human
lung fibroblasts to cell culture plates. In setup 1, cells were stimulated for 48 h with or
without WNTSA followed by detachment with trypsin and seeding on a 24-well plate.
In setup 2, cells were treated with or without WNTSA for 5 days directly on a 24-well
plate, stimulation medium was changed every 2-3 days. After 5 days, cells were
detached with 5 mM EDTA (pH 7.6) and gentle shaking of the cell culture dish until no
attached fibroblasts were visible on light microscopy. Subsequently, previously
untreated primary human lung fibroblasts were seeded on the extracellular matrix
deposited on the well plate. In setup 3, previously untreated primary human lung
fibroblasts were trypsinized and reseeded in medium with or without added WNTSA. In
all setups, cellular adhesion to cell culture plates was stopped after 30 min by removing
the seeding medium and washing with PBS. Next, 4% paraformaldehyde (PFA) was
applied for 15 min for fixation. 4',6-diamidino-2-phenylindole (DAPI) was used for 10
min to stain nuclei of attached cells. Entire wells were scanned with
immunofluorescence LSM Microscope 71 and DAPI signal was quantified with
AxioVision LE 4.8 software.

For all experimental setups, an equal number of up to 100.000 fibroblasts was seeded,

the WNTS5A concentration was 500 ng/ml and all conditions were tested in triplicates.
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3.7 Statistical analysis

If not indicated differently, results in brackets (like ACt values) are presented as control
vs treatment plus standard deviation (stdev). GraphPad PRISM was used to carry out
the following calculations:

For paired observations from cell culture experiments, statistical significance was
determined using two-tailed paired Student’s t-test. Unpaired observations such as gene
expression data in COPD and control lungs were assessed by Mann-Whitney U-test for
the sample size was too small to perform a Shapiro-Wilk test on normal distribution.
AACt values were analyzed by two-tailed, one-sample t-test.

When multiple values were to be tested against each other, One-Way-Analysis of
Variance (ANOVA) with repeated measures followed by Newman-Keuls Multiple
Comparison Test was applied, when multiple values were only to be compared to
control conditions, Dunnett’s Multiple Comparison Test succeeded One-Way-ANOVA.
Analysis of correlation between gene expression and lung function parameters was

carried out by Spearman test. Significance was assumed when p<0.05.
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4 Results

4.1 Regulation of WNTSA in primary human fibroblasts

4.1.1 Influence of profibrotic and proinflammatory cytokines

First, we aimed to decipher whether in primary human lung fibroblasts, expression of
WNTS5A is regulated by profibrotic (TGF-B (2 ng/ml) and WNT3A (100 ng/ml)) and/or
proinflammatory (TNF-a (10 ng/ml), IL-6 (10 ng/ml)) and IL-1B (1 ng/ml)) cytokines,
that have been implicated in the pathogenesis of chronic lung diseases and in the
induction of WNTS5A (compare chapter 1.1.3). The concentrations of the recombinant
proteins were selected in accordance with existing studies (142, 143). Since the
concentrations of IL-1B were used on airway smooth muscle cells but not on lung
fibroblasts, we performed dose-response experiments showing that only a concentration
of 1 ng/ml of IL-1P was able to significantly increase /L-8§ mRNA expression (Suppl.
Fig 1, (143)).

We observed that TGF-f significantly upregulated WNTSA expression both on mRNA
level as determined by qRT-PCR (ACt: 4.01+0.91 vs 6.26+0.25, p<0.05, n=3; Fig. 1A)
and protein in the corresponding supernatants as measured by immunoblotting followed
by densitometric analysis (fold of control: 3.33+1.61, p<0.05, n=5; Fig. 1B). Moreover,
WNT3A significantly increased WNT5A mRNA expression (ACt: 3.37£0.42 vs
4.45+£0.04, p<0.05, n=3; Fig. 1C) and showed a tendency to increase secretion of
WNTS5A protein compared to untreated fibroblasts (fold of control: 4.76+2.76, p=0.147,
n=3; Fig. 1D).

Treatment with the proinflammatory cytokines TNF-a, IL-6 or IL-1P in the used
concentrations did not significantly alter WNT5A mRNA levels (Fig. 2A) or secreted
WNTS5A (Fig. 2B) 24 h after treatment.
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Figure 1: Profibrotic cytokines upregulate WNT5A expression.

Primary human lung fibroblasts were stimulated with TGF-$ (2 ng/ml, A and B) or WNT3A (100 ng/ml
C and D) and subject to qRT-PCR to determine mRNA levels after 24 h. WNT5A gene expression is
shown as relative to the housekeeping gene HPRT (A and C). Supernatants were collected after 48 h of
treatment and subject to immunoblotting followed by densitometric analysis to assess WNTSA protein
secretion. Representative blots are shown (B and D). Statistical analysis was performed using two-tailed
paired Student’s t-test, *p<0.05. Results are presented as mean + stdev of 3-5 independent experiments.
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Figure 2: Proinflammatory cytokines do not significantly alter WNTSA expression.

Primary human lung fibroblasts were treated with TNF-a (10 ng/ml), IL-6 (10 ng/ml) and IL-1B (1 ng/ml)
for 24 h. WNT5A mRNA expression was assessed via qRT-PCR (A), WNTS5A protein secretion via
immunoblotting of concentrated supernatants followed by densitometric analysis (B). Statistical analysis
was performed using One-Way-ANOVA with repeated measures followed by Dunnett’s Multiple
Comparison Test. All results are shown as mean + stdev of 3 independent experiments.
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4.1.2 Signaling pathways involved in TGF-B-induced upregulation of
WNTSA

As TGF-B treatment resulted in the most robust induction of WNT5A expression, we
decided to further study the mechanisms of TGF-B-induced upregulation of WNTSA in
primary human lung fibroblasts. Similar to the WNT cascade, TGF-f can signal via
canonical and non-canonical pathways. The canonical pathway is “Small Mothers
Against Decapentaplegic” (SMAD)-dependent, whereas the non-canonical pathways
rely on Ras/Erk-, TGF-f activated kinase 1 (TAK1)/ “Nuclear Factor kappa-light-chain-
enhancer of activated B cells” (NF-kB)- and/or phosphatidylinositol-3-kinase
(PI3K)/Akt-dependent pathways (144). There is ample evidence on interactions of TGF-
B and WNT signaling in the lung field (107, 130, 133, 134, 145, 146). To investigate the
pathways involved in WNT5A-induction by TGF-B, we added pharmacological
inhibitors targeting pathways known to be both downstream of TGF- and/or upstream
of WNTS5A prior to treatment with TGF-f (2 ng/ml) (Fig. 3) (145, 147). Stimulation

time for all the experiments described below was 24 h.
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Figure 3: Targets of the used kinase inhibitors in the TGF-p signaling cascade

Inhibitors used: SMAD3 inhibitor SIS3 (white arrow), GSK-3 inhibitor SB216763 (5 uM, red arrow),
Inhibitor of nuclear factor kappa-B kinase subunit beta (IKK-f, upstream of NF-«kB) inhibitor SC514 (10
uM, green arrow), TAKI1 inhibitor 7-Oxozeaenol (0.5 uM, blue arrow), Mitogen-activated protein kinase
kinase 1/2 (MEK1/2) inhibitor U0126 (3 puM, purple arrow). Concentrations were used in line with
previous studies (142, 148, 149). Modified image with permission of Springer Nature (144).
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We also targeted SMAD3-phosphorylation, a critical event in canonical TGF-3
signaling, by treating fibroblasts with SIS3. However, in our experimental setup, we
found that the doses used were either not sufficiently high to change phospho-SMAD3
levels or toxic to the cells when concentrations were increased (personal
communication), thus we focused on non-canonical TGF-3 pathways.

Treatment of primary human lung fibroblasts with the GSK-3f inhibitor SB216763
resulted in a significant upregulation of WNT5A mRNA expression compared to vehicle
control (ACt: 4.51£0.81 vs 5.20+£0.56, p<0.05, n=4; Fig. 4A). Inhibition of IKK-f, a
kinase regulating NF-xB signaling, by SC514 did not alter WNT5A mRNA levels at
baseline or after TGF-f treatment (Fig. 4B). Conversely, decreasing the activity of
TAKI1 by 7-Oxozeaenol significantly lowered the increase of WNTSA transcript upon
TGF-B stimulation compared to TGF-B treatment alone (ACt: 6.06+0.68 vs 5.35+0.48,
p<0.05, n=4; Fig. 4C). Using the MEK1/2 kinase inhibitor U0126 did neither alter
WNT5A mRNA levels on baseline nor upon TGF-f stimulation (Fig. 4D).
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Figure 4: TGF-p induced upregulation of WNT5A mRNA is dependent on TAK1.

