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Summary

V. Summary

It is increasingly accepted that the alveelaithelial cell plays a major role in the
pathogenesis of idiopathic pulmonary fibrosis (PR dismal disease with
an average survival time of ~ 3 years and a pregredecline in lung function and
exercise capacity. In IPF, chronic injury of ahealype 1l cells (AECII) seems to cause
disturbed alveolar re-epithelialization (1). It @pps that profoundly increased epithelial
apoptosis, which occurs due to epithelial injurpuses accelerated epithelial cell
proliferation and further apoptosis (2, 3 and 4).

The Notch signaling functions as a mediatba cell-cell communication. The
Notch pathway is known to be involved in proliféoat cell death, stem cell
maintenance and differentiation during embryonid adult development (5-8). In
addition the Notch network has already been idewgtifo play a role in some chronic
lung diseases such as COPD or PAH (9, 10). Unti, rtbe Notch signaling pathway
has not been investigated in IPF. In particulag impact of Notch activation on
alveolar epithelial proliferation and apoptosis fi@snot been analyzed.

The present study was undertaken to evalhateegulation and the potential role
of Notch activation in repair processes in IPF kingVe investigated the cellular
regulation of the Notch signaling pathway on mRINAgtein and immunohistochemical
level (IPFvs. donor lungs; bleomycin-treated. control mice lungs). Proliferation and
survival of an AECII and AECII-like cell line (MLE2) was investigated aftém vitro
transfection with Notchl ICD, POFUT1 siRNA and DARjJ-secretase inhibitor)
treatment.

Our transcriptome data proved differentiagulation of the Notch signaling
pathway in microdisected septae from still ,normappearing areas (representative of
the early-stage of the disease) of IPF lungs coeaptr septae of healthy organ donors.
On protein level, no significant changes in theregpion of Notch pathway elements
were observed with the exception of the intracalulomain of Notchl receptor
(NICD1), the ligand DLL1 and the downstream tarbleis1l, which were found to be
significantly increased in IP¥s. donor lungs. We also observed increased proteeld
of NICD1 and DII1 in lungs of bleomycin-treated micExpression of these proteins
was mainly restricted to AECII of fibrotic lungs.dveover on the IHC level, expression

of NICD1 and DLL1 proteins seems to be increaseA®CIl in IPF as compared to
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controls. Furthermore, we observed a characterigtiaining pattern, where
subpopulation of AECII cells expressed Notchl itoplasm and neighboring AECII
cell showed localization of this receptor in theleus. Most importantly, observations
made after NICD1 overexpression or Notch pathwaybition in the MLE 12 alveolar
epithelial cell line and mouse primary AECII cebslated from bleomycin-challenged
mice indicate that Notch plays a major role in urtcalled AECII proliferationin vitro.
In addition, there was no influence of the Notchnsiing pathway on epithelial
apoptosis. Furthermore, genome wide mMRNA microaraemalysis of NICD1-
overexpressing MLE 12 cells revealed differentegulation of the MAPK pathway.
We found that NICD1 overexpression in MLE 12 cellduced phosphorylation of Erk5.
Therefore, we can speculate that Erk5 may be a siogam effector of Notchl
activation, involved in increased alveolar epithkgell proliferation.

Our findings demonstrate for the first tim@atential role of the Notch signaling
pathway in the re-epithelialization process inligg, which may indicate involvement

of Notch on pathogenesis of pulmonary fibrosis.
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Zusammenfassung

VI. Zusammenfassung

Es findet zunehmend Akzeptanz, dass dieotdren Epithelzellen eine
wesentliche Rolle in der Pathogenese der idiopatkis pulmonalen Fibrose (IPF)
spielen, einer prognostisch ungtnstig verlaufend@ankheit mit einer medianen
Uberlebenszeit von etwa 3 Jahren und einer forgeimden Abnahme der
Lungenfunktion und Belastbarkeit. Bei der IPF soheine chronische Schadigung der
alveolaren Typll Zellen (AECII) eine gestorte alle Reepithelisierung zu
verursachen (1). Anscheinend bewirkt stark verneeAgioptose, hervorgerufen durch
Schadigung des Epitheliums, beschleunigte Epithe&zenehrung und weitere
Apoptose (2, 3 und 4).

Die Notch-Signalkaskade fungiert als Vidtler der Zell-Zell-Kommunikation.
Bekanntermal3en ist der Notch-Signalweg in Prolifena Zelltod, Stammzellerhaltung
und -differenzierung wéhrend der embryonalen udditen Entwicklung involviert
(5-8). Des Weiteren spielt er eine Rolle bei einighronischen Lungenerkrankungen,
wie COPD oder PAH (9, 10). Bisher wurde die Rolles dNotch-Signalwegs im
Zusammenhang mit der IPF, insbesondere der EinflasdNotch-Aktivierung auf die
Proliferation und Apoptose der alveolaren Epithkgze noch nicht analysiert.

In der vorliegenden Arbeit sollte die Rkggion und die moégliche Rolle der
Notch-Aktivierung bei Regenerationsprozessen in llBRgen untersucht werden. Die
zellulare Regulation des Notch-Signalwegs wurderaRNA- und Proteinebene sowie
auf immunhistochemischer Ebene untersucht (NM8F Donorlungen; Lungen von
Bleomycin-behandelten Mausen und Kontrollen). Readition und Uberleben von
AECIl und einer AECII ahnlichen Zelllinie (MLE 12Wwurden nachin vitro
Transfektion mit Notchl ICD, POFUT1 siRNA und naBehandlung mit einem
v-Sekretase-Inhibitor (DAPT) untersucht.

Anhand unserer Transkriptomdaten konmigrunterschiedliche Regulation des
Notch-Signalwegs in Septen (durch Mikrodissektiohaéien) normal erscheinender
Bereiche von IPF Lungen (einem frihen KrankheitSata der IPF entsprechend) im
Vergleich zu Septen gesunder Spenderlungen nacatnwvefsuf Proteinebene konnten
wir keine signifikanten Unterschiede in der Expr@ssvon Bestandteilen der Notch-
Signalkaskade feststellen, mit Ausnahme der intikddeen Doméane des Notchl

Rezeptors (NICD1), des DLL1 Liganden und des dokgash target Hesl1, welche im

Xl
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Vergleich zu Donorlungen in IPF Lungen signifik@nhdht waren. Ebenso zeigten sich
auf Proteinebene erhdhte Werte von NICD1 und DiilLungen von Bleomycin-
behandelten Mausen. Die Expression dieser Protesre hauptsachlich auf AECII
fibrotischer Lungen beschréankt. Im Vergleich zu i8fe¥lungen scheint die Expression
von NICD1 und DLL1 auf immunhistochemischer EbeméAF-Lungen erhdht zu sein.
Des Weiteren beobachteten wir ein charakteristséf@bemuster, bei dem ein Teil der
AECII Notchl im Zytoplasma exprimierte, wahrend leinachbarten AECII dieser
Rezeptor im Nukleus lokalisiert war.

Wesentlich sind Beobachtungen nach Ulpession von NICD1 oder
Inhibition der Notch-Signalkaskade in der MLE 12lliig@e und in von Bleomycin-
behandelten Mausen isolierten AECII, die zeigerssd&dotchin vitro eine wichtige
Rolle in der unkontrollierten Proliferation von AHCZellen spielt. Der Notch
Signalweg hatte keinen Einfluss auf die Apoptose Elgthelzellen. Weiterhin zeigte
eine genomweite mMRNA-Analyse mit Mikroarrays vonCBIL Uberexprimierenden
MLE 12 Zellen differenzielle Regulation des MAPK g8alwegs. NICD1-
Uberexpression in MLE 12 Zellen induzierte eine F=Rhosphorylierung. Daher
kbnnen wir vermuten, dass Erk5 ein in die erhohtelifération der alveolaren
Epithelzellen involvierter Downstream-Effektor déotchl Aktivierung ist.

Unsere Ergebnisse zeigen erstmals eirgdiché Rolle des Notch-Signalwegs in
Reepithelisierungsprozessen der Lunge. Dies kdunteine Beteiligung von Notch an

der Pathogenese der pulmonalen Fibrose hindeuten.
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Introduction

1. Introduction

1.1. Idiopathic pulmonary fibrosis

1.1.1. Characteristics of idiopathic pulmonary fibiosis

Idiopathic pulmonary fibrosis (IPF) is caronic, progressive, fibrotic lung
disease (11). It belongs to a family of lung digmsdknown as interstitial lung diseases
(ILD) or, more precisely, diffuse parenchymal lutigeases (DPLD). IPF belongs to the
group of idiopathic interstitial pneumonia (IIP)cars related to the pathologic pattern
known as usual interstitial pneumonia (UIP). Unblw, the etiology of IIP has not been
discovered (12). IPF affects slightly more men theamen and increases with age.
Most commonly the disease develops after the fiftade of life, affecting patients
over 60 years of age (13). So far it has been dstraird that IPF does not occur in any
particular ethnic group or social environment. dt known that IPF affects around
5 million people worldwide and over the last decatie number of IPF diagnosed
patients has been on the rise (14).

IPF patients experience breathlessnésshws commonly initially attributed to
aging, cardiac disease, or emphysema, resultiagtypical delay in diagnosis. Patients
can also experience a dry cough (15). In around 9@R6patients with IPF
gastroesophageal acid reflux can be present (I&th&r visible symptom of IPF can
also be finger clubbing found in almost every IRfignt. In the end-stage the disease
pulmonary hypertension may develop with classimsigf right heart failure (15).
Initial development of symptoms is usually slowt may become more rapid with time.
The prognosis of IPF patients is ~ 3-5 years aliggnosis (11).

The diagnostic standard of IPF consisfs clinical, radiological and
pathological assessments. According to procedure, diagnosis of IPF can be
considered definitive only if other known causes ioterstitial lung disease
(e.g. connective tissue disease, environmental exppsbhexe been ruled out,
a high-resolution computed tomography (HRCT) hasvéoded a definite UIP pattern
consistent with the diagnosis and/or a surgical glumiopsy forwarded
a histological pattern consistent with UIP (espiacib@HRCT is not prototypic) (1).

Although the cause of IPF remains unkmomajor progress has been made in

cellular and molecular biology on this subject. Bikeless, although the course of the

1



Introduction

disease is variable, the ultimate fate is respiyatailure and death (11). With the
exception of pirfenidone no effective treatmentsexifor IPF and the only option for

affected patients is lung transplantation (1, 17).
1.1.2. Histopathological changes in idiopathic pulonary fibrosis

The histopathological lesion associatétth IPF is known as usual interstitial
pneumonia (UIP) (1). It was observed that a UIRepatis not exclusive to IPF. It is
also found in other diseases such as scleroderthacaupational lung diseases such as
asbestosis (18). The UIP pattern is characterizedsgatial heterogenity with still
normal appearing lung areas directly adjacent wasrof fibrosis (Figure 1.1.A).
Alveolar septal thickening, modest interstitiallamhmation, and honeycomb changes
(Figure 1.1. and Figure 1.2.) are also typical sigha UIP pattern (13). Additionally,
emphysema or respiratory bronchiolitis can beem sd®en the patient is a former or
active smoker (1). The inflammatory process isdagfy mild and consists primarily of

lymphocytes and plasma cells, but neutrophils asihephils may also be present (19).

Figure 1.1. Histopathological changes observed ifPF.

A. Low-magnification photomicrograph of UIP showingetbharacteristic heterogeneous involvement of
the parenchyma. Zones of interstitial fibrosis seen alternating with areas of normal luBgHigher-
magnification demonstrates hyperplastic alveolathepum. C. Higher-magnification shows fibroblast
foci (modified from 21 and 22).

At the border between fibrotic andmal lung are regions with accumulation
of fibroblasts/myofibroblasts, termed fibroblastaci (Figure 1.1.C. and Figure 1.2.)
(19). It was observed that IPF patients with higmembers of fibroblastic foci in lung
biopsies had a poorer prognosis (20). An injuregahr epithelium with hyperplastic
type Il pneumocytes is also one of the characteredements seen in areas of active

fibrosis (Figure 1.1.B) (21). Further UIP featuas microscopic honeycomb changes
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(Figure 1.2.). They are characterized by enlarggdtic airspaces covered by hyper

plastic type Il pneumocytes as a bronchiolizednegim (1).

Figure 1.2 UIP pattern demonstrates the characteristic variegied appearance.

Low-magnification photomicrograph showing the hat@myb change (arrowheads) present in the area of
dense fibrosis next to the pleural surface. A filtast focus (arrow) is seen at the leading edge of
advancing fibrosis (19).

1.1.3. Pathogenesis of idiopathic pulmonary fibrosi

The pathogenetic mechanisms of idioggtimonary fibrosis are incompletely
understood. The present paradigm proposes thabdfotle reasons for development of
IPF may be sequential alveolar injurg.g; ER stress (2), DNA damage (3)) which
afterwards leads to the epithelial cells damagedddmormal conditions, the repair
process is followed by a wound-healing responsesravithe integrity of the epithelial
barrier is initiated to restore, followed by a Hucd pro-inflammatory and fibro-
proliferative mediators. In IPF, the wound-healmgpcess seems to be disturbed (1).
The normal wound-healing process involves re-epilieation of the compromised
area through epithelial and fibroblast cell praotfison, migration and differentiation.
Fibroblast cells differentiate into myofibroblasemd extracellular matrix (ECM)
deposition occurs. Furthermore, in normal woundlihga myofibroblasts undergo
apoptosis and ECM is at least partially removedllttws epithelial cells to migrate and
re-epithelializate to complete tissue repair. I, Ifhe above mentioned process does
not occur and myofibroblast foci are formed in thpired areas, ECM continues to
accumulate, the apoptotic process is impaired angep re-epithelialization can not
take place (Figure 1.3.) (23, 24). There are a fewtors that may modify wound
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healing and the level of parenchymal fibrosis (Fegil.4.). One of them can be the type
of inflammatory response. IPF is thought to closegemble a Th2-type immune
response (eosinophils, mast cells and Th2 cytokimesleukin-4 and interleukin-13)
(19, 25). Up to 15% of IPF cases have a familialkiggound and are due to mutations
which — in part — have already been disclosegl &TPA, SFTPC, TERC) (26). These
are the main pathogenic mechanisms that underlaly (Pigure 1.4.). As

a result of these abnormalities, gas exchangepained and a progressive worsening of

pulmonary function and prognosis occur (1).
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Figure 1.3. Hypothetical scheme of the main pathogé events in IPF/UIP.

Briefly, uncharacterized unknown insults provokeltiple epithelial injuries. In this microenvironmign
epithelial cells are abnormally activated and poeddiverse growth factors and chemokines inducing
fibroblast migration and proliferation and change<ell phenotype. Finally, fibroblasts/myofibrobta
secrete excessive amounts of extracellular matmwponents and afterwards matrix degradation does no
occur. As a result aberrant remodelling of the Ipagenchyma occurs (24).
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Figure 1.4. Hypothesis for the pathogenesis of IPfmodified from 23).
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1.1.4. Alveolar epithelial cells as one of the kegffector cells in

idiopathic pulmonary fibrosis

In adult lungs, type 1 and type 2 alae cells constitute the distal lung
epithelium. Type | cells cover around 90% of theealar surface of the peripheral lung.
Those cells interface with pulmonary capillariesgyide an intact surface permeable to
gases. Type 1 cells are also highly susceptibiejoy. Type 2 cells (AECII), appear as
large squamous cells, which can be found in thearsrof alveoli and are found near to
mesenchymal cells. They synthesize and secrete omalm surfactant, are more
resistant to injury and serve as progenitor celistype 1 alveolar cell (24, 27 and 28).
Type 2 cells take part in the sodium transport fiagurcal to basolateral cell surfaces to
minimize alveolar fluid and participate in the efi@r phase of the immune response,
producing molecules involved in the innate hosedsé (29, 30).

