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SUMMARY

SUMMARY

Lung function is critically dependent on the intggof the pulmonary epithelial
cell layer, which is largely comprised of bronchi@llara, and type | and Il alveolar
epithelial cells (AEC). While primary AEC culturea$ increased our knowledge of
AEC gene expressioin vitro, a comprehensive analysis of epithelial cell gene
transcriptionin vivo has not yet been attempted. Therefore, we sowgbtdfile the
epithelial cell gene expression in the murine limgivo. We established a method to
obtain epithelial cell RNA-enriched fractions using diluted guanidinium
isothiocyanate solution, administered intratradlyeafter lavaging the lungs twice
with saline, the optimal dilution and retention éiwere optimised. This resulted in an
enriched epithelial cell RNA fraction with low camination by RNA from fibroblasts,
smooth muscle, or endothelial cells, as assessedabpler gene expression. This novel
methodology, named as epithelial lavage (EL), thllevs for the selective profiling of
lung epithelial-specific gene expression patténnavo.

Furthermore, in order to mimic the high levels @nisforming growth factor
beta 1 (TGH1), a cytokine expression of which is dramaticallyregulated in the
lungs of patients with idiopathic pulmonary fibre¢IPF), the recombinant TG was
instilled into the murine lung. It was demonstratdtht the orotracheal (OT)
administration of TGH1 stimulated Smad-dependent signalling in pulmonary
epithelial cells, and induced transcription of T@Eresponsive genes. The activation
of the downstream signalling pathway, assessed bgt&h blotting, microarray, and
reverse transcriptase-polymerase chain reactioARRR) from lung homogenates, was
achieved within short stimulation time-points anithveither low or high concentrations
of TGF{1.

Moreover, TGH1-induced gene transcription was studied spedfica the
lung epitheliumin vivo after OT administration of TGB1 in combination with the EL
methodology. A single dose of TGHR- stimulated the regulation of some markers after
8 h, as assessed by quantitative RT-PCR, demdnstratduction or inhibition in
expression of various epithelial gene expressingkenain vivo. Therefore, the EL
technique represents a novel methodology to istt&ta from the lung epithelium and
study the gene expression profile of these celtieudifferent conditions, like the TGF-

B1 effect assessed in this study.
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ZUSAMMENFASSUNG

Die Funktion der Lunge héngt wesentlich von dealttieit der Epithelschicht
ab, welche hauptsachlich aus Bronchialzellen ath aus Clarazellen und Typl und
Typll Pneumocyten, den Alveolarepithelzellen, blestewahrend mit Hilfe der
Zellkultur von primaren Zellen bereits viel Ubeedbenexpression in Pneumocyian
vitro erforscht werden konnte, wurde bisher noch keiegengehende Studie Uber die
Genexpression im Lungenepithel vivo durchgefuhrt. Deshalb haben wir in unserer
Studie die Genexpression von Epithelzellen der Mege in vivo untersucht. Wir
etablierten eine Methode, bei der RNA-Fraktiones dam Lungenepithel gewonnen
werden, indem verdinntes Guanidinisothiocyanatairdcheal in die Mauslunge
appliziert wird. Nachdem die Lunge zwei mal mit Zé&sung gespult worden war,
wurden die Verdinnung und die Verweilzeit der Lasun der Lunge optimiert.
Dadurch erhielten wir eine Fraktion, die mit epithler RNA angereichert war, mit
geringer Kontamination durch RNA von Fibroblastegiatten Muskelzellen oder
Endothelzellen. Dies zeigten wir durch die Untehsugy der Expression von
Markergenen. Diese neue Methode, Epitheliale LaV&dyg genannt, ermoglicht also
eine selektive Darstellung der Expressionen vorgduaepithelspezifischen Geném
vivo.

Um die hohen Konzentrationen des transforming dnofactor beta 1 (TGB1) zu
imitieren, einem Zytokin, dessen Expression in demge von Patienten mit
idiopathischer Lungenfibrose (IPF, Idiopathic Pulragy Fibrosis) stark hochreguliert
ist, wurde TGH31 als rekombinantes Protein in die Mauslunge irestil Dadurch
konnte gezeigt werden, dass eine oro-tracheale wdimation von TGH31 den
intrazellularen Smad-abhangigen Signaltransdukivegsin den Lungenepithelzellen
stimuliert, sowie die Expression der Gene, die WufFGF{H1 aktiviert werden. Die
Aktivierung der nachgeschalteten Signalwege wurdereits nach kurzer
Stimulationszeit sowie mit niedrigen und hohen Kemtzationen des Liganden TGH-
durch  Westernblot, Microarray und  semi-quantitative RT-PCR  den
Lungenhomogenaten nachgewiesen.