Primary human lung fibroblasts were treated with TGF-f (2 ng/ml) for 24 h in presence or absence of the
GSK-3f inhibitor SB216763 (A), the IKK-B inhibitor SC514 (B), the TAK1 inhibitor 7-Oxoezeaenol (C)
or the MEK1/2 inhibitor U0126 (D). The respective color code and concentrations of the inhibitors are
indicated in figure 3. WNT5A mRNA levels were determined via qRT-PCR. Statistical analysis was
performed using One-Way-ANOVA with repeated measures followed by Newman-Keuls Multiple
Comparison Test, *p<0.05, **p<0.01 compared to basal + DMSO; #p<0.05 compared to TGF-f +
DMSO. Results are presented as mean + stdev of 4 independent experiments.
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Next, we analyzed the secretion of WNTS5SA into the cell culture medium (Fig. SA). In
line with the observations on mRNA level, GSK-3f inhibition significantly increased
baseline levels of secreted WNTSA to a similar extent than TGF-f (fold of TGF-f
stimulation: 0.28+0.10 vs 1.09+0.38, p<0.05, n=3; Fig. 5B). Inhibition of IKK-p led to a
pronounced attenuation of TGF-B-increased WNTSA abundance in the supernatants
(fold of TGF-B stimulation: 0.27+£0.20, p<0.001, n=3; Fig. 5C). Inhibition of TAKI
resulted in a similar effect (fold of TGF-f stimulation: 0.49+0.18, p<0.01, n=3; Fig.
5D). Treatment with U0126 had no influence on basal or TGF-f-stimulated WNTSA
secretion (Fig. SE). Finally, intracellular WNTS5A protein expression was determined
following the application of SB216763 or SC514 with or without TGF-f stimulation.
Consistent with our supernatant data, inhibiting IKK-f resulted in an attenuation of
TGF-B-induced intracellular WNTSA protein by TGF-B, whereas SB216763 did not
exert effects on baseline or on TGF-fB-stimulated WNTS5A protein expression (Fig. SF).

Collectively, TGF-p induced WNT5A mRNA expression dependent on TAK1, whereas
protein secretion was dependent on TAKI1 and IKK-B and intracellular protein
expression dependent on IKK-B. Contrarily, inhibition of GSK-3f increased WNT5A
mRNA levels and secretion. MEK1/2 did not seem to be involved in the upregulation of

WNTS5A by TGF-f in primary human lung fibroblasts.
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Figure 5: TGF-p induced upregulation of WNTSA protein is dependent on TAK1 and IKK-

Primary human lung fibroblasts were treated with TGF-f (2 ng/ml) for 24 h in presence or absence the
GSK-3p inhibitor SB216763, the IKK-B inhibitor SC514, the TAKI inhibitor 7-Oxoezeaenol or the
MEK1/2 inhibitor U0126. The respective color code and concentrations of the inhibitors are indicated in
figure 3. WNTSA protein secretion was assessed via immunoblotting of concentrated supernatants (A).
Densitometric quantification was performed normalizing to TGF-f stimulation without inhibitors because
of high variability of baseline WNT5A in the supernatants. Effect of SB216763 (B), SC514 (C), 7-
Oxozeaenol (D) or U0126 (E) on WNTSA secretion. Statistical analysis was performed using One-Way-
ANOVA with repeated measures followed by Newman-Keuls Multiple Comparison Test, *p<0.05,
*#p<0.01, ***p<0.001 compared to untreated fibroblasts; ##p<0.01, ###p<0.001 compared to TGF-§
without inhibitor added. Results are presented as mean + stdev of 3 independent experiments.
Intracellular WNT5A protein expression was determined via immunoblotting of cell lysates of 2
independent experiments, B-actin was used as a loading control (F).
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4.1.3 Influence of cigarette smoke extract on WNTSA expression

Cigarette smoke exposure is the major risk factor for the development of COPD and
IPF. Previous work from our group demonstrated that WNTSA expression is elevated in
lung homogenate of mice after both short (3 days) and long term (4 months) exposure to
cigarette smoke (94). We aimed to transfer these findings to primary human lung
fibroblasts to mimic the in vivo situation of a smoker’s lung by treating the cells with
different concentrations of cigarette smoke extract (CSE). In addition, we combined the
CSE treatment with TGF-B stimulation to model a local environment with elevated
TGF-pB levels as found for example in the small airways of COPD patients and in
fibrotic connective tissue in IPF patients (150, 151). We chose the relatively low dose of
5% CSE to avoid exceeding the maximal ability of fibroblasts to express WNTSA and

to reduce potential cellular toxicity (152).

Initially, we aimed to decipher general effects of CSE on fibroblasts. Increasing
concentrations up to 15% CSE did not alter fibroblast morphology (Fig. 6A).

Already the low concentration of 5% CSE for 24 h was able to induce /L-8§ mRNA
expression, which was used as a positive control (153) (ACt: -2.094+2.74 vs -1.34+2.86,
p<0.01, n=4; Fig. 6B).
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Figure 6: CSE upregulates /L-8§ mRNA but does not alter fibroblast morphology.

Primary human lung fibroblasts were treated with 5%, 10% or 15% CSE for 24 h. Fibroblast morphology
as assessed by light microscopy (A). IL-8§ mRNA expression was measured by qRT-PCR as a positive
control upon stimulation with 5% CSE (B). Statistical analysis was performed using two-tailed paired
Student’s t-test, **p<0.01, n=4.
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Nevertheless, 24 h of CSE treatment had no clear effect on WNT5A mRNA levels. TGF-
B (a positive control) significantly enhanced WNT5A mRNA (ACt: 5.03£1.41 vs
6.33£1.13; p<0.001, n=4), but there was no difference between the cotreatment of TGF-
B and 5% CSE compared to TGF-f treatment alone. (Fig. 7A).

However, prolonged treatment with CSE for 48 h showed a slight, though not
significant upregulation of intracellular WNTS5A protein. Remarkably, the combined
treatment of TGF-B and 5% CSE resulted in an additive effect over solely TGF-3
stimulation (fold of TGF-B stimulation: 1.31+0.29, p<0.01, n=4; Fig. 7B).

The effect of 5% CSE potentiating the induction of WNTSA by TGF- was even more
pronounced when determining the amount of secreted WNTSA after 48 h (fold of TGF-
B stimulation: 1.48+0.26, p<0.001, n=4; Fig. 7C).

Taken together, we demonstrate that CSE discreetly increases WNTS5A protein
expression in primary human lung fibroblasts at baseline, whereas low doses of CSE
strongly potentiate the ability of TGF-f to induce WNTSA protein intra- and

extracellularly.
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Figure 7: CSE enhances TGF-p-mediated upregulation of WNT5A protein

Primary human lung fibroblasts were stimulated with 5%, 10% or 15% CSE, TGF-B (2 ng/ml) or a
combination of 5% CSE and TGF-B (2 ng/ml) for 24 h for mRNA and 48 h for intracellular and secreted
protein. WNT5A transcript levels were determined by qRT-PCR (A), intracellular (B) and secreted (C)
WNTS5A protein expression by immunoblotting followed by densitometric analysis. Protein data is
presented relative to TGF-f treatment without CSE because of low baseline expression of WNT5A.
Statistical analysis was performed using One-Way-ANOVA with repeated measures followed by
Newman-Keuls Multiple Comparison Test, *p<0.05, **p<0.01, ***p<0.001 compared to untreated
fibroblasts; ##p<0.01, ###p<0.001 compared to TGF-B without CSE added. Results are presented as

mean + stdev of 4 independent experiments.
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4.2 Function of WNTS5A on primary human lung fibroblasts

4.2.1 Microarray analysis of WNTSA-treated fibroblasts

To investigate how WINTSA acts on primary human lung fibroblasts, we first postulated
that WNTSA alters gene expression in fibroblasts. We performed a microarray analysis
treating fibroblasts with 100 ng/ml of recombinant WNTS5A for 6 and 24 h, respectively.
The concentration of WNTSA was chosen according to the manufacturer’s instructions.
Indeed, we discovered 259 genes to be upregulated and 191 to be downregulated at the
6 h timepoint (Fig. 8A) and 104 to be upregulated and 220 to be downregulated at the
24 h timepoint (Fig. 8B) (defined cut-off at >1.3x fold change with a significance level
of p<0.05).

The 20 genes that were most prominently increased and decreased after 6 h are

presented in Fig. 8C, the respective heatmap for the 24 h timepoint is shown in Fig. 8D.
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Figure 8: WNTS5A alters gene expression in primary human lung fibroblasts

Primary human lung fibroblasts were treated with WNTSA (100 ng/ml) for 6 h and 24 h and subject to
Agilent microarray analysis. Number of regulated genes including splice variants and unknown genes
after a stimulation time of 6 h (A) and 24 h (B) defined by a cut-off of a fold-change>1.3 and a p<0.05.
Heatmap of the highest up- (presented in red) and downregulated (presented in blue) genes after 6 h (C)
and 24 h (D). n=4.

4.2.2 Identification of WNTSA target genes

We continued focusing on the genes regulated after 6 h of stimulation with WNTSA
expecting to identify genes directly regulated by WNTSA. Literature research on the
comprehensive list of regulated genes revealed several genes associated with lung
disease, four of which were of particular interest as they are involved in either IPF,
COPD or in pathophysiologic processes relevant in both diseases.