IPF lungs demonstrate major changdkenalveolar epithelium. Hyperplastic
type 2 pneumocytes with abundant cytoplasm, largpeithromatic nuclei and
prominent nucleoli form the majority of the epitineh (Figure 1.1.B). One may also
observe large and elongated epithelial cells (blast-like) and flattened and attenuated
epithelial cells overlying the fibroblastic foci,(21, 22 and 29).

Following injury, appropriate repaif the alveolar epithelium is required to
prevent excess of mesenchymal activation (Figude).1Prior to provisional matrix
remodeling and removing, epithelial cells migrateowe basal layers to restore the
damaged area of the Ilung (11). As was shown prelyipu alveolar
re-epithelialization appears severely disturbedR&. The reasons of the abnormal
reactions of the alveolar epithelial cells (AECs anknown, but some of them may be
the answer to the initial insult, whereas othery mathe result of accelerated epithelial
cell proliferation/migration which occurs after #mlial injury. Major proof of this
hypothesis is a high rate of proliferating cell lmac antigen (PCNA) observed in the
hyperplastic epithelium of the honeycomb lesionkisTcan be a sign of accelerated
epithelial cell proliferation which occurs in thelsions (4). In addition, recent data
shows that the apoptosis process may also takeimpatie absence of proper re-
epithelialization. Labeling of fragmented DNA anctigated caspase 3 in AECII cells
which are located in areas of dense fibrosis wasdadn lung biopsies obtained from
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IPF patients (2, 3). The apoptotic alveolar epitliedells are detected mostly in areas
next to fibroblasts foci (31).

1.1.5. Bleomycin model of pulmonary fibrosis

Animal models play a significant roletire investigation of chronic pulmonary
diseases. Different models of pulmonary fibrosisice are available but none of them
mimic all features of human IPF. Among these mamuselels are radiation, silica or
asbestos induced, gene transfer of fibrogenic ayésk various transgenic mice lines
and, still considered as the gold standard, thenein model of lung fibrosis (32).

Bleomycin is a chemotherapeutic aotibj produced byStreptomyces
verticillus bacterium (33). It is used in animal models of Ipaftially because lung
fibrosis is one of the major adverse drug effeétsleomycin in human cancer therapy.
Bleomycin causes single- and double-strand DNA ksemterrupts the cell cycle and
leads to epithelial apoptosis (34). Bleomycin causgrimary inflammatory response
(pro-inflammatory cytokines: interleukin-1, tumorearosis factor, interleukin-6,
interferony) and fibrotic reactions (transforming growth faefd, fibronectin,
procollagen-1) within a short period of time (peakund day 14; Figure 1.5.) (36, 37).
The switch between inflammation and the fibrosisaggh is around day 9 after
bleomycin treatment (35).

However, a major disadvantage of thalel is that fibrosis does not develop
in all animals and the disease may be self-limitige advantages of the bleomycin
model are that it is well characterized, has clihielevance; many delivery routes are
possible for the induction of fibrosis and the tifreme for expansion of fibrosis is only
14 — 28 days (36).
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Figure 1.5. Characteristic pathology seen in bleongyin model.
Trichrome staining of a lung section from a coni@®7BI/6 mouse and mouse sacrificed 14 days after
belomycin treatment. The blue staining represesitagen deposition (modified from 37).

1.2. The Notch signaling pathway

The Notch signaling pathway functions as a mediataell-cell communication.
Notch signaling promotes or represses proliferatoall death, stem cell maintenance
and differentiation during embryonic and adult depeent (5, 6, 7 and 8). Because of
the importance of Notch in numerous processesvitda range of tissues, gain or loss
of Notch signaling elements have been related teersé human disorders as
developmental syndromes.d. Alagille, Familial Aortic Valve Disease) (38, 39dult
onset diseases.§. CADASIL) (40) and cancers (41, 42).

A characteristic feature of Notch signaling isatthfunctionality does not
dependent on secondary messengers. Levels oftpaia in the most part dependent
on the nuclear concentration of NICD which, in turea dependent on enzymatic
cleavage of the receptor upon binding of the ligaAtthough NICD levels are
extremely low, it has an extremely strong impact roost tissues. The preferable
method to monitor NICD levels is immunodetectiorthvantibodies raised against the
epitope generated by the S3/S4 cleavage (43). idddity, Notch signaling activity is
modulated by glycosylation, differential intracddlu trafficking, and ubiquitin-
dependent degradation (44, 45).



Introduction

1.2.1. Notch receptors

The Notch receptor acts as a transmembrane receasorwell as
a transcription factor. The Notch cascade is comg@$ notch receptors, notch ligands
and intracellular proteins converting the notchnalgto the cell's nucleus. In
mammalian cells, there are four different notcreptors (Notchl, Notch2, Notch3, and
Notch4) (44).

Notch receptors are modified in the endoplasmicukim (ER) and the Golgi
apparatus during the secretion to the membrane.chNas translated inside
ER and then glycosylated by an O-fucosyltransferag®-Futl) and
an O-—glucosyltransferase. Next, the receptor isstomated into the Golgi apparatus,
where it is cleaved by a Furin protease at the il ad further modified by the
N-acetylglucosaminyltransferase. At the cell swfacNotch is present as
a heterodimer, consisting of the extracellular@agf up to 36 epidermal growth factor
(EGF)-like repeats (involved in ligand interactiomnd three juxtamembrane repeats
known as Lin-12-Notch (LNR). Those repeats linkedon4covalently by
a heterodimerization region to the rest of the mdke (44, 46). Intracellular part of
Notch receptors contain the region called RAM (RBRjssociate Molecule),
additionally seven ankyrin repeats flanked by narclecalization signals, a PEST
domain and a transactivation domain (TAD) (Figu@A.) (47, 48).
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Figure 1.6. Structure of Notch and its ligands

A. Notch receptors. Notch is composed by up to 36 EGF-like repeats.close proximity to

a cysteine-rich region are heterodimerization doah region called RAM (RBPjk Associate Molecule)
followed by repeated structural motifs named Ankymépeats (mediate the interaction between Notch
and RPB4), a transactivation domain (TAD) and a PEST domahe PEST domain is involved in the
degradation of NotctB. Notch ligands.The N-terminal region of the ligands contains aseswed ~100
residue MNNL (module at the N-terminus of Notchaligls) domain. A cysteine-rich module called a
DSL domain near the N-terminus, followed by a seodéiterated EGF-like repeats. Serrate and Jagged
ligands also contain a cysteine-rich between thd-Hke repeats and the transmembrane domain,
whereas the Delta class of ligands does not (rmextiffiom 47).

1.2.2. Notch ligands

There are 5 canonical Notch ligands: Jagged1, d2gd¥ L1, DLL3 and DLL4
(Figure 1.6.B). Like receptor molecules, the ligarade also transmembrane proteins
(49). The ligand region of most significance fortdlo signaling interactions is an
extracellular cysteine rich region called DSL prése Delta and Jagged homologues.
DSL mediates the interaction with Notch EGF-likpeats (47, 50 and 51).

The structural difference among the Delta and Jhg@igands is that
the Jaggedl and Jagged2 contain a greater numligBefrepeats in the extracellular
region and also insertions within them. Near to thembrane region, the Jagged
molecules contain a cysteine-rich region that iskiteg in the Delta ligands
(Figure 1.6.B) (49). It has also been suggestet dhizer proteins can act as Notch
ligands. Convincing evidence shows that F3/contastay be one of such examples
(52).
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1.2.3. Notch target genes

Only a few downstream genes of the Notch signalpaghway have been
identified, despite the large number of developmleptocesses that are regulated by
Notch. In the canonical pathway, RBR-¢bnnects with NICD and together they act as
a transcriptional activator. The RBR-NICD complex turns on expression of Notch
signaling target genes, such as Hws (Hesl, Hes5 and Hes7) andHey family genes
(Figure 1.7.). These genes encode helix-loop-hedinscription factors that function as
transcriptional repressors, directly affecting datle decisions as Notch effectors (45,
53, 54),

There are also other Notch target genes, such #RRRand Deltex-1 (negative
regulators of Notch signaling) (55, 56). Notch &rgenes, which are implicated in
cancer include c-myc (57, 58), cyclinD1 (59) andfpRafl (60). Other downstream
genes are NFkB2 (61), Ifi- 202, Ifi-204, Ifi-D3, @ADAM19 (62). A number of other
genes have been described including Notchl andhRptacl-2 and E2A (63, 64 and
65).

In addition to the canonical Notch pathwaya( RBP-%), a non-canonical
pathway has been observed. One good example istdractions between Notch and
Wnt signaling pathways, where transduction of Nosanals is facilitatedia Wnt
pathway components (66, 67).

Co-repressor

N
>
55 . &% _:r.x. .:nur} . .
Target genes Target genes
OFF ON

Current Backogy

Figure 1.7. The switch model for Notch target geneegulation by RBP-Jk .

In the absence of Notch, DNA-bound RBP-{f§ireen) prevents activators from starting transicnn.
Co-repressors, recruited by RBR-&ct by local conversion of chromatin. NICD (orahgs able to
lighten the repression. RBR-NICD complex cooperate with trans-activators tonpote transcription
(68).
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1.2.4. Mechanisms of Notch signaling

Signaling occurs when the DSL domain of a liganel{® Jagged) binds and
interacts with the Notch receptor (69), thus indgcthe S2, S3, and S4 cleavages
(Figure 1.8.). Two kinds of interaction can be idgtished: positive interaction with
ligand presented by neighboring cellsags interactions) mediated by EGF repeats 11—
12 of receptors and inhibitory interaction withigahd co-expressed in the same cell
(cis interactions) which is mediated by repeats 24-2¥).(Many of the EGF repeats
bind calcium ions. They play an important role etetmining the structure and affinity
of Notch receptors to its ligands (71, 72). Intdac between receptor and ligand
results in shedding of the ectodomain and expostien extracellular metalloprotease
site (S2 site). Notch is then cleaved by transmamdmetalloproteases ADAMhe
S3/4 cleavage is an intramembranous cleavage reddiat the presenilin-dependent
y-secretase complex (73, 74 and 75). This cleavagelts in the translocation of the
intracellular domain of Notch (NICD) into the nuak They-secretase complex is
composed of 4 membrane proteins in a 1:1:1:1 stmoétry of the catalytic component
presenilin and the three limiting cofactors nicastPen2 and Aphl (76, 77). The
y-secretase complex has been detected on the cetlbrame and in endocytic
compartments (44, 78, 79). There is evidence ti@atS3/4 cleavage can happen on the
membrane as well as in endocytic components (44).

After translocation of NICD into the nucleus, theceptor interacts with
the transcription factor CSL (CBF1/RBPJk in mammalg acting as a co-activator of
the transcription factor (Figure 1.7.) (80). Thistiae complex recruits transcription
factors including CBP/p300 and PCAF, promoting dnst acetylation and increased
expression of Notch target genes (81, 82 and 83).

12
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Figure 1.8. Canonical Notch signaling pathway

The Notch receptor binding ligand undergoes sewdealvages. The S2 site is mediated by the pratease
ADAM10 or by TACE (TNF-a-converting enzyme). Thistalyzes the processing of Notch in the
intramembranous S2 and S3 sites by {keecretase complex. Thus, the Notch intracellulamain
(NICD) is translocated into the nucleus where iités dissociation of repressor proteins from CShpjRb
NICD and CSL/Rbpi form a ternary complex together with Mastermind afi) that recruits
transcription factors activating target gene exgioes (45).

1.3. The Notch signaling pathway in lung diseases

1.3.1. Chronic obstructive pulmonary disease

As chronic obstructive pulmonary disease (COPDEt®s, there are consistent
changes in the airway epithelial with increasedabasd secretory cells, a decrease in
ciliated cells, a partial shedding of the epitheliand with squamous cell metaplasia
(84, 85 and 86). In the airway epithelium of smaekand individuals with COPD, high
amounts of PCNA and an increased rate of both diglsion and apoptosis were
observed (85, 86). Immunohistochemistry analysisC@PD lung tissues revealed

13
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protein expression of receptor Notch2, ligand Jaigd target genes Hesl, Hes5 in the
airway epithelium. It was shown that key Notch paili genes were downregulated in

healthy smokers and smokers with COPD, as comganednsmokers (9).
1.3.2. Asthma

Asthma is an inflammatory disorder of the condugtairways. A significant
percentage of asthma is associated with allergiosiseation. The disease is
characterized by a polarized Th-2 (T-helper-2)-t¥peell response (87). Activation of
the Notch pathways has been shown to play a role ircdlhdifferentiation. It was
demonstrated that DII4 plays a role in the iniiakR differentiation as well as in Th2

cytokine production in an established allergic cese (88).
1.3.3. Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is describgdstructural remodeling of
small pulmonary arteries and arterioles. As a teshut vessel wall is thickened and the
lumen is occluded because of media thickening ifpration of vascular smooth
muscle cells) and intima (endothelial cell) prai#gon (89). It was proven that high
levels of Notch3 are associated with the develogn&n PAH in humans and
experimental models of this disease. Pulmonary tgpsive vascular pathology in a
hypoxia mouse model of this diseasn be prevented by treatment with a drug which
blocks Notch signaling activation (10).

1.3.4. Lung cancer

1.3.4.1. Non-small lung cancer

Non small cell lung carcinomas (NSCLC) accountdpproximately 85% of
all lung cancers. It was shown that alterationthefNotch pathway are frequent in this
kind of lung cancer. Decrease of NUMB expressiod gain-of-function mutations of
the Notchl gene were observed. Also, the potential growth 8ICNCs depends on
Notch signaling (90). It was proven that MRK-003femical Notch inhibitor) induces
apoptosis and reduces tumor growth/ivo in lung cancer cells. These results support
the hypothesis that inhibition of Notch activatasing ay-secretase inhibitor represents
a potential new approach for the targeted therdyng cancer (91).

14
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1.3.4.2. Small cell lung cancer

Small cell lung cancer (SCLS) difféiresm non-small cell lung cancer in that
this tumor grows more rapidly, spreads more quickiynd responds better to
chemotherapy and radiation. In cultured SCLC ceNgtch signaling leads to
a major G1 cell cycle arrest related to p21waf/agduction, repression of hASH1, and
induction of the downstream Ras signaling pathvtayas suggested that in the case of
a highly proliferate hASH1-dependent NE neoplasmicN signaling activation can be

related to growth arrest and reduction in neoptgsatential (92).

1.4. The Notch signaling pathway in organ fibrosis

1.4.1. Pulmonary fibrosis

Example for an involvement of the Notch systemuing fibrosis stems from
some forms of drug-induced interstitial lung diseH. D), such as those caused by
A771726, the active metabolite of leflunomide, ts leflunomide dihydroorotate
dehydrogenase (DHODH) and induces EM& Notch dependent manneis vivo,
administration of leflunomide provokes bleomycichiced EMT in the lung and
augments bleomycin-induced pulmonary fibrosis. imest of A549 cells with the
A771726 metabolite, results in upregulation Jaiggedl, 2, DIlI1 and Notchl, 3, 4
MRNAs expression. Furthermore, the level of NICDi the nuclear extract was
increased in the presence of the A771726 and tlusease was suppressed by co
treatment with the inhibitor of-secretase (DAPT) (95).