Wir untersuchten weiter die TdFE-induzierte Gentranskription in  dem

Lungenepitheliumn vivo nach orotrachealer Applikation von T@&-in Kombination
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mit der epithelialen Lavage-Technik. Acht Stundexcn einer einmaligen Gabe von
TGF{31 konnten wir mit Hilfe der quantitativen RT-PCRnen Effekt auf die
Regulation der Expression einiger Marker feststel@adurch konnten wir die TGF-
Bl-regulierte Induktion der Genexpression im Lungphel in vivo zeigen. Aufgrund
unserer Ergebnisse konnten wir zeigen, dass ELretne Methode darstellt, RNA aus
dem Lungenepithel zu isolieren und das Genexpnesgiofil dieser Zellen unter
verschiedenen Bedingungen zu untersuchen, wie d@ktEvon TGFS1 in der

vorliegenden Studie.

Xl



INTRODUCTION

1 INTRODUCTION

General

The lung is the organ that makes our respiratiosside, being continuously
exposed to air that contains a variety of infectjanflammatory, and toxic agents. The
host and the environment meet at the respiratonyi,aa site of possible bacterial
colonization. Therefore, the diseases of the rasply system have become a major
challenge in medical care, causing multiple socioremic problems. The incidence of
genetic and malignant lung diseases is steadilye@asing. According to the World
Health Organisation (WHO), of the top ten leadiagses of mortality worldwide, four
are diseases of the lung: tuberculosis, chronitrottsve pulmonary disease (COPD),
pneumonia, and lung cancer. In Europe, respiraidiseases rank second after
cardiovascular diseases in terms of mortality,dence, prevalence, and costs (Murray
and Lopez, 1997).

Modern medicine is faced with great difficultiegdting pulmonary illnesses.
Pneumonia is the most frequent lethal infectiouthqdagy of all infectious diseases
described, with 17,000 fatal cases per year in @aynalone. Acute lung injury (ALI)
and pneumogenic sepsis represent the most comnsmitddeacquired diseases leading
to death. The flu, caused hgfluenza viruses, reaches 12,000 deaths per year in
Germany. Furthermore, fibrotic lung diseases, liogahlmost 80,000 cases in Germany
Is without any therapeutic option, a fatal disegssldenkemper et al., 2003).

The onset and natural history of such diseasesdependent on individual
genetic predispositions, cigarette smoke, and enmient, among others. The
molecular mechanisms of several genetic diseasesi@wn starting to be unravelled.
This will facilitate the development of new drudsat can prevent, treat, and cure

respiratory illnesses.
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INTRODUCTION

1.1 ACTIVE SIGNALLING IN THE LUNG

1.1.1 Transfrorming growth factor-beta (TGF- ) superfamily

The transforming growth factor-beta (T@Fsuperfamily of ligands controls a
large number of processes including cell proliferat lineage determination, cell
differentiation, adhesion, motility, and death. §tiamily of cytokines plays a major
role in the development, homeostasis, angiogenesid, repair of most tissues in
metazoan organisms (Massague, 1998). It compriseslarge number of
structurally-related proteins, such as the TgFhigands themselves, bone
morphogenetic proteins (BMPs), the activins andibims, and other growth and
differentiation factors (GDFs) (Mehra and Wrana)20Miyazawa et al., 2002).

The term transforming growth factor (TGF) was cdinethe early eighties, and
it was applied to peptides that had the abilitycemfer a transformed phenotype on
untransformed fibroblastic celis vitro. Two different classes of TGF were defined: the
alpha (TGFa) and the beta (TGP} (Roberts and Sporn, 1985). WhileGF-a is
related to epidermal growth factor (EGF) and bitwshe EGF receptor, TGF-s not
structurally or functionally related either to T@Fer EGF, and binds to different
receptors (Coffey et al., 1992).

Briefly, TGF3 and related factors transmit signals in the celfadlows: upon
ligand binding to the type | and type Il serine¢imine transmembrane kinase
receptors, activation of the receptor-associatédptgsmic effector molecules, Smads
occurs. The receptor Smad (R-Smad) phosphoryldaads to association with the
common Smad (Co-Smad), also known as Smad4. Thissdription factor (TF)
complex then translocates into the nucleus, wheractivates or represses gene
transcription, in association with DNA-binding paets (Figure 1.1).