One of the top hits of the microarray analysis was Cartilage Oligomeric Matrix Protein
(COMP, 3.97x upregulated, p<0.01), an extracellular matrix protein normally expressed
in cartilage, but also in fibrotic disorders of the lung and skin (154, 155). Additional
interest in COMP aroused with the analysis of possible protein-protein interactions
among the genes regulated by WNTS5A after 6 h by the STRING software. This
revealed that COMP protein is connected to several other proteins encoded by WNT5A-
controlled genes (Suppl. Fig. 2). The other three genes we concentrated on were Elastin
(ELN, 3.26x upregulated, p<0.01), Tetraspanin-2 (TSPAN2, 1.85x upregulated,
p<0.001) and Tensin-1 (7NSI, 1,33x upregulated, p=0.09). Elastin is the main
component of elastic fibers and upregulated in very severe emphysema (156). Its
degradation is a common feature in pulmonary emphysema with breakdown products
facilitating disease progression (157). TSPAN?2 is a transmembrane protein serving as a
buffer for reactive oxygen species that promotes invasion in lung cancer associated with
a p53 mutation. (158). Finally, the focal adhesion protein TNS1 has been detected in
fibroblastic foci from IPF lungs and Single Nucleotide Polymorphisms (SNPs) of TNS1
have been associated to a higher risk of developing COPD (159-161).

Next, we wanted to confirm these results in independent experiments. After 6 h of
WNTSA treatment (100 ng/ml) of primary human lung fibroblasts, all the chosen genes
were significantly upregulated (log-fold change (AACt) COMP: 3.03+0.69, p<0.01,
n=4; Fig. 9A), (AACt ELN: 1.56+0.65, p<0.01, n=5; Fig. 9B), (AACt TSPAN?2:
1.10£0.67, p<0.05, n=5; Fig. 9C), (AACt TNSI: 0.67+0.09, p<0.001, n=4; Fig. 9D).
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To examine whether the induction of these genes is persistent over time, we also
stimulated lung fibroblasts with the same concentration of WNTS5A for 24 h. The
microarray data after 24 h of WNTS5A stimulation indicated that only TNSI was still
significantly upregulated compared to control (Suppl. Fig. 3). In fact, we observed that
the induction of COMP mRNA was stable and significant (AACt: 2.46+1.33, p<0.01,
n=8; Fig. 9A), while mRNA levels of ELN went back to baseline (Fig. 9B). TSPAN2
expression was still significantly increased upon 24 h of WNTSA treatment (AACt:
0.40£0.11, p<0.01, n=4; Fig. 9C), whereas no differences of TNS/ mRNA levels could
be found (Fig. 9D).

As described above, TGF-B and WNT signaling are tightly interconnected (107, 130,
133, 134, 145, 146). Therefore, we urged to determine whether the selected microarray
genes are also regulated by TGF-p. Interestingly, treatment of lung fibroblasts with 2
ng/ml of TGF-$ for 24 h upregulated all examined genes on mRNA level to a much
greater extent than WNTSA did (AACt COMP: 10.59+0.07, p<0.001, n=3; Fig. 9A),
(AACt ELN: 7.58+0.73, p<0.01, n=3; Fig. 9B), (AACt TSPAN2: 7.43+0.48, p<0.01,
n=3; Fig. 9C), (AACt TNS1: 2.54+0.59, p<0.05, n=3; Fig. 9D).
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Figure 9: Confirmation and regulation of selected microarray genes

Primary human lung fibroblasts were treated with WNTS5A (100 ng/ml) for 6 h and for 24 h or with TGF-
B (2 ng/ml) for 24 h, mRNA levels of COMP (A), ELN (B), TSPAN2 (C) and TNSI (D) were
subsequently determined via qRT-PCR. In addition, the gene expression data from the microarray (6 h
timepoint) is presented. Statistical analysis was performed using two-tailed, one-sample t-test, *p<0.05,
*#p<0.01, ***p<0.001. Results are shown as mean log-fold change + stdev of 3-8 independent
experiments.
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Elastic fiber formation is a complex biological process implicating, besides the
crosslinking of the main component elastin, a range of microfibrillar and linker proteins
like fibrillin-1 (FBNT1) and elastin microfibrillar interface-located protein-1 (EMILINT1)
(162). Noteworthy, some elastogenesis-related proteins like fibulin-5 (FBLNS5) have
recently been identified as dysregulated in COPD (163). In addition, there are reports
describing an interaction of elastogenesis-related proteins with WNT/B-catenin
signaling (164, 165). Hence, we hypothesized that not only elastin, but also other
elastogenesis-related genes are directly regulated by WNTS5A in lung fibroblasts.
However, the mRNA expression of FBNI, FBN2, EMILINI, EMILIN2, FBLNS, latent
TGF-B binding protein 2 (LTBP2), microfibrillar associated protein 4 (MFAP4) and
biglycan (BGN) remained unaltered after 6 h of WNTS5A stimulation (Suppl. Fig. 4).

Taken together, these data indicate that the genes encoding for the ECM components
COMP and ELN as well as for the plasma membrane-associated proteins 7SPAN2 and
TNS1 are direct target of WNTSA in primary human lung fibroblasts. Furthermore, we
demonstrate that all these four genes are also regulated by TGF-f} pointing at a possible

connection between non-canonical WNT and TGF-p signaling.
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4.2.3 Involvement of WNTSA target genes in disease

To assess whether COMP, ELN, TSPAN2 and TNSI are differentially expressed in
chronic lung diseases, we determined their respective mRNA levels in whole lung
homogenate from COPD patients and patients with fibrotic lung disease (not
exclusively IPF) compared to tissue from individuals without these diseases (donor).

In COPD patients from our cohort, COMP (ACt: -3.46+1.83 vs -1.60£1.71, p=0.06,
n=6; Fig. 10A), ELN (ACt: 1.87+0.82 vs 2.93+0.49, p<0.05, n=6; Fig. 10B) and
TSPAN2 mRNA levels (ACt: -2.78+0.82 vs -1.74+0.25, p<0.05, n=6; Fig. 10C) were
higher expressed than in donors. There was no difference in TNS/ mRNA abundance

between COPD patients and donors (Fig. 10D).
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Figure 10: Microarray genes are partly upregulated in COPD

Transcript levels of COMP (A), ELN (B), TSPAN2 (C) and TNSI (D) in whole lung homogenate of
patients with end-stage COPD and donors as determined via qRT-PCR. The average patient age in the
COPD group was 55.9 years, the average patient age in the control group 41.2 years. Statistical analysis
was performed using Mann-Whitney U-test, *p<0.05. Results are shown as mean + stdev of 6 patients per

group.
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Interestingly, also lung tissue from patients with fibrotic lung disease showed enhanced
mRNA levels of COMP (ACt: -0.71£1.97 vs 1.89+1.07, p<0.01, n=6; Fig. 11A) and
ELN (ACt: 2.30+£0.56 vs 3.61+0.96, p<0.05, n=6; Fig. 11B) compared to donors. In
addition, a tendency to an increase of TSPAN2 mRNA abundance in fibrotic lung
disease patients (Fig. 11C) and a trend to a decrease in TNSI mRNA levels (Fig. 11D)

was observed.
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Figure 11: Microarray genes are partly upregulated in fibrotic lung disease

Transcript levels of COMP (A), ELN (B), TSPAN2 (C) and TNSI (D) in whole lung homogenate of
patients with end-stage fibrotic lung disease and donors as determined via qRT-PCR. The average patient
age in the fibrotic lung disease group was 42.4 years, the average patient age in the control group 49.4
years. Statistical analysis was performed using Mann-Whitney U-test, *p<0.05. Results are shown as
mean + stdev of 6 patients per group.

To evaluate whether the alterations in WNTS5A target gene expression levels were
linked to the clinical presentation of patients, we plotted mRNA expression of the
WNTS5A target genes against lung function parameters obtained from a published
dataset (Series GSE47460). The spirometric parameter FEV| was chosen to assess
COPD disease severity in 91 control (donor) and 142 COPD patients, FVC values were
analyzed in 55 control and 49 IPF patients.

Correlation analysis revealed that COMP mRNA levels were significantly associated
with both a decline in FEV; in COPD and control patients (r=-0.36, p<0.0001; Fig.

12A) and a decline in FVC in IPF and control patients (r=-0.66, p<0.0001; Fig 12B). In
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line with these observations, examining gene expression data in this microarray, we
found COMP significantly increased in COPD patients compared to donors as well as in

IPF patients compared to donors (Suppl. Fig. 5).