1.4.2. Systemic sclerosis

Systemic sclerosis (SSc) is a chronic fibrotic aése of unknown etiology. It
affects the skin and several internal organs ssctin@ lung, heart and kidneys (94). It
was proven that the Notch pathway is activated St &nd that inhibition of Notch
signaling prevents the development of fibrosis wo tdermal fibrosis models of
inflammation (bleomycin) - dependent and inflammatindependent (Tsk-1 mice) (95).
The last observation suggests that stimulationesmal fibroblasts with recombinant
human Jag-1-Fc chimera results in an SSc-like plypro Also, major release of

collagen and differentiation of resting fibroblastéo myofibroblasts was observed.
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Chemical inhibition of Notch signaling or knock-dowof its components showed
reduced collagen expression in SSc fibroblasts, nmitin fibroblasts from healthy

donors was proven (96).
1.4.3. Tubulointerstitial fibrosis

Tubulointerstitial fibrosis (TIF) is @@mmon factor in the development and
progression of chronic kidney disease (97). It whewn that the Notch pathway is
activated in patients with TIF and in mouse moaélthis disease. Expression of Notch
in renal epithelial cells is sufficient to inducdFT Genetic deletion of Notch, specific
only to tubular epithelial cells, or chemical blade of the Notch pathway had
a protective effect on animals with induced TIFwHs also confirmed that this effect

was mediated by the canonical Notch pathway Rbpj<) (98, 99).

1.5. The Notch signaling pathway in lung developmén

1.5.1. Notch inhibition

Deletion of protein O-fucosyltransferase 1 (Pofptkt-translation modifier of
Notch receptor; 100) and Ripn the lung epithelium shows no influence on thetali
airway differentiation, including formation of alelar sacs, type | and type Il cells
(AECI and AECII) (101, 102). However, alveolar digment is impaired infng
(Lunatic Fringe) mutant mice. Lfng enhances Notteptor activation by Delta ligands
and suppresses activation by Jagged ligands (I0@).Lfng mice display very poor
type | alveolar epithelial cell differentiation giag from the saccule phase of

development and during later stages (104).
1.5.2. Notch activation

Double transgenic mice with constitutive overesgren of NICD1 in AECII
present normal size, branching and lobulation eflting. However, when NICD1 was
constitutively expressed in epithelial cells of tbestal lung the differentiation of
alveolar epithelial cell types was prevented (Fégli9.). The enlarged cysts have been
observed instead of normal saccules, built of ceélég were lacking markers of the

alveolar epithelium but were expressing several kerar of the proximal airway
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epithelium. It is worth to notice that cysts oceadrispecifically in regions of lung where
NICD1 was overexpressed (105).
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Figure 1.9.Model of Notch action in mouse lung development.
For the proper alveolar development a down-regutatif Notch is required. Constitutive expression of
NICD resolves in appearing of a dilated cystic legitm (modified from 105).

Additionally, the effect of an expression of Notam3the peripheral epithelium
was also investigated. In the developing lung,rettdung morphology and delayed
development, leading to early lethality was obseén&imilar to double transgenic,
SPC-Cre; NICD1 mice, the inhibition of AEC typeihto AEC type | transition was
observed in constitutive SPC-NICD3 overexpressimgenfrurthermore, in the lungs of

those animals metaplasia of undifferentiated rasmiy cells was observed (106).
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2. Aim of the study

It is increasingly anticipated that the alveolaitteglial cells play a central role in
the pathogenesis of idiopathic pulmonary fibrod®cause of possibly persistent
endogenous triggers and exogenous secondary hiesn@anent repair of the alveolar
epithelium is necessary. Developmental pathwaysh(s&is TGB and Wnt signaling)
have previously been confirmed to play a role ie pathogenesis and progression of
IPF. The Notch signaling pathway, being known toirbmlved in cell fate decisions,
differentiation and proliferation during developmienmay represent another
developmental pathway involved in this diseadewever, until now,there are no
detailed reports with regard to regulation of thetdkh pathway in idiopathic pulmonary

fibrosis and the influence of Notch on alveolartleglial proliferation and apoptosis
In this context, the aim of this thesis was to:

1. analyze the cellular regulation of the Notamnsiing pathway (including the Notch
receptors and ligands) on a mRNA, protein and inwhistochemical level in the

lungs of IPF patients and bleomycin-challenged nagcéherespective controls

2. characterize the impact of the Notch signalirghpay on proliferation and
apoptosis of alveolar epithelial cells employimgvitro activation or inhibition
strategies

3. elucidate the downstream signaling pathway uyider the regulation of

proliferation by the Notch system in mouse alveolapithelial cells
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3. Materials and methods

3.1. Materials

3.1.1. Equipment

Name

Company

Bacteria culture incubator

Cell Culture Incubator,Hera Cell
Electrophoresis Chambers

Falcon tubes

Film Casette

Filter Tips: 10; 100; 1000

Filter units 0.22um syringe-driven
Falcons filters: 7Qum; 40pum; 10pum
Fluorescence and light microscope
Freezer +4°C

Freezer -20 °C

Frezer -80°C

Whatmann paper

Glass bottles: 250, 500, 1000 ml
Glass Pipetes

Light microscope

Mini spin centrifuge

Mirax scanner

Multifuge centrifuge

NanoDrop

PCR-thermocycler

Petri Dish

Pipetboy

Pipet tips: P10, P20, P100, P200, P1000
Pipets

Heraeus, Germany
Heraeus, Germany
Bio-Rad, UK
Greiner, Germany
Kodak, USA
Eppendorf, Germany
Millipore, USA
BD Falcon, USA
Leica, Germany
Bosch, Germany
Bosh, Germany
Bosh, Germany
Amersham Biosciences, UK
Roth, Germany
Greiner, Germany
LEICA,Germany
VWR, Germany
Zeiss, USA
Heraeus, Germany
PeglLab, Germany
Bio-Rad, Germany
Greiner, Germany
Eppendorf, Germany
Nerbe @lesnany

Eppendorf, Germany
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Precellys Homogeniser
Radiographic film

Serological pipette: 5, 10, 25ml
Tissue Culture Chamber Slides
Tissue Culture Dish 100mm
Tissue culture plates: 6, 24, 48 well
Vortex machine

Water bath

Western blot unit

PeglLab, Germany
Amersham Biosciences, UK
BD Falcon, USA
BD Falcon, USA
Greiner, Germany
BD FalconAUS
VWR, Germany
Medingen, Germany
Bio-Rad, Germany

3.1.2. Reagents

Name

Company

2-(-4-2-hydroxyethyl)-piperazinyl-1-ethansulfonate
(HEPES)

2-mercapto-ethanol

Acetic acid

Acetone

Acrylamide solution, Rotiphorese gel 30
Agarose

Albumine, bovine serum

Ammonium chloride

Ammonium persulfate

Ampicillin sodium

BCA™M Protein Assay Kit

B-estradiol

B-mercaptoethanol

Bromophenol blue

Calcium chloride

EDTA-free Protease inhibitor
D-(+)-Glucose

Dharma FECTL1

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Fluka Germany
Roth, Gergna
Roth, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Thermo Scientific, USA
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Roche, Germany
Roth, Germany
Thermo Scientific, USA
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Dimethyl Sulfoxide

Dispase

DMEM medium

DMEM-F12 medium

DNA ladder

Dnase

Dulbecco’s phosphate buffered saline 1x
Amersham ECL™ Western Blotting Detection
Kit

Ethanol absolut

Ethidium bromide
Ethylenediamine-tetraacetic acid (EDTA)
Fetal calf serum (FCS)

Formaldehyde

Gel extraction kit

Glycerol

Glycine

Glecergel Mounting Medium

Heparin

Hydrochloric Acid

Hydrocortisone

ITS

IQ SYBR Green Supermix Kit
Kanamycin

Ketamin 10%

KOD Hot Start DNA polymerase
L-Glutamine

Lipofectamine

Magnesium chloride (anhydrous)
Methanol

Milk powder

Gel Extraction Kit
N,N,N',N'-Tetramethyl-1-,2-diaminomethane

Sigma-Aldrich, Germany

BD Bioscience, USA

Gibco, Germany

Gibco, Germany

Eurogentee, Belgium

Fermentas, Germany
PAA, Aastri

Amersham Biosciences

Fluka, Germany
Sigma-Aldrich, Germany
Sigma-AdtisiGermany
Roth, Germany
Roth, Germany
Qiagen, Germany
Roth, Germany
Roth, Germany
Dako, Denmark
Ratiopharm, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
PAN Biotech, Germany
Bio-Rad, Germany
Roth, Germany
Betapharm, Germay
Merck, Germany
Gibco, Germany
Invitrogen, Germany
Sigma-Aldrich, Gamgna
Fluka, Germany
Roth, Germany

Qiagen, Germany
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(TEMED)

Oligo(dT)

Omniscript RT Kit

Opti-MEM medium
Penicillin-Streptomycin

Plasmid isolation kit

Potassium chloride

Potassium phosphate monobasic
PageRuler Prestained Protein Ladder
Plasmid Mini and Maxi System
PMSF (phenylmethylsulfonyl fluoride)
Restriction endonucleases

Restore Western Blot Stripping Buffer
RNAse inhibitor

RNeasy Mini Kit

Sodium dodecyl sulfate (SDS)
Sodium acetate

Sodium chloride

Sodium citrate tribasic dehydrate
Sodium hydroxide

Sodium phosphate (monobasic, anhydrous)
Streptavidin coated magnetic beads
T4 DNA ligase

TEMED

TOP 10, competent cells

Tris

Triton X-100

Trepan Blue

Trypsin/EDTA

Tween 20

Vectashield mounting medium with DAPI
Xylazin 2%

Sigma-Aldrich, Germany
Applied Biosystem, USA
Qiagen, Germany
Invitrogen, Germany
PAA, Austria
Qiagen, Germany
Roth, Germany
Sigma-Aldrich, Geyman
Fermentas, Germany
Qiagen, Germany
Thermo Scientific, USA
NEB, USA
Thermo SafentUSA
Applied Biosystems, USA
Qiagen, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrichyiéany
Sigma-Aldrich, Germany
Sigma-didGermany
Invitrogen, Gagm
Promega , USA
Sigma-Aldrich, Germany
Invitrogen, Germany
Roth, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
PAA, Austria
Sigma-Aldrich, Germany
Vector Lalbroldes, USA

Ceva, France
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3.2. Animal tissues

All animal studies were performed in accordancénlite guidelines of the Ethic
Committee of the University of Giessen School ofdidae and approved by the local
authorities (Regierungsprasidium Giessen, no. GI[2009/2011). Male and female
mice (C57BL/6 strain) weighing between 18-20g weased in all experiments. Mice
were obtained from Charles River Laboratories, feldz Germany. The animals were
anaesthetized with isoflurane (Isofluran, BaxtBieomycin (Hexal) in a dose of 5U/kg
body weight was given as aerosol. The animals vegatracheally intubated and
mechanically ventilated. A microsprayer (Penn-Centlnc, USA) was filled with
200ul of saline solution containing bleomycin d»,8% saline for control mice. For the
sample preparation the left main bronchus was obahgmd the right lung was washed
(lavaged) three times with 3pl00.9% NaCl each time. The clamp from the left main
bronchus was removed and fixed to the right maondéhus. The bronchus was cut
distal from the clamp and the right lung was extiaaed shock frozen. Before taking
the left lung for histology, the lung was flushed diear it from blood via the right
ventricle. Formalin fixation was achieved by fitirthe lung with 4.5% formaldehyde
solution. Following instillation the lung was caslly removed and transferred into
a cup with formaldehyde. After overnight incubat&trroom temperature, the lung was
transferred into an embedding cassette and star@B5 at 4°C. This lung tissue was
processed in a tissue processor (Leica, ASP 3060gehydration and then embedded in

paraffin. 3im thin sections were cut with a microtome for fertanalysis.

3.3. Human tissues

The study was approved by the local research ettocsmittee, and written
consent was obtained from all participants (n0.931/84/93, 94/95, 29/01, 10/6,
111/08). Lung tissue samples were obtained fromvevpatients with IPF (mean age
56 * 8 years; four females, eight males) and tenrobsubjects (mean age 40 + 4 years;
five females, five males). Tissue samples were lstiazen or transferred into a cup
with formaldehyde solution. After incubation at 4°@@e lung was transferred into an
embedding cassette, buffered in PBS and storetiCGat®his lung tissue was processed
in a tissue processor (Leica, ASP 300s) Vacuumrdfge dehydration and then

embedded in paraffin.udn thin sections were cut with a microtome for fertanalysis.
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3.4. Methods

3.4.1. Mammalian cell culture

3.4.1.1. MLE 12 cells

The mouse lung epithelial cell iI®ILE 12) (CRL-2110ATCC; Manassas,
VA, USA) were grown in 10cf tissue culture plates in DMEM/F12 medium,
supplemented with 2% fetal bovine serum, insul®0Bmg/ml, transferrin 0.01mg/ml,
sodium selenite 30nM, hydrocortisone 10nM, beteaaesil 10nM and HEPES 10mM
in 95% air; carbon dioxide (G 5%. The cell line was passage when reached 80-90
confluence. During passage, cells were incubatédl 3viml of trypsin solution for 3min
at 37°C, after which 10ml of culture medium wasetitb neutralize enzymatic activity
of trypsin. MLE 12 cells were diluted 1:15 with nigeh and passage to a new tissue

culture plates.
3.4.1.2. Isolation of alveolar epithelial type 1l ells (AECII)

Type Il alveolar epithelial cells were isolaté@m the lungs of C57BL/6
mice. Animals were  anesthetized by intraperitoneainjection of
a mixture of ketamine, xylazine and heparin (in tago 2:2:1).The abdominal cavity
was opened and the renal artery was severed toguisate the mousé&he lungs were
perfused with 10ml of saline, until visually cledref blood. Dispase, followed by
0.5ml of 1% low-melting-point agarose in DMEM mewdiuwas injected into lungga
the trachea (cannulated with a Vasofix® Safety,uBjaAgarose solution was allowed
to solidify for 2min. Then lungs were separatedfrthe trachea and other connective
tissues. The isolated organ was incubated in 2mbdispase for 45min at room
temperature. After this time lungs were dissectedml of Plus Medium. Lungs were
chopped; the resulting crude cell mixture was iratat for 10min at room temperature
with gentle shaking. This was followed by subsequeashes with Plus Medium and
filtration through 7@m, 4Qum and 1@m Nitex filters. The resulting filtrate was
centrifuged at 130xat 4°C for 10min and resuspended in 2mL of ER Ligiffer. The
lysis reaction was stopped by adding Minus Medium18%FCS followed by
centrifugation at 130x at 4°C for 10min. Obtained cells were counted Witlgpan

Blue. The following antibodies (BD Bioscience) wehen added to the cell suspended
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in 5ml of Minus media + 10%FCS: anti-CD16/32 at37million cells, anti-CD45 at
0,9u/million cells, anti CD-31 at O@/million cells. Mix was incubated at 37°C for
30min, then centrifuge and resuspende in Minus ae@lal/million cells).
Streptavidin coated magnetic beads were preparegalshing three times in PBS and
beads suspension (dlmilion cells) was added to cells. The mix wasubated at room
temperature for 30min and then placed on a mageeparator for another 15min. Cell
suspension was carefully aspirated from beads,sfeered to a new tube and
centrifuged as described above. Cells were tharspenided in Minus medium. Freshly
isolated cells were immunocytochemically tested darity percentage by using Pro-
SPC and Fibronectin staining. The AECIl pneumocyese plated either on 48
wells/plate (150,000/well) or cytospin preparatisas done (80,000 cells). Cells were
grown in Minus Medium supplemented with 1% FCSthiis study only AECII cells up
to day 3 were used. All cultures were maintainedhumidified atmosphere with
5% CQat 37C.