Although this pathway appears to be simple, thelsoatorial interactions, for
example between the receptors themselves and h&hRtSmads, allows enormous
diversity in the TGH cell responses (Derynck and Zhang, 2003). Moreothe
differential effects on the cell depends on ligandncentration, the activated
downstream molecules, and on the responsivenetbe darget cell (Massague, 2000).
For instance, in epithelial cells, the T@Fligands inhibit cell growth and induce
differentiation including epithelial-to-mesenchymaénsition (EMT); whereas BMP

ligands weakly induce epithelial cell growth and dot induce cell differentiation

13
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(Derynck and Zhang, 2003; Kowanetz et al., 20049rédver, the TG ligand can
bind to various type | receptors, either the ALKsblely expressed in endothelial cells)
or ALK-5, inducing Smadl/5/8 or Smad2/3 phosphdigta respectively and
subsequently, diverse responses inside the cetiraren (Lebrin et al., 2005).

T Ligand
1 >
| P Cytoplasm

TR B-Smad

@ I* Smadf7  Smurf1/2
R=Smad

Receptors
0
/k‘ R—Smadg-_?‘

R-Smad-
smurtife —| (R-Smad)  Smad4

v

ey Coaclivators

(PIEY

or rapressor

P {CEP or p300)

Figure 1.1: Schematic diagram of the TGH signalling pathway from the cell membrane to the
nucleus. The arrows indicate signal flow. At the cell sedathe ligand binds to the type | / type I
receptor complex and induces phosphorylation of &® segment (red) in the type | receptor.
Consequently, R-Smad are phosphorylated at therrfiiftal serines, and then form a complex with
Smad4. This complex translocates into the nucleuggulate transcription of target genes, assisted
either co-activators or co-repressors. R-SmadsSanad4 shuttle between the nucleus and the cytoplasm
Smurfl, Smurf2, Smad6, and Smad7 function as itdthiof TGFB signalling (after Derynck and
Zhang, 2003).

1.1.1.1 TGF-p ligands

A large number of ligands are present in the TBdtperfamily with the same
structural profile: a dimer (homo- or heterodimémld together by hydrophobic
interactions (Sun and Davies, 1995). The TGkgands are synthesised as propeptide
precursors, and are then processed and secrebtedctise homodimers, noncovalently
bound to a latency-associated peptide (LAP) (Massad998) The latent form
becomes active extracellularly through proteolybig thrombin and plasmin or
retinoids, tissue transglutaminase, reactive oxyggecies (ROS), low pH and
thrombospondin (Camoretti-Mercado and Solway, 2006¢ o,Bs integrin-expressing
cells also induce spatially restricted activatidnTGF-81 (Munger et al., 1999). The
a,PBe Integrin is principally expressed by epitheliallgeat low levels in healthy adult
lung tissues and highly and rapidly upregulatedhjary and inflammatory conditions
(Breuss et al., 1995).

Three distinct TGH isoforms are secreted in mammals (T@EFR-2 and 3),
which are encoded by different genes, and exhiligrde expression patterirs vivo,

due at least in part to differences in their praenotgions (Taipale et al., 1998). The

14
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TGF$1 isoform is induced by oncogenes and immediatly ganes, whereas the other
two isoforms are more developmentally and hormgna#gulated (Letterio and
Roberts, 1996). The diversity in biological actviorrelates with the binding affinity
of the ligands to the different TGFreceptors (Wrana et al.,, 1992) and with the
assembled accessory receptors, such as endoglivetanglycan (Massague, 1998).
Specifically, the TGH1 isoform is produced by a large variety of cefdsy,

such as, platelets and immune cells including lyoagtes, macrophages, and mast
cells. Specifically in the lung, the endotheliahdasmooth muscle cells (SMC),
fibroblasts and epithelial cells synthesise thitokie. Infiltrated inflammatory cells,
including eosinophils and lymphocytes, also seciigBd-{f31 under stress conditions
(Duvernelle et al., 2003). Interestingly, the T@F-soform has been implicated in
diverse human pathologies, such as parasitic, mutane and fibroproliferative
diseases, affecting distinct organs like the kidreryg and liver (Border and Ruoslahti,
1992; Wahl, 1994)Therefore, the TGBL isoform has been deeply studied during the

last two decades, mainly for its role in inflamnrgtcesponses and healing disorders.