In summary, the WNT5A target genes COMP, ELN, TSPAN2 and TNSI are
differentially expressed in chronic lung diseases. Particular interest applies to COMP,

which is associated to a decline in lung function parameters in both COPD and IPF

patients.
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Figure 12: COMP gene expression correlates with a decline in lung function parameters

Data from the published microarray GSE47460 was analyzed. COMP mRNA levels from 144 COPD
patients and 91 donors were plotted against FEV; (A), COMP mRNA levels from 50 IPF patients and 55
donors were plotted against FVC (B). Statistical analysis was performed using Spearman’s correlation
test.
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4.2.4 Effect of WNTS5A on fibroblast function

Finally, we aimed to delineate the functional consequences of WNTSA treatment on
primary human lung fibroblasts. We started by further analyzing the microarray list of
the upregulated genes after 6 h of WNTSA stimulation with DAVID bioinformatics
resource. Functional annotation analysis of Gene Ontology terms revealed biological
properties shared by WNTS5A-induced genes. Intriguingly, extracellular matrix
organization, cell adhesion and positive regulation of stress fiber assembly were

observed among the strongest enriched terms (Fig. 13).

Enriched biological properties Number of regulated genes
(DAVID Bioinformatics)

Extracellular matrix organization 12 0.00001
Cell adhesion 11 0.00065
Blood coagulation 10 0.0073
Positive regulation of smooth muscle migration 3 0.015
Positive regulation of stress fiber assembly 3 0.033
Lung alveolus development 3 0.034
Cellular response to TGF-f stimulus 3 0.046
Apoptotic process 9 0.057

Figure 13: Biological properties are enriched among the genes altered by WNTSA

Functional annotation analysis was performed with DAVID Bioinformatics tool 6.8 Beta. The input
consisted of the 178 genes (excluding splice variants and unknown genes) significantly upregulated after
6 h of stimulation of primary human lung fibroblasts with WNTS5A (100 ng/ml) (compare microarray Fig.
8). The most significantly enriched biological functions as well as selected functions associated to lung
pathologies and fibroblast function are presented.

To clarify whether more ECM components besides COMP and ELN are affected by
WNTS5A treatment, we tested the gene expression of the fibrotic markers fibronectin 1
(FN1), collagen type 1, alpha 1 (COLIAI), tenascin C (TNC) and connective tissue
growth factor (CTGF) upon 6 h of WNTSA stimulation but did not observe any
differences in mRNA abundance (Suppl. Fig. 6).

48



4 Results

The excessive production of ECM in fibrotic chronic lung diseases is heavily
attributable to myofibroblasts. Myofibroblasts are an activated type of fibroblast
characterized by contractile stress fibers consisting of a-smooth muscle actin (a-SMA).
Interestingly, positive regulation of stress fibers showed up in the list of enriched
biological properties among the WNTS5A target genes (Fig. 13). To acquire the activated
phenotype of a myofibroblast, resident organ fibroblasts are described to proliferate and
subsequently differentiate as a response to cytokines like TGF-B (36, 166, 167). We
aimed to decipher whether WNTS5A is involved in fibroblast proliferation (as
determined by levels of the proliferation marker Cyclin D1 (CCND1)). Furthermore, we
investigated the potential involvement of WNT5A in TGF-B-induced myofibroblast
differentiation (as determined by levels of a-SMA). To test this, we performed siRNA-
mediated knockdown of WNTSA upon stimulation with or without TGF-J3.

In primary human lung fibroblasts, WNTS5A-siRNA was able to significantly
knockdown WNT5A mRNA levels by 91.47% on baseline and by 92.08% upon TGF-f
stimulation (Fig. 14A). Basal as well as TGF-B-induced secretion of WNTS5A in the cell
culture medium after 24 and 48 h was also compromised (Fig. 14B). mRNA expression
of the canonical WNT target gene AXIN2 was not altered upon knockdown of WNTSA
at baseline. TGF-f stimulation resulted in a significant decrease of AXIN2 mRNA
expression. However, the TGF-B-induced decrease in AXIN2 mRNA levels was not

altered by WNTS5A knockdown (Suppl Fig. 7).
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Figure 14: WNT5A-siRNA treatment decreases WNT5A mRNA and secretion

Primary human lung fibroblasts were treated with siWNTS5A or scr-siRNA in the absence and presence of
TGF-B (2 ng/ml). WNT5A mRNA levels after 24 h of TGF- stimulation were determined via qRT-PCR
(A). WNTS5A protein secretion after 24 and 48 h was assessed via immunoblotting of concentrated
supernatants (B). Statistical analysis was performed using One-Way-ANOVA with repeated measures
followed by Newman-Keuls Multiple Comparison Test, ***p<0.001 compared to basal + scr;
###p<0.001 compared to TGF-f + scr. Results are presented as mean + stdev of 3 independent
experiments.
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On transcript level, TGF-B significantly induced oa-SMA levels (ACt: 3.33+1.10 vs
7.57£1.16, p<0.001, n=3), an effect which was not affected by knockdown of WNTSA
(Fig. 15A). Expression of the proliferation marker CCNDI, though, was significantly
reduced upon siWNTSA treatment compared to scrambled control (ACt: 8.38+0.49 vs
7.45+0.50, p<0.01, n=3; Fig 15A).

On protein level, knockdown of WNT5A led to a modest, but significant decrease in
TGF-B-induced a-SMA abundance (fold of TGF-B: 0.73+£0.18, p<0.01, n=3; Fig.
15B+C). Additionally, basal CCNDI protein levels were suppressed by silencing of
WNTS5A (fold of control: 0.59+0.21, p<0.05, n=3; Fig. 15B+C).
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Figure 15: Knockdown of WNTS5A reduces fibroblast proliferation and myofibroblast
differentiation

Primary human lung fibroblasts were treated with siWNTS5A or scr-siRNA in the absence and presence of
TGF-B (2 ng/ml). a-SMA and CCND1 mRNA levels after 24 h of TGF-f stimulation were determined via
qRT-PCR (A). a-SMA and CCNDI1 protein levels after 48 h was assessed via immunoblotting (B).
Statistical analysis was performed using One-Way-ANOVA with repeated measures followed by
Newman-Keuls Multiple Comparison Test, *p<0.05, **p<0.01, ***p<0.001 compared to basal + scr;
##p<0.01 compared to TGF-f + scr; $$$p<0.001 compared to basal + siWNT5A. Results are presented as

mean + stdev of 3 independent experiments.
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Given that the GO analysis uncovered cellular adhesion as a possible function activated
by WNTS5A, we were prompted to study this phenomenon. In initial experiments, we
treated primary human lung fibroblasts for 48 h with or without WNTS5A. At this
timepoint, we expected that proteins with an effect on cellular adhesion had been
synthesized and incorporated into the plasma membrane. After the period of 48 h, cells
were detached and reseeded. The rate of attachment (a measure of cellular adhesion)
was determined by cell count 30 min after the cells were reseeded (compare chapter
3.6). However, no differences in fibroblast attachment were observed between untreated

and WNT5A-treated fibroblasts in this experimental set-up (Fig. 16).
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Figure 16: WNTS5A pretreatment does not alter fibroblast adhesion

Primary human lung fibroblasts were stimulated with WNT5A (500 ng/ml) for 48 h, detached from the
cell culture dish and reseeded on a new well plate. Attachment after 30 min was measured quantifying
DAPI staining.
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In view of our results that WNTS5A increases transcript levels of ECM components, we
further hypothesized that stimulation of WNTSA leads to enhanced ECM deposition in
vitro which subsequently influences adhesion of native fibroblasts. To test this, primary
human lung fibroblasts underwent prolonged treatment with WNTS5A (500 ng/ml) for 5
days. Afterwards, cells were detached from the cell culture plate. Subsequently,
untreated human lung fibroblasts were seeded on these tissue culture plates. However,
there was no change in fibroblast attachment observed comparing the number of cells
on the WNT5A-induced matrix compared to matrix of vehicle-treated fibroblasts (data
not shown).

Next, we reasoned that WNTSA enhances fibroblast adhesion via rapid posttranslational
changes in the cell, such as cytoskeletal rearrangements or the control of focal adhesion
complexes as recently demonstrated (168). And indeed, seeding of fibroblasts in
WNTS5A-supplemented medium significantly increased cellular adhesion to cell culture
plates compared to seeding of fibroblasts in normal starvation medium (fold of vehicle-
treated cells: 3.34+0.42, p<0.05, n=3; Fig. 17).