Minus medium Plus Medium ER (Erythrocyte) Lysis
Buffer

8,299 NHCI
500m| D-MEM Minus Medium 1g KHCO

10mM HEPES supplemented with ;370 NGEDTA x H,0
1% Pen-strep 0.04mg/ml DNase Add 1000,0 dest. O
pH 7,4

3.4.2. RNA isolation and quantification

Isolation of RNA from cultured cells was performextcording to the
manufacturer’'s instructions provided with RneasyniMKit (Qiagen). By applying
2ul of the sample to a Nanodrop® spectrophotometerctncentration anabsorbance
(260nm and 280nnYf isolated RNA wasneasured.

3.4.3. Reverse transcription
For the preparation of cDNAydLRNA per sample was used. RNA was copied

to cDNA using Omnitranscript RT Kit (Qiagen) anagol dT (Applied Biosystem).
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Reaction mix was prepared as shown:

Components Volume/concentration

10x Buffer 2ul
dNTPs 2ul
Oligo dT 1l
RNase-inhibitor 0.5ul
RT 1pl

RNA up to Jug

H20 up to 2Qul

cDNA synthesis was achieved by incubating the mroam temperature for 15min and
then at 37°C for 1 hour. The resulting complemgnEiNA (cDNA) was further stored
at -20°C.

3.4.4. Real time PCR

Quantitative Real-time PCR is used targify and amplify specific sequences
of DNA. After each amplification round, the DNA uantified. Quantification is
performed by means of fluorescent dye — SYBR® Greenthat directly binds to
double-stranded DNA. The bound dye generates aalsitpat is proportional to the
DNA concentration. Reactions were performed acogrdio the manufacturer’s
instructions provided with an iQ SYBR Green Superkit (Bio-Rad).

PCR reaction mix was prepared as shown:

Components Volume/concentration
IQ SYBR Green Supermix Kit 12,5u
Forward primer 0,4ul
Reverse primer 0,4ul
cDNA 25-5Qug
H20 up to 25l
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Cycling conditions were: 95°C for 3min, followed B9 cycles of 95°C for 10s, 60°C
for 30s, 1 cycle 95°C for 1min, 55°C for 1min ant &ycles of 60°C for 10s. Melting

curve analysis was performed to confirm the exgli@mplification of the expected

PCR product.

GENE BANK
ACESSION
NUMBER

FORWARD PRIMER (5'-3’)

REVERSE PRIMER (5’-3’)

Notchl mouse
NM_008714.3

atggcttcgactgccagctcac

tcggcactgttacagccctggt

Notch2 mouse
NM_010928.2

gggcagctgctgtcaataat

tttggccgcttcataacttc

Notch3 mouse
NM_008716.2

caggccacgtgtcttgaccgaa

tgggctgctctgacattcgteg

Notch4 mouse

tctggatgtggacacctgtggacc

tctctgtggactagccccagtcgt

NM_013822.5

NM_010929.2
Dii1 mouse ccttcagcaaccecat tgttgcgaggteate
NM_007865.3 gecticag JTOeRagTEaTeas
Dli4 mouse tgcctgggaagtatcctcac tagagtccctgggagageas
NM_019454.3 geclgggaag MRl
Jaggedl mouse actgggcctgacaaatacca tgaggaggtctectigecag

Jagged2 mouse

gcctectectgetgcetttgtga

atcaggctgctgtcaggcagg

NM_000435.2

NM_010588.2
Hes1 mouse ctgcagcgggcgcagatgac acacgtggacaggaagc
NM_008235.2 gcagcgggegcagatg gtggacaggaageggg
Heyl mouse ccacgctccgccaccatgaa cggcgcttctcgatgatgect
NM_010423.2 geteeg g ggegeticicgalgaly
Hey2 mouse
NMy_o 13904 tcgcgatgaagegececttgt tcactgagcttgtagcgtgec
B-actin mouse
NM_007393 ctacagcttcaccaccacag ctegttgccaatagtgatgad
Notch1 human atggacgtcaatgtccge ccctggtagatgaagtcgga
NM_017617.3 ggacgtcaatgtccg ggtagatgaagicgg
Notch2 human catggccaatagcaatcctt tcacaacgaggtcctgcata
NM_024408.3 99 9 gaggteely
Notch3 human

ccgatgtcaacgagtgtctg aatgtccacctcgcaatagg
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Notch4 human
NM 004557 3 gaccagaaagacaaggccaa aacccacgtcacacacacat
S&%gg‘g’i@% gaatctgtgtggagagcticaat gtegactecttcagtetgee
DLL4 human
NM 0190743 tctgacccacagctagggag tctcgctcatcatcgaagce
Jl\?&g%%tg&rrn;n caagtgccaccgtttctaca agtcgggaggcaaattcac
Jagged2 human
NM_145150.1 gatcccggagcaaatgg ggccacctggacaataactg
B-actin human
NM_007393 acagagcctcgcctttgecg acatgccggagccgttgtcg

Table 1. List of primers used for Real time PCR.

The primers used for g°PCR were designed with the diethe online program Primer-
BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-td). All primer sequences are
listed in Table 1. AB-actin gene was used as the reference gene in all cuiardiReal
time PCR reactions. The relative transcript abundaof a gene was presented as

ACt values ACt = Ct reference — Ct target).
3.4.5. Protein isolation and quantification

Harvested cells and frozen lung homogenate specimeea lysed in lysis buffer,
which contained a protease inhibitor cocktail ahdiSFF. Lysates were incubated on ice
for 30min, followed by centrifugation 12000rpm fb@min at 4°C. Supernatants were
stored in -80°C. Quantification of protein was pemied using BCA" Protein Assay
Kit (Pierce) according to the manufacturer’s instions. As a standard different bovine

serum albumin (BSA) concentrations were used.

Lysis buffer:

50mM Tris
50mM NacCl
5mM EDTA
1% Triton X-100
0.5% Sodium deoxycholat
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3.4.6. SDS polyacrylamide gel electrophoresis

The denaturating SDS polyacrylamid gel electropsisréSDS-PAGE) was used
to separate proteins electrophoretically accordmgheir molecular weight. Protein
sample from tissue or cells were reduced (by addi@% p-mercaptoethanol) and
boiled for 10min in 4 x loading buffer and then @bon ice for 5min. The samples
were vortexed and collected by brief centrifugati®his mix was loaded into the SDS
acrylamide gel and in the presence of 1 x electioaler, the electrophoresis was
performed at 100V.

Separating Gel, 10ml

8% 10% 15%
A.dest. 3,87ml 3,2ml 1,53ml
1,125M Tris, pH 8,8 3,33ml 3,33ml 3,33ml
Acylamide/Bisacrylamide
2,66ml 3,33ml 5,0ml
(30%/0,8%)
10% SDS 100u 100ul 100u
TEMED 10ul 10ul 10ul
10% APS 50ul 50ul 50ul
Stacking Gel, 10 ml
A.dest. 6,57ml
0,625M Tris, pH 6,8 2,0ml
Acylamide/Bisacrylamide
1,33ml
(30%/0,8%)
10% SDS 100u
TEMED 10ul
10% APS 1o0u

29



Materials and methods

4 x Loading buffer: Electrode buffer 10x:
5g SDS 30g Tris
25ml 0,625M Tris-HCI pH 6.8 1449 Glycine
40ml Glycerol 10g SDS
0,0005g Bromphenolblue Add dest(dHo 1000ml
Add dest. HO to 100ml

3.4.7. Protein blotting

Proteins separated on the SDS poly-acrylamide geé wansferred into PVDF
membrane (Amersham) using the semi-dry techniqaetiansfer buffer.

Transfer buffer:

4,859 Tris
22,519 Glycine
400ml MeOH

Add dest. HO to 2000 ml

3.4.8. Protein detection

PVDF membranes with transferred prateiwere blocked in 5% non-fat dry
milk in TBST for 2h at room temperature. After kawy, membranes were incubated at
4°C overnight with one of the antibodies listedTiable 2. The next day, membranes
were washed 3 x 10min/TBST buffer and were incub&be 1h with HRP-conjugated
secondary antibody (Dako) and next washed again WBST buffer. Proteins on the
membrane were detected using ECL Western Blottieggent (Amersham), according
to the manufacturer’s instructions provided with #it. In order to re-probe membranes
with pB-actin or another antibody, membranes were strigped5min in commercially

available Stripping Buffer (Pierce) and used oncgaror protein detection.
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TBST (pH 7,6) 10x:
48,69 Tris
116g NaCl

20ml Tween 20

Add dest. HO to 2000,0

Species
Name Source Dilution Company
Human | Mouse
Rabbit 1:700 - X Abcam
NICD1
Sheep 1:600 X - R&D Systems
NICD2 Rabbit 1:1000 X X Abcam
NICD3 Rabbit 1:1000 X X Abcam
Rabbit 1:500 - X Sigma-Aldrich
NICD4
Mouse 1:1000 X - Cell Signaling
Deltal Goat 1:1000 X X R&D Systems
Rabbit 1:750 - X Cell Signaling
Delta3
Mouse 1:500 X - R&D Systems
Deltad Goat 1:750 - X R&D Systems
Jaggedl Rabbit 1:300 X - Santa Cruz
Hesl Goat 1:500 X - R&D Systems
PCNA Rabbit 1:1500 - X Abcam
Cl.caspase-3 Rabbit 1:500 - X Trevigen
Rabbit 1:4000 - X Abcam
p-actin Mouse 1:4000 X - Abcam

Table 2. List of primary antibodies used in Wesrn Blot.
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3.4.9. Densitometry

Protein densitometry was measuredgudiphaEaseFC softwar@-actin served as

a loading control.
3.4.10. Immunohistochemistry

To localize and assess the expressfoparticular proteins in human and
mouse lung sections, immunohistochemical analysiss wperformed using
a standardized streptavidin-biotin systems kit ediog to the manufacturer’s
instructions (ZytoChem Plus AP Kit, Broad Spektramd ZytoChem Plus HRP Kit,
Broad Spektrum, Zytomed). Paraffin-embedded, foimaated lung tissue was
sectioned and used for immunohistochemical analydie antibodies from Table 3
were used. Sections were deparaffinized &d0r 1h and then 10min in xylene. After
dehydration, using a stepwise decrease in ethanmhcentration gradient
(99.6%>96%>80%>70%>50%), sections were washed RBS. Antigen retrieval was
performed in citrate buffer (pH 6.0) for 20min &02C. Slides were washed three times
for 5min in 1 x PBS. Counterstaining was performeith haemalaun for 2min followed
by washing the slides under running tap water, twhesulted in blue nuclei. Sections
were then mounted with a glycerol mounting mediubakp), allowed to dry and
evaluated by usage of a MIRAX scanner. Negativarotmwere obtained in all cases

by omitting the primary antibody.

PBS (pH 7,4) 10x:

80g NaCl
2g KCI
14,49 N&iPO,
2,49 KEPOy
Add dest. kD to 1000ml
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Species
Name Source Dilution Company
Human Mouse
NICD1 Rabbit 1:200 X X Abcam
Rabbit 1:150 - X Rockland
DLL1
Rabbit 1:100 X - Abcam
Hesl Goat 1:50 X - R&D Systems
Pro -SPC Rabbit 1:750 X X Millipore
Fibronectin| Rabbit 1:250 X - Abcam
Ki67 Rabbit 1:400 X - Sigma-Aldrich

Table 3. List of primary antibodies used in Immunohistochemistry.

3.4.11. Immunocytochemistry

Immunocytochemistry method was pented to localize specific proteins in
the cell. Cells were seeded or in 8-well chambédesl (MLE 12) or cytospin
preparation was used (AECII). Cells were fixed wi# paraformaldehyde for 10min,
permeabilized with 0.2% Triton X-100. After washiBg 10min with PBS, cells were
blocked in 5% BSA in PBS for 1h at room temperatanel then incubated with the
appropriate primary antibody (Table 4.) overnighdaC. After washing 3 x 10min with
PBS and 1h incubation with a secondary antibodyitflogen), slides were mounted
(4',@adiidyno-2-fenyloindol)
(VectorLab). Controls were performed omitting tharary antibody. Visualization of

with Vectashield mounting medium with DAPI

protein localization was performed using a Leica ®Mhicroscope and photographed

using MetaMorph 7.0 software.
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Species
Name Source Dilution Company
Human | Mouse
NICD1 Rabbit 1:1000 - X Abcam
Pro-SPC Rabbit 1:1250 - X Millipore
E-cadherin Rabbit 1:400 - X Cell Signaling
a-SMA Rabbit 1:200 - X Abcam
Fibronectin Rabbit 1:200 - X Abcam
Ki67 Rabbit 1:500 - X Abcam

Table 4. List of primary antibodies used in Immurocytochemistry.

3.4.12. Cloning of the mouse intracellular Notchleceptor

3.4.12.1. PCR product purification

To subclone the intracellular Ndtcgene into an expression vector, the
DNA template was analyzed for the appropriate i@gin sites (Nhel and Xmal) using
the NEBcutter 2.0 software and appropriate prinveese designed. Cleaved Notchl
cDNA was amplified from total lung RNA by PCR (wiOD Hot start polymerase,
Merck) using the forward and reverse primers 5" TG&5C TCC ATT GTC TAC CT-
3" and 5°- CAC ACA GGG AAC TTC ACC CT-3’, respediy. Restriction sites,
Kozak sequence and ATG codon was added to the faadptiroduct by PCR using the
forward and reverse primers 5- GCC ACC ATG TCC C&&G C-37, 5°- GCT AGC
GCC ACC ATG TCC-3" and 5- CCC GGG TTA TTT AAA TGCTC TGG-3',
respectively. The created DNA fragment was analyaed separated by agarose gel
electrophoresis, excised and gel-purified usingraroercially available QIAquick Gel

Extraction Kit (Qiagen) according to the manufaetig protocol.
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3.4.12.2. Ligation of PCR products into the pGEM-TEasy vector

The purified PCR product was leghinto pGEM-T Easy vector (Promega)
using the ligation mix presented above.

Components Volume/concentration
Ligase 10x Buffer 1ul
pGEMT-T Easy Vector (50ng) 100ng
Purified PCR product 17ng
T4 DNA ligase 1U
Autoclaved, deionized water up to 1qul

This reaction mix was incubated overnight at 16°C.

3.4.12.3. Transformation and amplification of plasnd

After ligation, plasmids were tséormed in competeri. coli TOP10 cells

(Invitrogen) for further amplification. Up to 100mwgere added into a vial of One shot
cells and mixed gently. Samples were incubatedcenfor 30min and then the cells
were heat-shocked for 30s at 42°C, without shakamgyj placed on ice for 2min.
Aseptically, 25@l of pre-warmed S.O.C. medium (Invitrogen) were extitb each vial

and shaken at 37°C for 1h at 225 rpm. Afterward®ull®f cells from each

transformation were spread on a pre-warmed setegiate (X-Gal and IPTG were
added to the LB medium) and incubate overnight7aC3 After overnight incubation,

individual bacterial colonies were picked from tpkte on the following day and
inoculated in LB medium containing the appropriatgibiotics. The bacterial tubes
were shaken overnight at 37°C at 225rpm. Plasmigi® 8ubsequently isolated using

a Qiagen plasmid isolation Kkit.