Summarizing the effect of WNTSA on the function of primary human lung fibroblasts,
knockdown of WNTS5A decreases protein and mRNA expression of the proliferation
marker Cyclin D1 and attenuates TGF-B-induced increase in a-SMA protein.
Conversely, WNT5A in the seeding medium of fibroblasts enhances fibroblast

attachment in vitro.
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Figure 17: WNTS5A in the seeding medium enhances fibroblast adhesion

Previously untreated primary human lung fibroblasts were seeded on a 24-wells plate in the presence or
absence of WNTS5A (500 ng/ml) in the seeding medium. Attachment after 30 min was measured
quantifying DAPI staining. Statistical analysis was performed using two-tailed paired Student’s t-test,
*p<0.05, n=3.
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5 Discussion

The chronic lung diseases COPD and IPF constitute a significant individual and global
health burden due to their chronic and ultimately fatal clinical course (7, 13, 169).
Although clinical phenotypes appear to differ vastly at first sight with COPD being
classified as the prototype of an obstructive and IPF being classified as the prototype of
a restrictive pulmonary disorder, both conditions have some pathophysiological
processes in common and can even occur at the same time in patients (68, 71, 82). For
instance, fibroblast-driven tissue remodeling processes are observed both around the
airways in COPD and in fibroblastic foci in IPF (36, 166, 170). Furthermore, there is a
wide array of studies reporting deranged activity of developmental signaling pathways,
such as WNT signaling, in both diseases (75, 81, 105, 117, 132). We aimed to decipher
the role of WNTSA, a non-canonical WNT that displays enhanced expression in lungs
and particularly fibroblasts of both COPD and IPF patients compared to healthy
individuals (94, 127, 128, 135). Intriguingly, Baarsma et al. showed detrimental effects
of WNTS5A on alveolar epithelial cell regeneration and lung architecture in the context
of COPD, while Lam et al. reported an association of IPF disease progression in
patients with high WNTS5A levels in PBMCs (94, 112). This highlights the importance
of intensifying research on WNT5A to further explore its potential as a future drug

target in light of the limited options to treat the devastating diseases COPD and IPF.

In the current study, we describe that risk factors and stimuli relevant in COPD and IPF
pathogenesis induced WNTSA expression in primary human lung fibroblasts. The
profibrotic cytokine TGF-B, the canonical WNT WNT3A and inhibition of GSK-3f3
increased WNT5SA mRNA and protein. To upregulate WNTSA abundance, TGF-f
utilized a pathway dependent of TAK1 and NF-kB. Adding soluble components of
cigarette smoke to TGF-f treatment resulted in an even stronger increase in WNTSA
protein compared to solely TGF-f treatment.

Fibroblast-derived WNTSA, in turn, acts in an autocrine fashion to promote cellular
behavior relevant to disease pathogenesis. Specifically, we identified target genes of
WNTS5A, such as COMP and Elastin, which are differentially expressed in chronic lung
diseases, using microarray analysis, in silico studies and qRT-PCR experiments.
Furthermore, knockdown of WNTSA affected fibroblast proliferation and myofibroblast
differentiation. Finally, WNTSA treatment led to increased fibroblast adhesion.
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5.1 Regulation of WNTS5A in primary human lung
fibroblasts

In the healthy lung, immunohistochemical studies showed that WNTSA is expressed by
different cell types like alveolar and airway epithelial cells, smooth muscle cells and
fibroblasts (127). In IPF lungs, WNTS5A is still widely distributed among various cell
types, however, notably, the vast majority of fibroblasts and myofibroblasts around
fibroblastic foci were positive for WNTSA (109, 127). In line with this, lung fibroblasts
isolated from lung tissue of IPF patients express more WNTSA than fibroblasts isolated
from donor tissue (126, 127). Similarly, lung fibroblasts isolated from lung tissue of
COPD patients also have a higher WNT5SA abundance compared to donor fibroblasts
(94).

5.1.1 Regulation of WNTSA by TGF-§

We demonstrate that TGF- is a robust inducer of WNTS5A expression in lung
fibroblasts. Modulation of TGF-f signaling at various levels in the signaling cascade
showed promising results in preclinical and clinical settings to treat COPD and IPF
(171-173). Noteworthy, there are also various challenges in TGF-3 antagonism owing to
its pleiotropic role in biological processes like regulation of inflammation and tissue
homeostasis (174). Therefore, we considered it of major interest to study the
mechanisms how WNTS5A is regulated by TGF-B. This might enable to diversify
therapeutic avenues in TGF-f and/or future WNT inhibition resulting in medication
available for different subsets of patients.

The TGF-B signaling cascade can broadly be divided into a canonical, SMAD-
dependent, and various non-canonical, SMAD-independent, pathways. The essential
step in the canonical signaling cascade is the phosphorylation of SMAD2 and SMAD3
with subsequent nuclear translocation of these proteins, where they serve as
transcription factors by binding to SMAD-binding elements (SBE). Non-canonical
TGF-B signaling involves several other mediators, such as TAKI1, NF-xB or PI3K
(compare Fig. 3) (144). Interestingly, several of the downstream effector proteins of
TGF- have been implicated in the regulation of WNTSA, which is highly complex and
dependent on the cell type (147, 175). Since the inhibitor of canonical, SMAD-
dependent TGF-f, SIS3, was inexplicably toxic in our experimental setup, we focused

on non-canonical signaling pathways.
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In fact, we show that inhibition of TAK1 by 7-Oxozeaenol attenuates the induction of
WNTS5A mRNA and protein secretion by TGF-f. This is in concordance with the recent
findings that TAKI1 controls WNT secretion by TGF-f in cardiac fibroblasts and
WNTS5A expression in airway smooth muscle cells (145, 176). The latter study showed
that B-catenin lies downstream of TAKI1 in this process. This prompted us to address the
question whether B-catenin is also implied in the regulation of WNTS5A in lung
fibroblasts. In canonical WNT signaling, transcriptional activity of f-catenin is induced
by inhibition of the B-catenin destruction complex leading to cytosolic accumulation
and subsequent nuclear translocation of B-catenin (85). The multifunctional enzyme
GSK-3B is part of the B-catenin destruction complex and consequently, GSK-3f
inhibition by SB216763 has been shown to activate B-catenin in human alveolar
epithelial cells (94). Indeed, treatment of lung fibroblasts with SB216763 led to a
significant increase in WNTS5A mRNA and protein secretion compared to vehicle
treatment. However, it appeared that the ability of lung fibroblasts to express WNT5A
upon TGF-f stimulation is only marginally potentiated. It is possible that this might be
due to a full activation of B-catenin-dependent transcriptional activity upon TGF-f3
stimulation, which could not be further increased by SB216763 treatment. In
corroboration of our result that SB216763 treatment induced WNTSA expression at
baseline, we delineate that WNT3A, a predominantly canonical WNT, upregulated
WNTS5A mRNA and protein secretion which has also been demonstrated by treatment
with WNT3A-conditioned medium in airway smooth muscle cells (145). Moreover,
adenoviral overexpression of WNT7B, another WNT that has been shown to induce
canonical WNT signaling and that is upregulated in IPF, led to an increase in WNTSA
protein expression in human lung fibroblasts (106, 127). However, our results are
limited by the fact that WNT3A and foremost GSK-38 have multiple downstream
effectors or substrates other than B-catenin (95, 148). Additional experiments, for
instance, assessing the impact of silencing of B-catenin on WNTS5A expression would

help supporting our findings.
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In addition to B-catenin, TAK1 can also activate NF-xB (p50/p65) signaling (177). In
the inactive state, NF-xB is sequestered in the cytoplasm by inhibitory proteins of the
IkB family. When NF-«xB upstream signaling is activated, IkB proteins are
phosphorylated and targeted for proteosomal degradation by IKKs (IkB kinases) (178).
In our experimental setup, inhibition of IKK-B by SC514 attenuated the increase in
WNTS5A protein secretion induced by TGF-B. This is in line with previous studies
reporting a regulatory role for NF-kB in increasing WNTSA levels (147, 179, 180).
Surprisingly, the proinflammatory cytokines TNF-a and IL-1f, that were used in these
studies to induce NF-kB signaling, did not alter WNTSA expression in our experimental
setup. NF-kB-driven gene transcription is a tightly regulated process with a large
number of upstream pathways diverging into it and a lot of transcription factors
interacting in the nucleus (178). Thus, it can be hypothesized that in primary human
lung fibroblasts TGF-P signaling activates essential mediators of WNTS5A induction that
TNF-a and IL-1B do not address. Yet the identification of the exact mechanisms that
distinguish the TGF-B response from the TNF-a and IL-1 response of lung fibroblasts
are beyond the scope of this study.

Taken together, our findings thus suggest that in primary human lung fibroblasts TGF-3
induces WNTSA expression via a signaling cascade involving TAK1 and/or NF-kB.
Moreover, GSK-3f and presumably B-catenin signaling control WNTSA expression.