3.4.12.4. Subcloning into the mammalian expressiomector

In order to subclone NICD1 from pi@-T Easy vector into a mammalian
expression vector, pIRES-DsRed2, both the emptyessprvector and pGEM-T Easy
plasmid, containing the mouse NICD1 PCR productrewdigested with the same
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restriction enzymes for 1-3h at 37°C, separate@dnrose gel electrophorsis and gel-
purified. The purified PCR product and the lineadzpurified vector were ligated as
described in the previous chapter 3.4.12.2. Thevahg steps were also performed as
described in the previous chapter 3.4.12.3. Theadgetlular Notchl construct was

verified by sequencing.
3.4.13. Transient plasmid DNA transfection

Transient transfection of plasmids a technique to transfer DNA into
eukaryotic cells. In this method transfected DNAa integrated into the host genome.
NICD1 was transiently transfected into MLE 12 celleagent using
Lipofectaminé™2000 (Invitrogen) according to the manufacturer&riiction. Briefly,
Lipofectamine and NICD1 plasmid were added seplyrate OptiMEM, mixed and
incubated at room temperature for 5min. NICD1 amgotectamine were incubated

together for another 20min at room temperaturevegr@ added to the cells next.
3.4.14. Antisense Oligonucleotides

The siRNA oligonucleotides specificchouse POFUT1 mRNA (D-059834-01
siRNA) were obtained from Thermo Scientific. MLE 12 celigere transiently
transfected with 60nM POFUT1 siRNA or non-specifisiRNA using
a DharmaFECT1 reagent (Thermo Scientific). BrieDharmaFECT1 was added to
OptiMEM medium and incubated for 5min. siPOFUT1 ram-specific SIRNA was
added to OptiMEM and transferred into DharmaFECAd @ptiMEM mix, after 5min
of incubation. The siRNA and DharmaFECT1 mix wasulmated for another 20min at
room temperature, followed by addition of the coet@lmedium without antibiotics.
Prepared solution was added directly to the cells.

3.4.15. Proliferation assay

The primary, mouse alveolar epitiletype 2 cells (AECII) or MLE 12 cells
were grown in 48-well plates in low serum DMEM madi and then stimulated with
a y-secretase inhibitor, 1 DAPT (Tocris) for 54h. MLE 12 cells were additialty
transfected with NICD1 plasmid or POFUT1 siRNA. &ft24-72h the cells were
exposed to*H]Thymidine (0.2:Ci per well, PerkinElmer) for 6-12h, rinsed thréaes
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with PBS and solubilized with 0.2ml 0.5M sodium hyxide; 0.1ml of the solubilized
material was quantified by liquid scintillation ading (TRI-CARBe 1500, A Canbera
Company, USA).

3.4.16. Cell death assay

To quantified cell death of MLE 1€@lls LDH assay was performed according
to the manufacturer's instruction. Mainly, LDH assabased on lactate dehydragenase
(LDH) which is a stable enzyme, present in all ¢ygtles and rapidly released into the
cell culture medium upon damage of the plasma manabr Briefly, cells were
stimulated with ay-secretase inhibitor, 11 DAPT (Tocris) for 54h, transiently
transfected with NICD1 plasmid (24h) or POFUT1 siRKV2h) and stimulated with
the apoptosis inducer staurosporine 1mg/ml (Sigrakieh) for 5h.

3.4.17. Microarray experiments

Lung tissues were collected from gras with interstitial lung disease
undergoingung transplantation at the Universities of Gies¢&ermany)or Vienna
(Austria). All patients were accessed, diagnosew treated in expert centers for
interstitial lung disease. Nontransplanted domog tissue showing no evidence of
interstitial lung disease servad healthy controls. Laser-Microdissection of doaod
patient lungs waperformed as described previously (107). Cryosaestitom lung
tissuewere mounted on glass slides. After short haemalstaming, septa were
microdissected under optical control using the Lasierobeam System (P.A.L.M.).
IPF and donor samplegere competitively hybridized on Agilent whole humgenome
arrays (G4112A, Agilent).

Mouse lung epithelial cells (MLE 1®Rjre transiently transfected with the
PIRES dsRed2 NICD1 overexpressing vector or pIRERd2 vector for 12h, 24h and
48h, followed by the Agilent whole mouse genomeaiG4122F, Agilent) analysis of
RNA expression.

Briefly, RNA was isolated using théN&asy kit (Qiagen) following the kit
instructions. Total RNA was reverse-transcribedeapmplified, and labeledising
the BD Atlas SMART Fluorescent Probe Amplificati#tit (Clontech Laboratories).
RNA was subjected to reverse transcription. cDNAtapled from the reverse
transcription was amplified with 22 SMART PCR cyl@he dsDNA products were
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labeled by four addition®CR cycles in the presence of aminoallylated UT, then
coupled with monofunctional reactive Cy3- and Cy5-dyes (Asham).
The labeled dsDNA was purified with the Qiaquick PP@urificationKit (Qiagen)
following the kit instructionsAfter the purification procedure concentration, lgya
(RNA absorbance ratio measured at 260/280 nm) auted of incorporation of
fluorescent dyes (Cyanine 3-labeled and CyanirebBied concentration) was recorded
by spectrophotometer (Agilent Bioanalyzer 2100).mgkes were competitively
hybridized on Agilent whole human genoareays (G4112A) or Agilent whole mouse
genome array (G4122F, Agilent) according to Agilemrotocol. After hybridization,
slides were washed and afterwards scanned witdtbea 4100A (Molecular Devices,

Munich, Germany).
3.4.18. Statistical analysis of data

If not indicated differently, valuase presented as mean £ SEM. The mean of
indicated groups were compared using unpaired 8tudests. A level of p<0.05 was

considered statistically significant. NS, not sfgraint
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4. Results

4.1. ldentification of differently regulated pathways in septae

from IPF vs. healthy organ donors

It is known that alveolar re-epith&#iation appears disturbed in IPF. The
reasons for the abnormal reactions of the alvespéthelial cells (AECs) upon injury
are unknown. Some of them may be the answer toiti@ insult, whereas others may
be the result of accelerated epithelial cell pevation/migration (11). To investigate
which developmental pathway may play a role ingpihelial regeneration response in
IPF, microarray analysis was performed on micraitsd septae and lung
homogenates from IPF and organ donor lungs (Figute. In microdissected septae
from histological ,normal” appearing areas of IP&dgs TGPB, Wnt and Notch
signaling pathways were formed to be differentiafigulated when compared to septae
of healthy organ donors. We assumed that septdatadofrom those still “normal”
appearing areas of the lung could represent etagies of the disease. In the “fibrotic”
areas, representing the end-stage of diseaseptae of healthy organ donors, mitogen-
activated protein kinaséMAPK), vascular endothelial growth factor (VEGFhda
MmTOR pathways were suggested to be differently ladégd. On the level of lung
homogenates only the mTOR pathway appeared to [feratitially regulated
(Figure 4.1.).
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Septae microdissected
from ,fibrotic” areas

VEGF
Notch

Wnt
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Figure 4.1. Pathway analyses performed on a data tned from a microarray experiments on
microdissected septae and lung homogenates from IRB. healthy organ donors

4.2. Analysis of the Notch signaling pathway in lugs of

patients with idiopathic pulmonary fibrosis

4.2.1. Expression analysis of Notch receptors angidnds

To investigate potential changes in teeels of Notch signaling pathway
elements in human lungs, mRNA and protein exprassidNotch receptors and ligands
was analyzed. mRNA and proteins were isolated flamman lung homogenates of
transplanted IPF and organ donors. The mRNA exioresd Notch pathway elements
were analyzed by Real-time PCR (Figure 4.2.A). Wbt observed any significant
differences in expression of analyzed genes inddtRpared to healthy donor samples.
The protein levels of Notch receptors (Figure 4.8l C) and ligands (Figure 4.2.D
and E) were determined by Western blot. No sigaiftcchanges in the expression of
Notch pathway elements were observed with the aigepf the intracellular domain
of Notchl receptor (NICD1) and DLL1 which were fauto be significantly increased
in IPFvs. donor lungs (Figure 4.2.B-E).
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Figure 4.2. Expression analysis of Notch receptorand ligands in lung homogenates of organ
donors and IPF patients.

(A) Real-time PCR analysis of Notch receptors dgdnds in lung homogenates from organ donors and
IPF patients. Given is the fold-increase in mRNA rmalized to pB-actin expression.
(B) Expression of Notch receptors in lung homogesatvas analysed by Western blot in lung
homogenates from organ donors and IPF patiefismctin served as a loading control.
(C) Densitometric analysis of Notch receptors, reliped to control. (D) Notch ligands expression was
analysed by Western blot in lung homogenates freaithy donors and IPF patienpsactin served as a
loading control. (E) Densitometric analysis of Notigands, normalized to control. All values argegi

as mean + SEM (r 6). Statistical significance was assured by Sttigértest. Significance levels are
indicated.

4.2.2. Localization of NICD1 and DLL1 in the lungsof patients with

idiopathic pulmonary fibrosis

To identify the cell-specific expremsi of NICD1 and DLL1,
immunohistochemistry was performed on the sectartained from IPF patients and
organ donors. It was examined whether the expnessms specifically localized to
alveolar epithelial cells or/and mesenchymal cejpet in the human lung
(Figure 4.3. and 4.4.).
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Donor IPF

Figure 4.3. Expression of NICD1 and DLL1 in AECII in lungs from organ donors and IPF patients.
Immunohistochemical staining of NICD1 (A) and DLIR) in paraffin-embedded, serial lung sections
obtained from organ donors and IPF patients. Pi6-®8s used as a marker of AECII cells. The pictures
are representative of at least five independentéxgnts. Bar size is indicated.
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NICD1 Fibronectin

Fibronectin

f ¥

Figure 4.4. Absence of NICD1 and DLL1 in mesenchynhaells in lungs of organ donors and IPF
patients.

Immunohistochemical staining of NICD1 (A) and DL[B) in paraffin-embedded lung sections obtained
from donors and IPF patients. Fibronectin was us®d mesenchymal cell marker. The pictures are
representative of at least three independent expeits. Bar size is indicated.

As shown in Figure 4.3. and 4.4. the expressioNI@D1 and DLL1 was increased in
IPF sections compared to donor tissue. The strongesunoreactivity of the NICD1
receptor was observed in alveolar epithelial tymel’s (AECII) but expression in other
compartmentsgg. myofibroblasts, mucus cells) can not be excluoledhe basis of the
experiments conducted in this study. The specifignad of DLL1 protein on
immunohistochemistry was observed almost exclugiviel AECII. To verify if
expression of NICD1 and DLL1 can be found in thensagroup of AECII in the

fibrotic lung, immunohistochemistry on the seriatsons was performed (Figure 4.5.).
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Figure 4.5. Expression and colocalization of NICD&And DLL1 in the same population of AECII in
lung tissue of IPF patients.

Immunohistochemical staining of NICD1, DLL1 and P®®-C, as a marker of AECII, in paraffin-
embedded lung serial sections obtained from IPlemtat The pictures are representative of at libaest
independent experiments. Bar size is indicated.

As shown in Figure 4.5. NICD1 and DLL1 are expressethe same population of
AECII cells in the fibrotic lung. It can also be troed, that the activated Notchl
receptor is not localized in nuclei of all AECllIdcathat the DLL1 ligand is localized not

only in cytoplasm but also in the nucleus.
4.2.3. Expression analysis of the Notch target geitES1

To further investigate not only the kbes in the levels of Notch receptors and
ligands in human lungs, but also the activationhid pathway, expression analysis of
one of the Notch target genes, Hesl was perforified.proteins were isolated from
human lung homogenates of transplanted IPF patemdsorgan donors. The protein
level of the Notch target gene Hesl was determineWestern blot (Figure 4.6.). As
expected, the protein level of Hes1 was signifigaatevated in fibrotic samples. The
expression of this protein in AECII was also camid in the distal lung epithelium in

the human lung, as determined by IHC (Figure 4.7.).
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Figure 4.6. Expression analysis of Hes1 in lung haygenates of organ donors and IPF patients.

(A) Hesl expression was analyzed by Western bldumgy homogenates from organ donors and IPF
patients.p-actin served as a loading control (B) Densitometmalysis of the Hesl protein expression
level, normalized to control. All values are givas mean + SEM (& 6). Statistical significance was
assured by Student's t-test. Significance levedsradicated.

Donor IPE

Figure 4.7. Expression of Hes1 in AECII in lungs obrgan donors and IPF patients.
Immunohistochemical staining of Hes1 in paraffinbetidded lung sections obtained from donors and IPF
patients. Pro-SPC was used as an AECII marker. dibiires are representative of at least three
independent experiments. Bar size is indicated.

4.3. Analysis of the Notch signaling pathway elemé&n in

an experimental model of pulmonary fibrosis

4.3.1. Expression of Notch signaling pathway elemenin bleomycin-

induced pulmonary fibrosis

To find out if the results obtainedhmeman IPF lungs can be reproduced in an
animal model of lung fibrosis, the mRNA and protexpression of Notch receptors and
ligands was analyzed in the lung homogenates ainfjein- challenged mice. No

significant changes in the mMRNA expression of Ngiathway elements were observed

46



Results

with the exception of thBlotchl receptor at day 14 and day 28 andNo&ch3 receptor
at day 21 (post bleomycin application), which wkrend to be significantly decreased
in lung homogenates of contras. bleomycin- challenged mice (Figure 4.8.A)so,
MRNA of such ligands aPeltal (DIl1) andJagged2 were significantly decreased at
day 14 and day 21 (post bleomycin application)yeetively (Figure 4.9.A).

In addition, it was confirmed on theotein level that expression of NICD1
was significantly upregulated from day 7 wuntii dagl post bleomycin
(Figure 4.8.B and C). In case of DII1 ligand immbloating showed a similar
upregulation at day 21 and 28 post bleomycin (Fgdr9.B and C). Additionally,
downregulation of the intracellular domain of N&afeceptor and ligand Delta4 (Dll4)
was observed at later time points (days 21 andF28ure 4.9.B and C).
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Figure 4.8. Expression analysis of Notch receptoiia lung homogenates of control and bleomycin-
challenged mice.

(A) Real-time PCR analysis of Notch receptors inglthomogenates from organs from control and
bleomycin-challenged mice. Given is the fold-ing@an mRNA normalized t@-actin expression.
(B) Notch receptor expression was analyzed by Wiedtdot in lung homogenates from control and
bleomycin-challenged micei-actin served as a loading control. (C) Densitoimainalysis of Notch
receptors, normalized to control. All values aneegias mean + SEM Xd).

Statistical significance was assured by Studerteéstt Significance levels are indicated.
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Figure 4.9. Expression analysis of Notch ligands ilungs homogenates of control and bleomycin-
challenged mice.

(A) Real-time PCR analysis of Notch ligands in luhgmogenates from organs from control and
bleomycin-challenged mice. Given is the fold-in@@an mRNA normalized t@-actin expression.
(B) Notch ligand expression was analyzed by Westdot in lung homogenates from control and
bleomycin-challenged micei-actin served as a loading control. (C) Densitoimainalysis of Notch
ligands, normalized to control. All values are gives mean + SEM §4).