5.1.2 Regulation of WNTSA by CSE

Regarding our initial research question whether stimuli relevant in COPD and IPF
induce WNTS5A expression in primary human lung fibroblasts, it was compelling to
assess a potential effect of the major risk factor for both diseases, cigarette smoke.
Promisingly, there is a numerous reports describing altered expression of components of
the WNT signaling pathway in either cigarette smoke extract (CSE)-treated cells,
specimen obtained from smoking patients and samples from mice exposed to cigarette
smoke (94, 117, 118, 124, 132, 134, 181, 182). We thus hypothesized that also in
primary human lung fibroblasts, WNTSA expression is regulated by soluble
constituents of cigarette smoke. Indeed, we discovered that solely CSE enhanced the
amount of WNTSA protein to a modest extent, whereas CSE treatment upregulated
WNTS5A protein expression when used in cotreatment with TGF-f3 compared to TGF-f3
stimulation alone. However, it appears challenging to pin down the exact compounds in

CSE which is responsible for the upregulation of WNTSA, as cigarette smoke consists
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of thousands of compounds (183). Possible inducers of WNTSA in primary fibroblasts
are Nicotine, Nicotine-derived nitrosamine ketone (NNK) and Lipopolysaccharide
(LPS), all of which are present in cigarette smoke (181, 184). A study conducted by
Whang et al. showed that exposure of bronchial epithelial cells to nicotine or NNK
increases WNT5A mRNA expression, whereas Villar et al. presented increased
WNTSA protein amount in lung fibroblasts in response to LPS (181, 185). However, it
appears unlikely that LPS is responsible for the increase of WNTSA in our experimental
setup. Our CSE preparation protocol resembles the one that Pera et al. used and they
could not detect LPS in the CSE (186). We decided to use a CSE preparation protocol
involving a freezing step before application to reduce batch-to-batch variation which
could have resulted in a partial loss of volatile substances present in CSE, such as
reactive oxygen species and radicals (187). There is conflicting data on whether storage
affects the antiproliferative effect of CSE. Volatilization and lyophilization of CSE, for
instance, have been described to reduce growth inhibition whereas short time storage at
temperatures up to -70°C did not (188, 189). Nonetheless, we consider our model of
CSE use and storage as appropriate to reflect smoke exposure on fibroblasts since
mainly soluble compounds of the cigarette smoke will be able to pass the epithelial
layer to reach the fibroblasts that are located in the interstitium. In general,
interpretation of CSE data between labs remains challenging as the procedure of CSE
preparation and storage is still poorly standardized throughout the scientific community
with differences in pumps, syringes, cigarette brands and storage conditions being used
(190, 191).

In regard of intracellular signaling cascades CSE has been shown to activate, it is
intriguing that there are several parallels to non-canonical TGF-B signaling pathways,
which we identified as mediators of WNTS5A induction. For instance, CSE stimulation
of human alveolar epithelial cells transfected with an NF-xB reporter construct led to
enhanced luciferase activity and CSE treatment of human bronchial epithelial cells
resulted in an increase of phosphorylated Ix-B (192). Lung fibroblasts isolated from
COPD patients express fibronectin when exposed to CSE, an effect that is attenuated by
pharmacological inhibition of NF-kB signaling (193). In human airway smooth muscles
cells, Pera et al. unraveled a signaling cascade triggered by CSE with subsequent TAK1
and NF-kB activation finally leading to 1L-8 secretion which is exactly the mechanism
we propose for TGF-B-induced WNTSA (194). This could explain the synergistic effect
of combined CSE and TGF-f treatment in the upregulation of WNTS5A protein. Another
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phenomenon that might be responsible for the increase in WNTSA in response to CSE
is the alteration of miRNA levels. miRNAs are short sequences of non-coding RNA that
often form loop structures and have a major role in posttranscriptional regulation (195).
CSE has been shown to decrease the expression of miR-487b, which negatively
regulates WNTSA in the process of lung carcinogenesis (196). Moreover, miR-31 has
been discovered to upregulate WNTSA expression and concordantly, miR-31
abundance is elevated by CSE in airway epithelial cells (197). As regulation of protein
translation by miRNA does not necessarily rely on mRNA degradation, but also on
mere blocking of the respective mRNA, the miRNA alterations evoked by CSE could
explain why we observed a change in WNTSA protein levels, but not in WNT5A
mRNA levels (195).

5.2 Function of WNTSA on primary human lung fibroblasts

Given the recent findings from our group that fibroblast-derived WNTSA hampers
alveolar epithelial cell repair, further interest arose in the function of WNTS5A on the
WNT5A-synthesizing cells, lung fibroblasts, in respect of the pathogenesis of COPD
and IPF. In reference to our initial hypothesis that WNTSA alters fibroblast behavior,
we will discuss different aspects of fibroblast biology, how they are altered in disease
and to which extent WNT signaling and specifically WNTSA contributes to the disease
phenotype.

Fibroblasts are the key cell type in different organs including the lung in the control of
ECM homeostasis, but they also serve as essential promotors of wound healing and
mediators of inflammation (36). Upon stimulation with various cytokines like TGF-f,
fibroblasts can differentiate from a rather proliferative state to a synthetically active,
contractile phenotype called myofibroblasts (166). This process mostly occurs during
physiological tissue repair processes, such as the closing of a scratch on the skin, but

also during the formation of pathological scarring and fibrosis (36, 198).

5.2.1 Effect of WNTSA on ECM expression

Attempting to gain a broad perspective on whether and how WNTS5A alters gene
expression, we applied a microarray analysis in WNTS5A-treated primary human lung
fibroblasts. To our knowledge, this is the first study conducting a genome-wide
expression analysis examining the impact of WNTSA on structural cells of the human

lung. Klapholz-Brown et al. have previously demonstrated that lung fibroblasts are
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responsive to the canonical WNT WNT3A, we aimed to unravel whether the same holds
true for non-canonical WNT signaling (199). After 6 h stimulation with WNTS5A, 259
genes were significantly upregulated which we would hence classify as direct WNTSA
target genes in primary human lung fibroblasts. Subsequently, we performed functional
annotation analysis and discovered that genes encoding for ECM components were
significantly enriched.

The ECM forms an acellular scaffold and is made up of wide array of proteins including
proteoglycans and bound cytokines (200). In COPD and IPF, quality and quantity of the
ECM is substantially altered (32, 201). Pathological hallmarks of IPF are fibrotic foci
that are characterized by excessive and uncoordinated deposition of ECM components
like collagen, FN and TNC and accumulating myofibroblasts (51, 202). COPD
pathology displays the fascinating feature of emphysematous destruction of alveoli with
loss of ECM and remodeling of airways with accumulation of ECM occurring in close
proximity (29, 201). It is worth noting that an increase in the tissue volume surrounding
small airways is strongly associated to disease progression in COPD patients (203). The
composition of the fibrotic alterations surrounding the airways remarkably resembles
what is observed in fibrotic areas of IPF lungs with increased FN and TNC levels as
immunohistochemical studies have shown (33-35).

Further scrutiny of the list of direct WNTSA targets in lung fibroblast revealed among
others two ECM components that we decided to follow up on. We confirmed via qPCR
that WNTSA significantly upregulates COMP and that this upregulation persists after
24 h of WNTSA treatment. COMP is a collagen-binding extracellular matrix protein
that is physiologically found in cartilage and skin and pathologically increased in a
fibrotic diseases of liver and skin as well as in IPF (154, 155, 204-206). We confirmed
the upregulation of COMP mRNA in lung homogenate of IPF patients in our small
cohort and interestingly, we found out that this is also the case in COPD patients.
Moreover, we showed that in a published cohort (GSE47460), COMP mRNA levels are
associated with a decline in FVC in IPF patients as well as with a decline in FEV1 in
COPD patients. Given that COMP is elevated in many fibrotic disorders, this suggests
that COMP is implicated in airway remodeling in COPD. Mechanistically, the action of
WNT signaling on COMP expression remains vastly unexplored. A recent study
delineated that in a rat model of osteoarthritis, blocking of DKK1 (an antagonist of
canonical WNT signaling) led to reduced serum COMP levels accompanied an increase

in nuclear B-catenin protein in osteoarthritic knee joint tissue (207). WNTS5A has been
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reported in different cell types to antagonize B-catenin dependent WNT signaling (90).
However, in our experimental setup, we could neither detect an effect of WNTS5A
knockdown on the target gene of canonical WNT signaling AXIN2 nor an effect of
WNTS5A stimulation on active B-catenin levels (data not shown). Thus, we could not
provide proof that WNTS5A affects PB-catenin signaling in human lung fibroblasts.
Contrarily, Vuga et al. observed a downregulation in -catenin protein expression upon
WNTSA treatment of human lung fibroblasts, but this difference can be explained by
the concentrations of WNTSA they used which were much higher than ours (up to 3
pg/ml compared to 100 ng/ml) (126). In summary, given that in our experimental setup
WNTS5A appears to signal independently of B-catenin, the signaling pathways involved
in the regulation of COMP in particular, and of the newly identified target genes in
general, remain subject to future investigation.

In addition to COMP, the microarray indicated elastin, the main component of elastic
fibers, as a direct WNTSA target gene. We confirmed this by qPCR. While there is poor
evidence regarding the role of elastin in IPF, degradation of elastic fibers and successive
loss of elastic recoil with increased lung compliance is a classic feature in COPD
pathology (208-210). This was originally raised by the discovery of protease-
antiprotease imbalance in a-antitrypsin deficiency patients, a genetic disorder, whose
patients suffer from early-onset lung emphysema attributable to inadequate inhibition of
elastin-cleaving neutrophil elastase (12, 30). Furthermore, in very severe emphysema,
elastin expression is increased which Deslee et al. interpreted as a failed repair attempt
due to the incapacity of successful elastic fiber formation in the adulthood (156, 162).
Instead, the newly synthesized elastin might be detrimental in COPD assuming that it
undergoes cleavage with the resulting elastin fragments driving disease progression
(157). Given our results that WNTS5A induces ELN expression, WNTS5A might
contribute to the aberrant increase in ELN seen at late disease stages as WNTSA
expression in induced sputum rises with disease stage as well (94). In support of this, a
therapeutic approach with WNTS5A-neutralizing antibodies in the murine model of
elastase-induced lung emphysema led to significantly improved lung function
parameters and lung architecture (94).

Previous publications have suggested that WNT5A mediates profibrotic stimuli (211-
214). WNTS5A knockdown studies delineated that WNTSA lies downstream of TGF-f3
in the expression of FN and Collagen in human airway smooth muscle cells and hepatic

myofibroblasts (211, 212). Additionally, the induction of FN by basic Fibroblast
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Growth Factor (bFGF) signaling in human lung fibroblasts depends on WNTS5A (215).
Regarding the impact of solely WNTS5A on ECM expression, observations are
diverging, but evidence is growing that WNT5A can induce ECM expression as a single
stimulus. In human periodontal ligament cells, a fibroblastic cell type, WNT5A
upregulates COL-1 mRNA and soluble collagen (216). Also, in primary human lung
fibroblasts, high concentrations of 3 pg/ml of WNTS5A increase FN protein levels (126).
In human fetal lung fibroblasts, Guan et al. reported an increase in collagen, FN and
CTGF levels, which Spanjer et al. could not observe (129, 130). We unravel that the
comparatively low concentration of 100 ng/ml WNTS5A enhances the expression of
selected ECM components. While COLIAI, FNI, TNC and CTGF are unaffected,
COMP and ELN mRNA levels are significantly elevated by WNTSA treatment. We
thus propose that from an ECM perspective, WNTSA does not serve as a broad, but
rather a fine-tuning profibrotic stimulus. This appears plausible considering the defined
stages in embryonic development of the mesodermal compartment that are controlled by

WNTSA (217).

5.2.2 Effect of WNTS5A on fibroblast function

Before ECM expression and deposition by myofibroblasts take place, either in
physiological wound healing or organ fibrosis, fibroblasts need to accumulate around
the site of injury. As an explanation for the pathological aggregation of (myo)fibroblasts
in IPF, three different origins have been discussed. Firstly, circulating bone marrow-
derived fibrocytes were reported to traffic to the diseased lung and contribute to fibrotic
remodeling (218, 219). However, it remains controversial whether these migrated cells
possess the capacity to express a-SMA indicative of myofibroblast differentiation once
they have reached their organ of destination (219, 220). Secondly, the existence of
epithelial-to-mesenchymal transition as a source for pulmonary myofibroblasts has been
matter of debate, but these assumptions mainly relied on in vitro and colocalization
studies and couldn’t clearly be confirmed with lineage tracing experiments (46, 221,
222). Most popular and widely accepted remains the theory that resident fibroblast
populations migrate towards the site of injury and upon confrontation with excessively
secreted profibrotic cytokines increasingly proliferate, adhere to fibroblastic clusters and
subsequently differentiate into myofibroblasts (36, 45, 46, 223). In COPD, alterations in
fibroblast biology appear more complex for there is presumably a discrepancy between

fibroblast activation surrounding the airways and fibroblast dysfunction in the
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emphysematous parenchyma. Fibroblasts isolated from the peripheral lung of
emphysema patients proliferate differently compared to fibroblasts from control patients
(39, 224, 225). On the other hand, Lofdahl et al. as well as Karvonen et al. observed that
fibroblasts in lung sections from COPD patients express less a-SMA in the distal lung,
but more a-SMA around the large airways (33, 226). This heterogeneity in fibroblast
phenotype in obstructive pulmonary disease is underpinned by examinations carried out
with fibroblasts obtained from asthmatic patients and healthy individuals, which found
that both cell morphology, marker expression and transcriptome remarkably differs
depending on their original location in the lung (227-229). These findings implicate that
also various growth factors such as WNTs might elicit spatially different responses.

We observed that siRNA-mediated knockdown of WNTSA expression led to a decrease
in proliferation marker CCNDI mRNA and protein expression in primary human lung
fibroblasts. The effect of WNTSA on proliferation has already been described under
various circumstances with diverging results. In a homozygous WNTSA knockout
model, hyperproliferation of the pulmonary mesenchymal cell compartment has been
described (100). Moreover, WNT5A inhibits hypoxia-induced proliferation of
pulmonary artery smooth muscle cells modeling pulmonary hypertension (230). On the
other hand, in the context of lung cancer, a large number of WNT5A-positive cells
correlated with high expression of the proliferation marker Ki67 and in pancreatic
cancer cells, knockdown of WNTS5A decreased Thymidine incorporation in these cells
indicative of reduced proliferation (231, 232). This divergence is probably attributable
to the mechanism that the cellular response to WNT binding is highly dependent on
receptor recruitment and the succeeding intracellular pathway induction (93, 95).
Interestingly, Bauer et al. have provided evidence that the two different isoforms of
WNTS5A (i.e. WNT5A-long and WNT5A-short) differentially affect proliferation of
cancer cells (233). In primary human lung fibroblasts, exogenously added WNTSA
stimulates proliferation shown by increased optical density and metabolic activity (110,
126). These studies, however, did not distinguish between the different isoforms of
WNTSA. Our siRNA study adds another mechanism including a proliferation marker
which gives further certainty that WNTSA promotes proliferation in lung fibroblasts.
Knockdown of WNTS5A furthermore attenuated the induction of a-SMA by TGF-f by
27% indicating that WNTS5SA is a mediator of fibroblast-to-myofibroblast
differentiation. Stimulation with only WNTS5A did not induce a-SMA protein after 48 h

(data not shown), which is in accordance to previous findings in embryonic lung
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fibroblasts and airway smooth muscle cells (130, 234). Nonetheless, WNTS5SA and
WNTI1 treatment induces actin polymerization in airway smooth muscle cells, a
process which in turn is indispensable for TGF-B-induced o-SMA expression.
Knockdown of WNTSA or WNTI11 in these cells consequently resulted in a marked
attenuation of a-SMA increase by TGF-B (234, 235). It seems possible that similar
mechanisms hold true for myofibroblast differentiation in the lung.

Fibroblast-matrix as well as fibroblast-fibroblast interactions are particularly relevant in
the generation of fibroblastic foci in IPF (167, 236, 237). Moreover, attachment and
detachment at the leading edge is the natural sequence of a migrating cell and enhanced
fibroblast migration to sites of injury is observed in IPF (45, 223, 238). As an in vitro
setup, we aimed to examine the impact of WNTSA on fibroblast attachment to cell
culture dishes in various settings and discovered that WNTSA in the seeding medium
decidedly enhanced fibroblast adhesion. Similar insights were delivered by a study with
skin fibroblasts concluding a role for WNTSA in wound healing. Besides, the authors
proposed that the PI3K/Akt pathway and rapid integrin activation mediate adhesive
features of fibroblasts induced by WNTS5A (239). Of note, enhanced a5-integrin
expression in response to WNTSA stimulation has been shown in lung fibroblasts (126).
Another mechanism involved could be the modulation of focal adhesion dynamics
which has been brought up by several studies. In these publications, WNT5A has been
shown to specifically reorganize the cytoskeleton, activate Focal Adhesion Kinase and
regulate Paxillin levels, two essential mediators of cellular migration and adhesion (168,
240-242). Candidate targets to further unravel the effect of WNTSA on fibroblast
adhesion could potentially be represented by the WNTS5A microarray targets TNS1 and
TSPAN2. Interestingly, TNS1 has recently been discovered as upregulated in IPF
regulating cytoskeletal transformations and focal adhesion kinase signaling (161).
TSPAN?2, on the other hand, has been demonstrated to regulate motility and invasion in

pS3-mutated small airway epithelial cells (158).
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5.3 Conclusion and perspective

Altogether, our results indicate that TGF-B- and CSE-induced WNT5A modulates
distinct aspects of fibroblast activation at various stages. Partly, these changes in
fibroblast adhesion, proliferation, differentiation and ECM expression occur in response
to WNTS5A treatment alone, partly in coordination with TGF-f§ stimulation. A limitation
of our results on the pathways involved in the regulation of WNTSA is that we
exclusively used pharmacological kinase inhibitors. Silencing the suggested mediators
of WNTS5A induction, such as TAK1 and B-catenin, with siRNA would corroborate our
findings. Regarding the effect of WNTSA on lung fibroblasts, it would be interesting to
examine whether some of the identified WNTSA target genes can be linked to the
functional effects of WNTS5A. Moreover, our patient data concerning the expression of
WNTS5A target genes in disease need to be interpreted in context with existing findings
because of limited sample sizes and patient characteristics available. A definite strength
of our study is that we performed experiments exclusively with primary human cells.
Thus, our findings should reflect the situation present in a human lung as closely as in
vitro monoculture can model. To evaluate the translational potential of WNTS5A as a
target in chronic lung diseases, additional experiments on other lung cell types or in
coculture settings like lung tissue slices or lung organoids will be helpful (119, 243).
Promisingly, for in vivo manipulation of WNT5A signaling either in murine models or
in potential clinical studies, researchers have neutralizing antibodies as well as
activating or inhibiting peptides at hand (94, 244, 245). Especially blocking of increased
WNTSA to reestablish tissue homeostasis might be beneficial to COPD and/or IPF

patients.
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7  Summary

COPD and IPF are devastating diseases with very limited therapeutic options. Some
pathogenetic features are shared between these diseases, such as aberrant fibroblast
function and deranged activity of developmental signaling pathways in the lung, e.g. the
WNT pathway. We aimed to decipher the role of the non-canonical WNT WNT5A.
WNTS5A is upregulated in lungs of both COPD and IPF patients and fibroblasts have
been described as a source of WNTSA in the lung. However, the background of
elevated WNTSA and the consequences on fibroblast function remain poorly studied.
We hypothesized that WNTSA expression in lung fibroblasts is enhanced by stimuli
relevant to the pathogenesis of COPD and IPF and that this subsequently leads to
aberrant fibroblast behavior.