Statistical significance was assured by Studertestt Significance levels are indicated.
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4.3.2. NICD1 colocalization in the lungs of controland bleomycin-

treated mice

Immunohistochemistry confirmed a sg@xpression of NICD1 in bleomycin-
injured lungs at day 14, compared to the weak sighaerved in the lungs of saline
treated mice (Figure 4.10.). By using serial sedjostained with the AECII specific
marker pro SP-C, activated Notchl was found tolbest exclusively colocalized in

alveolar epithelial type 1l cells.

Saline

Bleomycin day 14

Figure 4.10. Expression and colocalization of the IBD1 receptor in AECII in the lungs of control

and bleomycin-treated mice.

Immunohistochemical staining of NICD1 in paraffimleedded lung sections obtained from saline and
bleomycin-treated mice. The pictures are represigataf at least four independent experiments. Sze

is indicated.
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4.4. Influence of Notch signaling on epithelial priiferation

Notchl has been known to play a majoe tial the proliferation of normal rat
kidney tubule epithelium (NRK) cells. It has beemven, usingin vivo studies, that
genetic overexpression of Notchl likely plays ariol tubulointerstitial fibrosigTIF)
developmentia controlling cell proliferatior(5). As shown in 4.3. and 4.10. NICD1 is
mostly expressed by AECII in IPF and in the bleomymouse model of pulmonary
fibrosis. Therefore, primary epithelial mouse cglW&CIl) and an alveolar epithelial
cell line (MLE 12) were used for further studieddeessing the role of Notch on lung

epithelial proliferation.
4.4.1. Influence of NICD1 expression on proliferadn of MLE 12 cells

To test whether NICD1 has a functior@e in alveolar epithelial cells, the
cDNA encoding exclusively the intracellular domaih Notchl was cloned into the
mammalian expression vector pIRES-DsRed2. 24h passfection, MLE 12 cells
showed a higher expression of NICD1 as compareddontrol (empty) vector (Figure
4.11.A.). As expected, the mRNA expression levéIBlaich target genellesl, Heyl
andHey2 were significantly upregulated after 24h of NICBderexpression in MLE 12
cells (Figure 4.11. B.).
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Figure 4.11. Overexpression of the NICD1 receptoniMLE 12 cells.

(A) Western blot of MLE 12 cells overexpressing tNéCD1 receptor, 24h after transfection and
compared to an empty vector. 3-actin served asdirlg control (B) Real-time PCR analysis of Notch
downstream genesHesl, Heyl, Hey2 in MLE 12 cells, 24h after transfection with thelQiD1
overexpressing vector compared to an empty ve@imen is the fold-increase in mRNA expression in
response to transfection with an empty vector nbmed for B-actin expression)vs. NICDL.

All values are given as mean + SEM (n=3).

Statistical significance was assured by the Stuslémést. Significance levels are indicated.

To measure the level of proliferation of epithel@lls in vitro, the FH]-thymidine
incorporation method was usebhcreased cDNA synthesis, which indicated raised
proliferation following 30h of Notchl intracellulatomain expression, was confirmed
in MLE 12 cells (Figure 4.12.A.). Moreover, in Nbtexpressing cells, increased
protein expression of proliferating cell nucleartigen (PCNA) was observed

(Figure 4.12.B and C), which was consistent withidda-induced proliferatian
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Figure 4.12. Cell proliferation in Notch-expressingMLE 12 cells.

(A) [*H]-Thymidine incorporation measured in MLE 12 cdiidlowing 30h of Notchl expression. All
values are given as mean + SEM>(10) and are normalized to mock transfection (106%of control.
(B) PCNA expression in MLE 12 cells following 30M Motch expression. 3-actin served as a loading
control. (C) Densitometric analysis of the PCNA tpio expression level, normalized control.
All values are given as mean + SEM (n=3).

Statistical significance was assured by Studertestt Significance levels are indicated.

4.4.2. Influence of Notch signaling inhibition on pithelial proliferation

and survival

Based on the previous observationsyas asked if blockage of the Notch
pathway could influence the level of proliferatitnmouse epithelial cellg vitro. To
answer this question a knock-down of POFUT1 anchemical inhibition of the Notch
pathway by DAPT were employed.

54



Results

4.4.2.1. Inhibition of Notch signaling in the mouseepithelial cell line
(MLE 12)

The MLE 12 cell line was transfecteith sSiRNA directed against murine
POFUT1. The knockdown efficiency was analyzed bysi&fa blot (Figure 4.13.). The
protein level of the activated Notchl receptor wamificantly downregulated (~70%)
72h after transfection with POFUT1 siRNA oligonuatides.

NICD1
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Figure 4.13. Analysis of siRNA-mediated knockdownfd®OFUT1.

(A) The MLE 12 cells were transfected with the sikNpecific to the mouse POFUT1 mRNA for 72h
and the protein levels were analyzed by Westernt. bactin, served as a loading control.
(B) Densitometric analysis of NICD1 protein levapeession, normalized to control. All values areegi

as mean + SEM (n=3). Statistical significance wasueed by Student’s t-test. Significance levels are
indicated.

MLE 12 cells were also treated with DAPT, an intobiof Notch activation. The
reduction in cleaved Notchl receptor (which is ativated form) was analyzed by
Western blot (Figure 4.14.A and B). A significarawhregulation (~50%) of NICD1
protein was observed after 54h. In parallel, theNARevel of downstream gendesl
was also found to be decreased (Figure 4.14.C.).

55



Results

A

control DAPT

IO | D | 100 D
Bactin | e e D | 7 02

NICD1 Hesl
S 157 —P=004 2,507 p=0012
‘0
%) J—
Q
S 10
(]
6] ]
E g 1%
- -
o
]
=
% 00 " 0.00
= \ A
© < ©
Q& \s &
& N &

Figure 4.14. Analysis of chemical NICD1 inhibitionn MLE 12 cells.

(A) MLE 12 cells were stimulated with DAPT for 54imd the protein levels were analyzed by Western
blot. (B) Densitometric analysis of NICD1 proteavel expression. All values are given as mean + SEM
(n=3) and are normalized to R-actin, served asadimg control. (C) Real time PCR analysis of Notch
downstream geneblesl, 54h after inhibition with DAPT compared to DMSdirfiethyl sulfoxide)
control. Given is mean + SEM (n=3) as a fold-inse& MRNA expression in control (normalized3to
actin expressionjersus values obtained from DAPT treated cells.

Statistical significance was assured by Studertestt Significance levels are indicated.

Following this approach, decreased cell proliferaidy PH]-thymidine incorporation in

MLE 12 cells was observed upon both, transfectigh the siRNA specific for murine
POFUT1 as well as stimulation with the Notch intobiDAPT (Figure 4.15.A and B).
Additionally, after POFUT1 siRNA knockdown in MLE2Icells, immunofluorescence

staining showed lack of a Ki67, a proliferation ket in parallel to a lack of NICD1

expression (Figure 4.15.C.).
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Figure 4.15. Proliferation of MLE 12 cells upon inhbition of Notch signaling.

(A) [*H]-Thymidine incorporation in MLE 12 cells 72h aft®OFUT1 knockdown by siRNA.
(B) [*H]-Thymidine incorporation in MLE 12 cells followin54h chemical Notch inhibition by DAPT
(5uM). All values are given as mean + SEMXr0) and are normakt to mock as a control (100%).
(C) Colocalization of NICD1 and Ki67 in POFUT1 siRNknockdown MLE 12 cells, showed by
immunofluorescence

Statistical significance was assured by Studertestt Significance levels are indicated.

POFUT1
SiRNA

This observation raised the questioNotch cleavage inhibition in primary

mouse AECII would similarly affect proliferation.
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4.4.2.2. Influence of Notch signaling on proliferabn of primary mouse
AECII

To confirm the data obtained witle MLE 12 cell line, primary AECII were
used to investigate the influence of the Notch wathon proliferation. Freshly isolated
primary AECII from saline and bleomycin-treated &i¢day 14 post bleomycin
application) showed a high purity (>90%), as assdsy immunofluorescence for
epithelial (Pro SP-C, E-cadherin) and mesenchyfitalofectin andu-smooth muscle
actin) markers (Figure 4.16.).

Saline Bleomycin day 14

Figure 4.16. Purity of primary AECII.

Pro SP-C, E-Cadherin, fibronectin anetSMA were all stained by immunofluorescence on
cytospinspreparation from freshly isolated primaggCIl from saline and bleomycin-treated mice (day
14). Cell nuclei were visualized with DAPI (blu®riginal magnification is 40x.
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Because of the resistance of primary AECII to tiectson, the chemical inhibitor
DAPT was used to reduce the level of activated Nht®roliferation was measured by
[*H]-thymidine incorporation analysis. Without anynstlation, but on reduced FCS
(1%) level, an increased proliferation of AECII fmobleomycin (day 14) treated
animals was evident: AECII from bleomycin-treatestenshowed more DNA synthesis
than those isolated from saline treated mice (ligud7.A). Inhibition of Notch by
DAPT resulted in decreased DNA synthesis only iiscisolated from bleomycin-
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challenged animals as compared to cells isolatemmn frsaline treated mice

(Figure 4.17.B. and C).
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Figure 4.17. Proliferation of AECII cells isolatedfrom saline and bleomycin (day 14) treated mice.
[*H]-Thymidine incorporation in AECII isolated fronaline (A, B) and bleomycin (A, C) treated mice.
Cells were plated on plastic and were grown in reereduced medium for 40h in absence of any
stimulation or upon incubation with DAPT (10uM) f24h or DMSO (0,5%) as a control (B and C). All
values are given as mean + SEM>(10) and are normalized to cells isolated fromneatreated mice
(100%), cells isolated from saline treated miceubated with DMSO (100%) or cells isolated from
bleomycin-treated mice treated with DMSO (100%3pestively.

Statistical significance was assured by Studertgstt Significance levels are indicated.
4.4.3. Expression of NICD1 and the proliferation meker in lung tissue of

IPF patients

To evaluate whether NICD1 may also hawg influence on proliferation in
human samples, imunohistochemistry was performedPénsections. As depicted in
Figure 4.18., colocalization of the intracellulayngiain of the Notchl receptor and the

proliferation marker Ki67 was evident in AECII.
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Figure 4.18. Expression and colocalization of NICDE&nd Ki67 in AECII in lung tissue of IPF
patients.

Immunohistochemical staining for NICD1, Ki67 andoP$P-C, as a marker of AECII in paraffin-
embedded, lung serial sections obtained from IRIEqa. The pictures are representative of at It
independent experiments. Bar size is indicated.

4.5. Influence of Notch signaling on apoptosis vitro

4.5.1. Impact of NICD1 overexpression on apoptosef MLE 12 cells

To evaluate the possibility that Ndicimay have an influence on the
susceptibility to apoptosis, MLE 12 cells were sfamcted with the NICD1 encoding
plasmid and additionally stimulated with the ap@o inducer-staurosporine.
LDH assay and Western blot for cleaved caspase r@ werformed to quantify the
apoptosis response. As shown in Figure 4.19., apeession of NICDIper se did not
result in apoptosis or necrosis. Moreover, overesgion of the intracellular domain of

the Notchl receptor also did not influence stausasp-induced apoptosis.
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Figure 4.19. Extent of apoptosis of MLE 12 cells imresponse to NICD1 overexpression and
staurosporine treatment.

MLE 12 cells were transfected with an empty vectoa vector encoding the intracellular domain @& th
mouse Notchl receptor, incubated for 24h and theatdd with staurosporine or DMSO vehicle control.
Cleaved caspase 3 was analyzed by Western bloO@).death was quantified by LDH assay (B). All
values are given as mean + SEM (n=3). Statistitghificance was assured by Student's t-test.
Significance levels are indicated.

4.5.2. Impact of impaired Notch signaling on apoptais of MLE 12 cells

The data presented in 4.5.1. suggdabted\Notchl does not have any influence
on cell death. To further confirm those results,H.dssays were performed upon
treatment of MLE 12 cells with POFUT1 siRNA or withe Notch inhibitor DAPT
(Figure 4.20.A and B). As expected, cell death psses remained unchanged after
Notch inhibition alone. Moreover, treatment with ROl siRNA or DAPT inhibitor
did not show any significant impact on staurosp®ritduced cell death.
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Figure 4.20. Influence of Notch inhibition on celdeath of MLE 12 cells.
MLE 12 cells were transfected with POFUT1 siRNA ##h (A) or stimulated with the Notch inhibitor
DAPT for 54h (B), then left untreated or treatedhwstaurosporine. Extent of cell death was analymed

LDH assay. All values are given as mean + SEM (nS&tistical significance was assured by Student’s
t-test. Significance levels are indicated.

4.6. Downstream signaling of Notchl in alveolar efmelial
cells

To identify pathways, which may be inxed in the Notch - dependent increase
in proliferation of mouse alveolar epithelial cells genome-wide mRNA microarray
analysis of MLE 12 cells overexpressing NICR4 a control vector was performed.
Genes exhibiting a greater than two-fold changexpression were considered as being
differentially expressed, as described in tiaterials and Methods section.
For the three predefined timepoints 12h, 24h ardpt&st transfection total number of
genes, which were differentially expressed, was 1@2 or 237, respectively.
To analyze specific pathways involved in Notchluioeld proliferation,
the Gene Set Enrichment Analysis was used. 12hr Bff€D1 overexpression, no
particular pathway turned out to be differentiatggulated. In contrary, prolonged
overexpression of Notchl for 24h and 48h resultedai significantly different

regulation of several pathways, which are summdrizéen Table 5.
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24 h

24h & 48h

48h

Antigen processing and
presentation
Atrazine degradation
Cell adhesion molecules
(CAMs)
Cytokine-cytokine receptor
interaction
Huntington's disease
Jak-STAT signaling pathway
Long-term depression
Melanogenesis
Natural killer cell mediated
cytotoxicity
T cell receptor signaling
pathway

Acute myeloid leukemia
Adherens junction
Apoptosis
Axon guidance
Bladder cancer
Cell cycle
Chronic myeloid leukemia
Colorectal cancer
ECM-receptor interaction
Endometrial cancer
ErbB signaling pathway
Focal adhesion
Gap junction
Glioma
GnRH signaling pathway
Insulin signaling pathway
MAPK signaling pathway
Melanoma
MTOR signaling pathway
Pancreatic cancer
Prostate cancer
Regulation of actin cytoskeleton
Small cell lung cancer
TGF-beta signaling pathway
Toll-like receptor signaling
pathway
Type Il diabetes mellitus
Ubiquitin mediated proteolysis

Adipocytokine signaling pathway
Alzheimer's disease
Aminoacyl-tRNA biosynthesis
Aminosugars metabolism
B cell receptor signaling pathway
Base excision repair
Biosynthesis of steroids
Dentatorubropallidoluysian
atrophy (DRPLA)

DNA replication
Fatty acid elongation in
mitochondria
Fructose and mannose
metabolism
Glycan structures - biosynthesis
Glycan structures - degradation
Glycine, serine and threonine
metabolism
Glycosylphosphatidylinositol(GPI)-
anchor biosynthesis
Homologous recombination
Inositol phosphate metabolism
Long-term potentiation
Lysine degradation
Mismatch repair
N-Glycan biosynthesis
Nicotinate and nicotinamide
metabolism
Non-homologous end-joining
Non-small cell lung cancer
Nucleotide excision repair
Oxidative phosphorylation
p53 signaling pathway
Parkinson's disease
Pentose phosphate pathway
Phosphatidylinositol signaling
system
Proteasome
Purine metabolism
Pyrimidine metabolism
Regulation of autophagy
Renal cell carcinoma
Ribosome
SNARE interactions in vesicular
transport
Thyroid cancer
Tight junction
Valine, leucine and isoleucine
degradation
VEGF signaling pathway
Wnt signaling pathway

Table 5. Pathway analysis performed withGene Set Enrichment Analysis.
MLE 12 cells were transfected with NICD1 overexgieg vector for 24h and 48h. Obtained results
were compare to cells transfected with an emptyrobwector.

63




Results

One of the pathways that was significantly diffehgrregulated was the mitosis-
activated protein kinase (MAPK) pathway. Both thetdth and the MAPK pathways
play important roles in many biological processesequently, these two signaling
pathways intersect to influence common processgsdépending on cellular context
they cooperate or antagonize each other (108-110).

In our microarray experiments data ss¢ed the MAPK pathway differentially
regulated 24h as well as 48h after NICD1 overexgioes(Table 5.). To confirm these
results, Erk1/2 and Erk5 phosphorylation were aedy 48h after NICD1
overexpression, an increase in Erk5 phosphorylatias observed (Figure 4.21.B) in
absence of an impact of NICD1 overexpression orspiharylation of Erk1/2 (p44/42;
Figure 4.21.A).

A B

48h 48h

empty

vector NICD1 empty

vector NICD1

phospho 44 kDa
p44/42 ‘ﬁ 44 kDa ErkS | @ S| 110 kDa

Figure 4.21. Regulation of MAPK pathway elements &r NICD1 overexpression in MLE 12.

(A) Empty vector or NICD1 overexpression was pearfed in MLE 12 cells for 48h, followed by
analysis of Erk1/2 (phospho p44/42 in A) and ErkErk5 in B) phosphorylation. R-actin served as
a loading control. All the figures are representabf at least two independent experiments.
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5. Discussion

5.1. Reactivation of developmental pathways in lunfibrosis

IPF is a chronic lung disease of unknatinlogy (1). It affects approximately
500 000 people in the USA and Europe (111). Thelityuaf life progressively
decreases and patients usually die within 3-5 yafées diagnosis. The previous
difficulties in an effective therapy indicate ouncomplete understanding of the
pathogenesis of idiopathic pulmonary fibrosis. Tdrdy available treatment is lung
transplantation and a new drug — pirfenidone, whichy represent a potentially
important advance in IPF therapy (11-14, 17).

One of the histopathological featuresli®F is the alteration of the alveolar
epithelium. It has been proven that hyperplastet? pneumocytes play a role in the
cycle of continued epithelial cell injury and theeffective re-epithelialization in
association with myofibroblast activation. Althougignificant advances have been
made in understanding reasons for this abnormategs) the specific cellular and
molecular mechanisms that contribute to incorrgithelial repair and the resulting
disease progression, remain unclear (23, 24). HopéPF patients may arise from
novel and more accurately targeted strategies. tRation of signaling pathways,
essential for lung development, is suspected tp plmajor role in the pathogenesis of
IPF and may be a useful target for disease tredtrheng development is dependent
upon precise temporal and spatial control of caibliferation, migration and
differentiation processes that are mediated byrdesenteractions between various cell
types. Numerous signaling and transcriptional pagfsyincludinge.g. sonic hedgehog
(Shh), Wnt, bone morphogenetic protein 4 (Bmp4jcudar endothelial growth factors
(Vegfs), transforming growth factor (T@J; fibroblast growth factors (Fgfs), and
Notch have already been implicated not only in lung mog#nesis (105, 112-117).
Their role is constantly investigated in animal msd as well as human diseases and
reactivation of developmental programs has beewsho COPD or PAH (9-10). The
possibility, that some of these pathways are keyegrs in the re-programming of
alveolar epithelial cells to restore adult lungisture and function after injury, validates
them to be important factors in the pathogenesistigatment of pulmonary fibrosis.
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In our study, we were particularly irgsted in developmental pathways which
may play a role in alveolar epithelial repair irFlpatients. We performed microarray
experiments on microdisected septae and whole hamgogenates isolated from IPF
lungs, compared to samples from healthy organ dors we focused our research on
pathogenesis of IPF, we concentrated our effort psthways characterized by
microarray experiments performed on septae fronnfyad’ appearing areas (which was
assumed to represent an early stage of diseaseye€ults suggested that TBRand
Wnt networks and the Notch signaling pathway, whiedre mentioned above, were
differentially regulated in those samples.

TGIB pathway elements are known to be expressed atiénvgls during normal
mouse lung development. The lungs of the mice witeted disruption of thEGFA2
gene did not show any abnormalities with regartling structure, but the animals died
around birth because of respiratory failure. On ¢batrary, TGFA3 null mutant mice
had a specific neonatal lethal lung phenotype dbaraed by developmental delay,
with alveolar hypoplasia, reduced expression offastent protein C and missing
alveolar septal formation (118). It is well knowmat TGE is secreted by epithelial
cells, macrophages, endothelial cells, and fibiblg108). The impact of the TGF
pathway on IPF is undeniable (11, 119). As mentiopeeviously, a novel drug
(pirfenidone), which has shown some efficacy imichl trials and which is now
authorized in the EU, has been shown to regula&eadhivity of this cytokine (120, 121).
TGF3 can drive EMT, a process where epithelial cellsdango transition to
a mesenchymal phenotype, giving a rise to fibrablaand myofibroblasts. The
occurrence of TGFL-induced EMT has been clearly demonstrated in AE&@s both
human and rat origin (122, 123). T@ks also known to induce intracellular matrix
(ECM) production, to inhibit alveolar epithelialghiferation and to promote epithelial
apoptosis (124, 125). Simet al. show that TGH1 overexpressionn vivo, using
adenoviral gene transfer, induces progressive pugmyofibrosis in rats. In addition, the
inflammatory response has not been observed itutigs, but presence of fibroblastic
foci was confirmed (126).

Another pathway which plays a major risldung development and adult tissue
homeostasis is the Wfttatenin network (127). Epithelial cell-specificpegssion of
constitutively active p-catenin leads to epithelial cell dysplasia and ogict

differentiation of alveolar epithelial type Il cellin the conducting airwayduring
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embryonic development. Enhanced activityBetatenin also caused pulmonary tumors
and air space enlargement in a subset of adult (A28). In contrast, lung epithelial
cell-specific deletion of B-catenin results in blocked alveolar epithelial | cel
differentiation, resulting in a lungtructure composed primarily of conducting airways
thus demonstrating a critical requirementBe¢atenin for regular formation of alveoli
(129). In IPF, the Wnftcatenin developmental network is one of the cagmad
transduction pathways involved in abnormal wounglineand fibrogenesis. WNT-1-
inducible signaling protein (WISP-1) is upregulatediumans with IPF and was shown
to mediate pulmonary fibrosis in mice (130). Moregwharmacological inhibition of
Whnt/beta-catenin/fCREB binding protein signaling isapable of reversing
experimentally induced pulmonary fibrosis. It haseb shown that in response to
upregulation ofWnt target genes, increased proliferation of alve@pithelial cells
occurs (130, 131). Activation of Wfttatenin signaling is also known to promote
alveolar epithelial survival, migration, and diiatiation towards an AT1-like
phenotype (132). This pathway is also known to tgket in the EMT process
employing TGB/SMAD3 signaling (133, 134).

Our results obtained from the microareenalysis indicated an involvement of
the Notch signaling pathway in IPF with a potenitmpact on the alveolar epithelium.
The Notch pathway is well known to either promotet® repress proliferation, cell
death, maintain stem cell phenotype and differénfiaduring embryonic and adult
development. Notch is perfectly suited to precigelyulate cell-cell communication in
the lung (5-7, 135). Because of these featuredN\itieh pathway may turn out to be
centrally involved in the pathogenesis of IPF aralyrhave a great impact on alveolar
epithelial re-epithelialization.Concerning pulmonary fibrosis théotch signaling
pathway has been found to be implicated in the Epdcessvia TGH/SMADS3
signaling (93, 136-137). Interestingly up to nowere is neither data on the Notch
signaling pathway element expression in IPF nothaninfluence of Notch activation

on alveolar epithelial proliferation, differentiati or survival.
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5.2. Reactivation of the Notch signaling pathway inlung

fibrosis and other diseases

The rationale for examining the Notchthpaay in lung fibrosis does not
exclusively stem from the knowledge of the influenaf Notch on the regenerative
response to injury in adult tissue (129-141) babdrom a growing number of studies
showing that Notch signaling may play a significaole in the process of fibrosis in
organs such as kidney, skin and heart (95, 98,.14R)addition, reactivation of
the Notch developmental pathway was demonstratednamy other chronic lung
diseases like chronic obstructive pulmonary disg@€@PD) and pulmonary arterial
hypertension (PAH) (9, 10). The evidence of thedNoaxis involvement in various
pathologies directs us to further investigate tbesfble role of the Notch pathway in
pulmonary fibrosis.

Prior to the determination of the poi&nfunction the expression of Notch
signaling pathway elements was examined. NI CH1 receptor andDLL1 ligand
gene expression were only slightly upregulatedPR lungs. Western blot analysis of
IPF samples revealed upregulation of the NOTCH&ptxr and DLL1 ligand but of no
other Notch receptor or ligand. Also upregulatiénh@ Notch downstream target HES1
was confirmed in IPF and proved activated Notcmaligg. Elevated expression of
NOTCH1 and DLL1 was also observed in the animal ehofl bleomycin-induced lung
fibrosis. NICD1 receptor was found to be upregudtem day 7 to day 21 and DLL1
ligand expression was significantly increased ay @ and 28 post bleomycin
application.

Such activation of the Notch signalingthway has also been observed in
the skin and lungs of mice with HOCI-induced systestlerosis, as well as in the skin
of SSc patients (143). Comparable results to ownealso obtained in the previously
published study of tubulointerstitial fibrosis ()JFwhere increased expression
especially of NOTCH1 and JAGGED1 was observed itepts with TIF and in the
folic acid—induced TIF model. Accordingly, upregida of HES1 was noticed (98).
Moreover, results reflecting our data were describg Maet al. who revealed that
NICD3 and Heyl are upregulated after 5-fluorourawiluced injury of the rat tracheal
epithelium (144). It is also known that Notchl @ay major role in the control of the

adaptive response of the heart to stress condi{ib88) and is activated during liver
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regeneration (141), further confirming a possilbleolvement of the Notch pathway in
pathomechasim of lung fibrosis.

In principle, the activation of Notchtuld be achieved by increased interaction
with Notch ligands, which leads to proteolytic clage of the receptor by the
y-secretase complex. Moreover, several mechanismse weported to regulate
activation of Notchl, including the-secretase complex stability and activation (145),
endocystosis and trafficking of the Notchl recefptotch ligands or various
posttranslational modifications, namely phosphdrgta ubiquitylation, hydroxylation
and acetylation (83). We can hypothesize that if NOTCH1 and DLL1 proteins
interact with each other to activate cleavage efNotchl receptor, which then plays
a role as a transcription factor and increasesesspn of target genes suchHisS1.
Increased Notch pathway activation may indicatel@ of this network in pathogenesis
and/or progression of IPF as well as it was obskemether fibrotic diseases.

5.3 Alveolar epithelium as a target cell type for Mtch

signaling

As mentioned before, a sequential dareepithelial injury occurs in IPF, with
epithelial cell damage and an impaired wound-hgal(ih). It is for this reason that
AECII cells are at the center of interest when gitugl IPF pathology. AECII have the
potential to regenerate AECI cells and to repad ithjured alveolar epithelium (27).
They are also known to interact with fibroblasts axtracellular matrix (146-148).

In our study, we confirmed NICD1 exmies predominantly in hyperplastic
AECII of IPF lungs. Increased staining in cleave@®@TCH1 was previously also
observed in tubular epithelial cells of human TBE8) We observed characteristic
patterns where one cell expressed NOTCHL1 in cysoplavhile the neighbour AECII
cell showed localization of NICD1 in the nucleusuridg the injury a similar situation
was observed in NICD3 localization of rat tracheaithelial cells. It was suggested that
Notch activation plays a role in the maintenancarotindifferentiated state of epithelial
cells and the promotion of proliferation of cells44). We suggest that NICD1 may
have an impact on AECII transdifferentiation in AEE is in line with such theory that
AECIlI may represent a pool of progenitor cells (2Z8) and Notch may play

a significant role in epithelial repair after ijyufto be discussed further). Additionally
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our immunohistochemistry and Western blot analysi®aled a basal level of NICD1
expression in donor lung samples, indicating thaivation of the Notch signaling
pathway is required for lung homeostasis (Figurgé).5Since we also observed
upregulation of the DLL1 protein in IPF samples, paformed localization studies of
this ligand. We confirmed that, similar to NOTCHXpeession, DLL1 localized
predominantly in hyperplastic type Il cells. We réfere assume that there can be two
possibilities of ligand and receptor expressionhi@ same cell. One possibility is that
the Notch ligand is presented by neighbouring o@tlans interactions) and inhibitory
interaction with ligand co-expressed in the samlé (oes interactions) can occur, as
suggested by Cordkt al. (71). This could explain why we see activated NGIL®nly

in a part of the alveolar epithelial cells. Anotlamplanation could be that the NOTCH
receptor can be activated by the ligand in the wanpe cell€g. on the membrane of
endocytosis compartments; 44, 149). Following linis of reasoning, we were also able
to identify DLL1 expression in the nucleus. It wasently discovered that DLL1 can be
constitutively cleaved by ADAM10 ang-secretase like a complex and that the
intracellular region of DLL1 can be partly localzeén the nucleus. The DLL1-
intracellular domain was shown to bind to NICD1tle nucleus hence disrupting the
Notch1-RPBJk-MAM activation complex (150). We alsoalized expression of HES1
protein in hyperplastic AECII, although this wast rem exclusive finding. HES1
expression, which, as we mentioned before, is kntonmpe a target gene of the Notch
signaling pathway, indicates the activation of thetwork in epithelial cells of IPF
lungs. A literature search revealed that locala@atof HES1 in the cytoplasm has
recently also been confirmed in mucus cells of bhimles in IPF patients (151).
According to more recent data, expressionHesl can also be regulated by Sonic
Hedgehog pathway (152) and histone deacetylasesAQ@4D (153). The complex
regulation of theHESL gene may be the reason for the versatile expresdiblES1 in
IPF lungs.

Furthermore, we studied the localizatiof the Notchl receptor in
the bleomycin-induced animal model of pulmonarydgis. In line with the results
obtained with human IPF samples, we confirmed esgpoa of NICD1 in alveolar
epithelial cells 14 days post bleomycin instillatioThe Notchl receptor can also be
seen in other cell types, which we assume to blanmhatory cells. It is worth to

remind that at day 7 after bleomycin instillatidhe NICD1 protein expression was
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already significantly increased in lung homogenatés Notchl is known to be
expressed in T cells of asthmatic mice, we can exalude the possibility that
the Notch pathway is also involved in the inflamamgt responses observed in
the bleomycin mouse model (154).

Analogical results to ours were obtdime renal tubular epithelial cells, which
play a prominent role in tubulointerstitial fibresi98). Immunohistochemistry of
cleaved Notchl showed expression of this proteisections obtain from kidneys of
folic acid injected mice (98). In addition, Notchti@ation was observed to be critical
for proper reconstruction of the intestinal epitln@ in mice with dextran sodium
sulfate (DSS)-induced colitis. Furthermore, NICD/E@xpression was demonstrated to
promote corneal epithelial wound healing (155, 156)

Collectively, these data encourage us to spectkat an improper level of
Notch activation in the Ilung epithelum can be imogled in failed
re-epithelialization after alveolar injury. We canggest that marked and uncontrolled
activation of the Notchl receptor in AECII may béaator which plays an important

role in the altered process of alveolar epithelrepair, damaged in pulmonary fibrosis.