All following experiments were performed with primary human lung fibroblasts
isolated from patients undergoing thoracic surgery. To test our hypothesis, we examined
WNTS5A expression by immunoblotting and qPCR upon treatment with various
cytokines, cigarette smoke extract (CSE) and pharmacological inhibitors. WNTSA
function was studied using in silico analysis of microarray data, gPCR and functional
experiments using both WNTS5A stimulation and knockdown.

We showed that the canonical WNT WNT3A, inhibition of GSK-3f and the profibrotic
cytokine TGF-f upregulated WNTS5A mRNA and protein. The induction of WNTSA
expression by TGF-f was dependent on TAK1 and NF-«B signaling. Furthermore, CSE
treatment slightly increased WNTSA abundance and potentiated the increase in
WNTS5A expression induced by TGF-f stimulation. Regarding the autocrine function of
WNTS5A on fibroblasts, we identified several direct target genes of WNTSA that have
been linked to COPD and IPF. Functionally, WNTS5A knockdown led to reduced
fibroblast proliferation and fibroblast-to-myofibroblast differentiation, WNTSA
stimulation resulted in increased fibroblast adhesion.

Our findings support the notion that decreasing WNTSA levels in COPD and IPF lungs
might be beneficial regarding deranged fibroblast function. Studying the effect of
WNTSA in more complex in vitro settings and additional in vivo research will be
helpful in assessing the impact of WNTSA on the whole lung and the potential of
WNTS5A as a novel drug target in the therapy of COPD and IPF.
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8 Zusammenfassung

COPD und IPF sind schwerwiegende Erkrankungen mit sehr eingeschrinkten
Therapieoptionen. Manche pathogenetischen Merkmale sind beiden Krankheiten
gemein, so zum Beispiel anomale Fibroblastenfunktion und gestorte Aktivitit von
entwicklungsbiologisch bedeutsamen Signalwegen wie dem WNT-Signalweg. Wir
zielten darauf ab, die Rolle des nicht-kanonischen WNTs WNTSA zu ergriinden.
WNTS5A ist sowohl in Lungen von COPD- als auch von IPF-Patienten hochreguliert, als
Quelle von WNTS5A in der Lunge wurden Fibroblasten beschrieben. Jedoch bleiben der
Hintergrund und die Konsequenzen der WNTS5A-Erhohung unzureichend erforscht.

Wir stellten die Hypothese auf, dass die Expression von WNTS5A in Lungenfibroblasten
durch Faktoren erhoht wird, die in der Pathogenese von COPD und IPF bedeutsam sind
und dass dies abweichende Fibroblastenfunktion nach sich zieht.

Alle folgenden Experimente wurden an primédren Lungenfibroblasten durchgefiihrt.
Methodisch ~ wurde  mit  verschiedenen  Zytokinen, Zigarettenrauchextrakt,
pharmakologischen Inhibitoren und Knockdown-Experimenten gearbeitet. Die
Auswertung erfolgte mittels Immunoblotting, qPCR, in silico-Analysen von
Microarray-Daten und funktionellen Untersuchungen.

Wir zeigten, dass das kanonische WNT WNT3A, Inhibition von GSK-3B und das
profibrotische Zytokin TGF-f WNTS5A-mRNA und -Protein hochregulierten. Die
Induktion durch TGF-B war hierbei von TAK1 und NF-kB abhéngig. Weiterhin erhohte
die Behandlung mit Zigarettenrauchextrakt geringfiigig die Expression von WNTS5A
und potenzierte den durch TGF-B-Stimulation verursachten WNTS5A-Anstieg.
Hinsichtlich der autokrinen Funktion von WNT5A auf Fibroblasten identifizierten wir
diverse direkte Zielgene von WNTSA, die bereits mit COPD und IPF in Verbindung
gebracht wurden. Funktionell fiihrte der Knockdown von WNTSA zu reduzierter
Fibroblastenproliferation und zu reduzierter Differenzierung zu Myofibroblasten,
WNTS5A-Stimulation hatte erhohte Fibroblastenadhision zur Folge.

Unsere Ergebnisse unterstiitzen den Eindruck, dass ein Absenken von WNTS5A-
Spiegeln in COPD- und IPF-Lungen hinsichtlich gestorter Fibroblastenfunktion
vorteilhaft sein konnte. Untersuchungen in komplexeren in vitro-Versuchsaufbauten
und weitere in vivo-Forschung werden hilfreich sein, um den Einfluss von WNTS5A auf
die Lunge in der Gesamtheit zu verstehen und zu beurteilen, ob WNTS5A das Potential

zu einem Ziel fiir zukiinftige COPD- und IPF-Medikamente hat.
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Supplemental Figure 1: IL-1p upregulates IL-8 transcript

Primary human lung fibroblasts were stimulated with different concentrations of IL-1f3 (0.01 ng/ml, 0.1
ng/ml or 1 ng/ml) and subject to qRT-PCR to determine /L-8§ mRNA levels after 24 h. Statistical analysis
was performed using two-tailed paired Student’s t-test, **p<0.01 compared to untreated cells. Results are
presented as mean + stdev of 3 independent experiments.
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Supplemental Figure 2: Proteins encoded by WNT5A-induced genes interact with each other

STRING analysis uncovering protein-protein interactions was performed with the String database Version
10.0. 139 genes out of the 222 genes significantly upregulated after 6 h of stimulation of primary human
lung fibroblasts with WNTS5A (100 ng/ml) (compare microarray Fig. 8) encode for a protein listed in the
database. COMP is circled in red. Simplified, lines indicate reported or predicted interactions between the
connected proteins.
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Supplemental Figure 3: WNTS5A upregulates TNS1 expression after 24 h

Primary human lung fibroblasts were stimulated WNTSA (100 ng/ml) for 24 h and subject to Agilent
microarray analysis. mRNA levels of COMP, ELN, TSPAN2 and TNS1 are presented. Statistical analysis
was performed using two-tailed one-sample Student’s t-test, *p<0.05. Results are presented as mean log-
fold change + stdev of 4 independent experiments.
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Supplemental Figure 4: WNTSA does not alter expression of elastogenesis-related genes

Primary human lung fibroblasts were stimulated with WNTSA (100 ng/ml) for 6 h and subject to qRT-
PCR to determine mRNA levels of elastogenesis-related genes. Statistical analysis was performed using
two-tailed paired Student’s t-test. Results are shown as mean + stdev of 4-6 independent experiments.

A

gene expression

151

10+

donor COPD

CoMP B
*ok ok 15-
"Ha'L

0,°® L =1 5

[ J o o0 =
@ 10-

o

1

Ny am g

oe0® ()
5 @ 5

o

)
0

COMP

do;wr IF;F

Supplemental Figure 5: COMP transcript is upregulated in COPD and IPF

Data from the published microarray GSE47460 was analyzed. COMP mRNA levels of lung homogenate
from 144 COPD patients and 91 donors were compared (A) as well as COMP mRNA levels in specimen
from 50 IPF patients and 55 donors (B). Statistical analysis was performed using Mann-Whitney U-test.
Results are shown as mean + stdev.
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Supplemental Figure 6: WNT5A on ECM

Primary human lung fibroblasts were stimulated with WNTSA (100 ng/ml) for 6 h and subject to qRT-
PCR to determine mRNA levels of the ECM components FNI, COLIAI, TNC and CTGF. Statistical
analysis was performed using two-tailed paired Student’s t-test. Results are presented as mean + stdev of
4 independent experiments.
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Supplemental Figure 7: Knockdown of WNTSA does not alter AXIN2 transcript levels

Primary human lung fibroblasts were stimulated with siWNTS5A or scr-siRNA in the absence and
presence of TGF-p (2 ng/ml). AXIN2 mRNA levels after 24 h of TGF- stimulation were determined via
gqRT-PCR. Statistical analysis was performed using One-Way-ANOVA with repeated measures followed
by Newman-Keuls Multiple Comparison Test, *p<0.05, compared to basal + scr. Results are presented as
mean + stdev of 3 experiments.
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