5.4. Impact of Notch signaling on proliferation andpossible

differentiation

Until now, different types of cells wecharacterized as a stem cell/progenitor
cell of the distal lung. Firstly, Kinat al. identified bronchoalveolar stem cells (BASCs),
which where found in the bronchoalveolar duct jiorctin the adult mouse. They
demonstrated that BASCs may proliferate during helidl repairin vivo and are
capable of multipotent differentiation and self eaal in culture. After bleomycin
treatment a significant increase of BASCs were oesk 14 days after installation,
when AECI depletion becomes evideht.vitro, culture of BASCs on Matrigel shows
multilineage differentiation (CCA, SP-C and aquapd markers were identified)
(157-159). Secondly, Chapmaat al. identified an a4p6-expressing epithelial cell
located both in bronchoalveolar junction regiond aifveoli. This cell type obviously
greatly contributed to epithelial regulation afexposure to bleomycin. In cell culture
or in organoid experimentg6+ cells also differentiated into either airwayatveolar
epithelial cells (160). Thirdly, an increase of edlar epithelial type II cell (AECII)
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population has been observed in the distal alveefathelium after various insults
including smoking, silica installation or pneumotueny (161, 162). It is possible that,
in pulmonary fibrosis, BASCs and4p6-expressing cells may play a role as a
stem/progenitor cell for AECII. A microenvironmenty which stem cells reside,
provides essential signals required for stem cd#niity and for regulation of
asymmetric cell division, resulting in one daughtll retaining the stem cell
phenotype and other cells undergoing differentra{itc3). We may speculate that after
injury of the alveolar epithelium, stem cells deidnd a part of those daughter cells
differentiate into AECII, which themselves can tlsamve as a progenitor to rebuild the
AECI layer. Dynamic and magnitude of the injury can possiblyluence that
progenitor cell’s respons€hapmaret al. demonstrated that, at day 14 post bleomycin,
SP-C-positive AECII largely derived from non SP-Xpeessing progenitor cells at the
time of injury, adding evidence to the hypothedia4f36-expressing cells serving as a
progenitor cell for AECII (160). We must emphasikat in case of IPF, after injury to
the alveolar epithelium, the remaining AECII mayipeto proliferate in order to assist
BASCs in their attempt to restore critical AEClimbers. Unfortunately, this effort of
re-epithelialization fails since hyperproliferataf AECII is not accompanied by
concomitant transdifferentiation of AECII into AECEIlls (164). Accordingly, it has
been shown that proliferation and absence of tifasehtiation of AECII is a critical
step in the development of lung fibrosis (164, 166vas demonstrated that balanced
proliferation of AECI can play a very important leo during the proper
re-epithelialization process in lung fibrosis (B-24); and continuous proliferation of
type Il cells was observed in a hyperplastic efitiine of the fibrotic lung (162). In the
bleomycin-induced mouse model the increase *bf-fhymidine incorporation was
shown in AECII, after epithelial injury (28). Wesal confirmed that cells isolated from
mice at 14 days post bleomycin-challenge showedgaifisant increase in DNA
synthesis compared to cells isolated from contatihe mice. Analogical results were
described in the literature where AECII were isethtfrom mice 14 days post
bleomycin installation compared to cells isolatednf mice 5 days post bleomycin
installation (130). Additionally, a study by Fukutocet al. revealed increased PCNA
protein abundance in AECII isolated from mice obadled with bleomycin, suggesting

increased proliferation of these cells (166).
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In our study, we focused mainly on nsubhms resulting in
a hyperproliferative state of AECII in lung fibrgsiln principle, it had been suggested
that progenitor AECII cells may remain quiescemgdergo symmetric rather than
asymmetric division and undergo apoptosis or tréfesdntiate to AECI in response to
lung injury (5, 167-169). The process of symmeted! division is known to be very
common during wound healing and regeneration (17aking into consideration our
previous results (upregulation of the Notchl recept “hyperplastic” AECII), we
believe that the Notch signaling pathway could haweajor impact on these processes
in a fibrotic lung. Notch is known to be an impartanolecule in specifying cell fate
(171). It plays a central role in asymmetrical gioh of stem cells (172), and cells that
have a higher level of Notch activation continuelidde while those with lower levels
begin to differentiate (173). Studies in the fiagfl lung development revealed that
constitutive NICD1 expression in the distal lungtleglium prevents the differentiation
of alveolar epithelial cells (105). In these mitlee normal alveolar structure was lost.
Instead enlarged cysts formed by cells lacking @are epithelial markers, but
expressing molecules characteristic for proximeday epithelium, were observed. On
the other hand, other studies revealed that inbibiof the Notch pathway in a lung
epithelium does not influence the distal airwayfeténtiation (101, 102). These data
highlight the importance of precise Notch signalregulation in the lung development
and the putative destructive effect of malevole@MCH1 activation.

To confirm our assumption that Notch plays a rolepithelial proliferation we
performed a series of experimemtsvitro. We were able to clearly colocalize NICD1
and Ki67 in hyperplastic AECII in fibrotic regiord IPF lungs confirming that these
cells are actively proliferating. Increased DNA #gsis and upregulation of PCNA
expression was noticed in MLE 12 cells followingrtsfection of NICD1. Conversely,
inhibition of the Notch signaling pathway signifitty decreased *H]-thymidine
incorporation, which clearly indicates lower a DN#nthesis level. Furthermore, after
knock down of the Notch processing enzym@®FUTL in MLE 12 cells we could not
observe any colocalization of the Notchl receptat athe Ki67 proliferation marker.
We can speculate that when Notch activation isffitsent it can lead to a lack of
epithelial cell proliferation and afterwards impeoprepair after injury, which can be

observece.g. in diffuse alveolar damage (Figure 5.1.). Moreovéng et al. confirmed
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in an experimental model of naphthalene airway rinjthat activity of Notchl is
required for normal repair of the proximal airwaytkelium (189).

To validate results obtained with MLE 12 cells weastigated primary AECII
cells isolated from bleomycin-treated mice. Treaitmeith they-secretase inhibitor,
DAPT, resulted in a significant reduction of DNAn$iyesis in mouse primary AECII
cells, confirming the data obtained with MLE 12lseTaken together, our data indicate
that Notch signaling may well play a central ratenjury-driven hyperproliferation of
AECII in fibrotic lung disease. In relation to tlesbservations made in the lung, Notch
was previously identified as an activator of calieration in kidney fibrosis (98).
Recently, it was demonstrated that overexpressiddiGD1 in the mouse distal lung
epithelium leads to hyperplasia and proliferatidncells in the alveolar space (174).
Additionally, the Notch signaling pathway is alsmokvn to have influence on
proliferation processes in other epithelial cellgls as the human corneal epithelium
(175) and retinal pigment epithelium (93).

As mentioned above AECII are also proven to trdfesgintiate into AECI
in vitro. Konishi et al. documented decreased expression of the AECI markeF
lungs. This implicates potential loss of type |emlar epithelial cells and lack or
improper differentiation of ACEIl into AECI in thiglisease (164). It is known that
active Notch signaling can increase epithelial cpibliferation and decreases
differentiation in human corneal epithelial cells$). Moreover, as mentioned before,
it has been suggested that Notch may play a rolkeaping epithelial cells in an
undifferentiated state and promoting proliferatarat trachea epithelial cells (144). It
seems that the balance between proliferation difefeitiation of AECII can be crucial
for proper re-epithelialization in the alveolus andy contribute to the pathogenesis of

pulmonary fibrosis.

5.5. Downstream signaling of Notch responsible foenhanced
proliferation

Since the Notch pathway appears tarbenportant player regulating alveolar
epithelial homeostasis, we were interested in thentification of pathways playing

a role in the Notch-dependent increase in epithelialiferation. The results of our

MRNA microarray experiments on MLE 12 cells sugegéstthat one of
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the signaling pathways which are differentiallyukded after NICD1 overerexpression
is the mitogen-activated protein kinase (MAPK) pedl. It is known that activated
MAPKSs participate in the control of epithelial celtoliferation and apoptosis and are
activated by various stimuli (178, 179). MoreoveRNA expression of MAPK
signaling cascade was also altered in microdisestpthe from “fibrotic” areas of IPF
lungs. Yoshidaet al., showed differentially regulated expression of\vateéd MAPKS in
lung homogenates from patients with IPF (180).ds Ipreviously been demonstrated
that a reduction activated Erkl/2 in alveolar egidi cells was accompanied by
a progression of fibrosis (180). It was suggestet tlampened activation of Erk1/2
may be associated with progression of epithelilldamage, whereas phosphorylated,
activated Erk1/2 may play a protective role in AE&poptosis (180). Our investigation
did not reveal altered phosphorylation of Erk1/2VIbE 12 cells in response to NICD1
overexpression suggesting that Erk1/2 is not aetanf) activated the Notch signaling
pathway. Additionally, we investigated phosphorngatof Erk5 which is implicated.g.

in cellular survival and proliferation (181). Weuind that NICD1 overexpression in
MLE 12 cells induced phosphorylation of Erk5. Reddgd colleagues reported
expression of Erk5 in epithelial cell lines derivedm proximal (HBE-1) and distal
(Clara—like H441), as well as in the alveolar egiidd type Il like cell line, A549 (182).
To this day, expression and post-translation meatiibn of Erk5 has neither been
analyzed in human IPF nor in the bleomycin modgbdmonary fibrosis. Despite this,
Erk5 was suggested to play a role in the pathogemesl progression of lung fibrosis
induced by asbestos (176). Scapai al. showed that Src-dependent Erk5
phoshorylation is required for mouse lung epithel&l (C10) proliferation induced by
asbestos (176). Our data and results reportedh®y groups allow us to speculate that

Erk5 may be the downstream effector of Notchl ntediapithelial proliferation.

5.6. Impact of Notch activation on alveolar epithetm cell
death

Studies undertaken by Allehal. revealed that in mice overexpressing NICD1
in the distal epithelium, the AECII undergo intergsproliferation which is followed by

increased apoptosis (174). It is already known tivatontrolled proliferation can be

associated with a high level of apoptosis (100)oliferation and apoptosis of
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epithelium cells was also reported in IPF patidytQunnet al. (4) and Korfekt al. (2).
DNA damage and apoptosis in lung epithelial celsenalso been reported in acute
lung injury (184) and diffuse alveolar damage (18&} well as in IPF (3, 186).
Moreover, the telomerase activity seems to be dghed in IPF, resulting in premature
telomere shortening. According to previously puieid studies, telomerase expression
is generally restricted to cells with the capatityindergo proliferation and may also be
an attribute of AECII (187, 188). Encouraged b tévidence, we investigated whether
Notch signaling is involved in the pro-apoptotiopess and could be responsible for
the cell death of lung epithelial celisvitro. However, we demonstrated that activation
of NICD1 did not influence apoptosis by altering tlevel of cleaved caspase 3 or LDH
release with and without cell death inducer. We algre not able to observe changes
in cell death after the Notch pathway was inhihitddt understand that this observation
can be explained by our experimental settings, ind&iecause we performed transient
NICD1 overexpression and transient Notch inhibitidine duration of ouin vitro
experiments may not have been sufficiently longeftectin vivo studies performed by
Allen et al., where overexpression of NICD1 in AECII inducedensive proliferation
followed by apoptosisf alveolar epithelial cells (174). We also havedamember that
our survival studies have been performed emplogingmmortalized cell line, which
may not sufficiently mimic the alveolar epitheliumvivo. However, similar results to
ours were reported by investigators studying kidfileysis, documenting no influence

of the Notch signaling pathway on epithelial apeEd98).

5.7. Conclusions and future directions

Idiopathic pulmonary fibrosis (IPF) is a chrorand progressive, fibrotic lung
disease (11). The presently proposed pathogenibanéesm in IPF proposes occurrence
of a sequential alveolar injury, which leads to dpethelial cell damage. Under normal
conditions, the repair process ensures proper iteediplization and this mechanism
seems to be impaired in IPF (1). For this reasonfaceised our effort on alveolar
epithelial cells, which are assumed to play a maie in distal alveolar repair in

pulmonary fibrosis.

76



Discussion

Notch activation *

Transdifferentiation — Diffuse alveolar
AECH damage?
AECII

/ Notch activation

- basic level

Transdifferentiation
— [T]—. ’ o i —_— — Homeostasis
AECI

AECI AECH

BASCs/u4p6
\ Notch activation f

(paracrine effact) ah [l

Fibrosis

Figure 5.1. Differential regulation of Notch pathwg activation may have a diverse impact on
AECII proliferation and transdifferentiation into A ECI.

In this investigation, we hypothesized thatpression of Notch signaling
pathway elements and Notch activation can be arfggaying an important role in
proliferation and regeneration of the alveolar legium in IPF. We demonstrated the
activation of the Notch signaling pathway in lungisIPF patients and in mice the
bleomycin model of pulmonary fibrosis. Moreover,r aasults provide evidence that
differentially regulated elements of the Notch pedly are restricted mainly to alveolar
epithelial cells in the injured lung. Furthermore wbserved characteristic patterns
where subpopulations of AECII cells expressed Nbtichcytoplasm and neighboured
AECII cells showed localization of Notchl in thecteus. In addition, we observed that
Notch plays a major role in epithelial cell protdgonin vitro. It can be suggested that
Notch activation plays a role in maintaining an itfledentiated state and promotes
proliferation among the AECII cell population. Weve also found that NICD1
overexpression in MLE 12 cells induced phosphoigtadf Erk5 and this allows us to
speculate that Erk5 may be a downstream effectddad€hl activation. Furthermore,

influence of the Notch signaling pathway on epiddedpoptosis was not observed.
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Discussion

To further investigate the impact of the Notdignaling pathway on
the mechanism preventing differentiation of AE@IIAECI in vitro andin vivo analysis
is needed. Moreover, since isolated primary callsot reflect complex interactions in
intact lungs, it would be beneficial to investigateliferation and apoptosis of alveolar
epithelial cells in mice lacking Notchl or transgenanimals with Notchl
overexpression. It would also be also beneficialge transgenic mice with inhibition
or/and activation of the Notch signaling pathwayAIRCII cells to test the Notch effect
on the fibrosis process after bleomycin installatidbhis experiment would answer the
guestion whether the Notch pathway is a reasortabdet for a therapy of IPF. As it is
known, available treatment strategies are stilyVienited. Kavianet al. already showed
that the inhibition of the Notch pathway can previre fibrotic process and become
a useful treatment of systemic sclerosis in ther&i(143). In addition, since Erk5 is
implicated in the control of cell proliferation arglrvival, it is reasonable to test
whether ablation of Erk5 in NICD1-overexpressingscenpacts the proliferation rate.
Additionally, future investigation could answer thaestion whether Notch activation
correlates with Wnt or TGF pathways, which are well known to play a role in
pulmonary fibrosis.

In conclusion, our results revealed that tletcN pathway is highly activated in
AECII in pulmonary fibrosis and has an influenceepithelial cell proliferation. AECII
serves as a progenitor cell and after injury, AE€dems to undergo symmetric cell
division to replenish their reduced population vhimay not be accompanied by
transdifferentiation into AECI. Together, our finds suggest that improper activation
of Notch signaling could be the reason for faileeepithelialization, during repair of

the damaged lung in IPF (Figure 5.1).
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