1.1.1.2 TGF-p receptors: classification and structure

The TGFf receptor family comprises highly conserved transim@ane protein
serine/threonine kinases (Krishnaveni and Eickelb2006). Based on their structural
and functional properties, the signalling receptoesdivided into two subfamilies: type
| (or activin receptor-like kinase, ALK-1 to -7) @rthe constitutively-active type Il
receptors, like the fRII and BMPRII (de Caestecker, 2004). In mammais type I
receptors and seven type | receptors have beetifidénAll of them contain a short
extracellular domain, a cytoplasmic kinase domamyg in the case of type | receptors,
additionally possess a GS domain, which is phoséited by the type Il receptors,
activating the signalling complex (Massague, 19%8yure 1.1 and 1.2). Upon ligand
binding, the heterotetrameric receptor complexorsned, composed of two molecules
each of type | and type Il receptors (Kirsch ef 2000). The possible combinations
bridging the several type | and type Il receptavgether are large (Figure 1.2).
Additionally, two accessory receptors called betegh and endoglin, classified as type
lll receptors, facilitate ligand binding (Krishnauveand Eickelberg, 2006; Lutz and
Knaus, 2002).
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Figure 1.2: Overview of the combinatorial interactons between type | and type Il TGFB signalling
receptors and their corresponding R-SmadsOnly the best-characterised interactions are ligsdtbr
Derynck and Zhang, 2003).

1.1.1.3 Intracellular signalling molecules: Smads

Activated type | receptors subsequently phosphteyltheir cytoplasmic
substrates, the Smad proteins. The Smad familgaottription factors, whose name is
derived from the founding members of this familye Drosohila melanogasteprotein
MAD (Mothers Against Decapentaplegic) and @&enorhabditis elegansrotein SMA
(Small Body Size), is composed of eight proteinspa81-8, divided into three
subclasses based on their structure and functiopa@ddwa et al., 2002; Moustakas et
al., 2001):

i) Receptor-regulated Smads (R-Smads): Smadl, Smad@i3S Smad5, and

Smad8.

The R-Smads are the receptor-associated cytoplasffeitor molecules, which

are directly phosphorylated by the type | recefionses. They are subdivided

in two groups: 1) The activin/TGF-activated R-Smads, Smad2 and Smad3, are
also phosphorylated by activin, nodal, ALK-4, -5aif receptors (Macias-Silva
et al., 1996; Zhang et al., 1996). 2) The BMP atéd R-Smads, Smadl, Smad5
and Smad8, are also phosphorylated by ALK-1, -2,-63and BMP type |

receptors (Kretzschmar et al., 1997).

i) Common-partner Smad (Co-Smad): Smad4.

In vertebrates, only one member is contained & ¢ghoup, the so-called Smad4.

Smad4 is necessary for the interaction betweemRtBenads and various DNA-

binding proteins, and in the activation of genes@iption (Lagna et al., 1996;

Liu et al., 1997).
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iii) Inhibitory Smads (I-Smads): Smad6 and Smad7.

The I-Smads are also called antagonistic Smadsy Hssociate with the
activated type | receptors in order to prevent Ra8tinding and activation, and
therefore, inhibiting the signalling cascade. Bdte TGFp/activin and BMP
signalling pathways are repressed by Smad7 (Hahwl,e2001; Nakao et al.,
1997), whereas Smad6 specifically inhibits BMP altyng and competes with
the Co-Smad in binding to active R-Smads (Hatal.etl898; Imamura et al.,
1997). The I-Smads are activated by several sigmatduding TGFB- and
BMP-induced negative feedbacks (Ishida et al., 200he duration and
magnitude of the TGB-/ BMP signalling effects are thus determined by th
Smad6 and Smad7 expression levels (Miyazawa e2@02; ten Dijke and Hill,
2004).

Structurally the Smad molecules contain two websectterised, highly
conserved, Mad homology (MH) domains, MH1 and MHbZesent at the N- and
C-terminal ends, respectively. A divergent middikér segment is flanked by these
two domains. The MH2 region is present in all th&wmad subclasses, whereas the
MH1 domain is absent in the I-Smads. The phosphbioyl target site on the R-Smads
contains the SSXS (S: serine; X: any amino acieépiproline) motif at the C-terminal
end (Massague, 1998; Moustakas et al., 2001).drb#sal state, MH2 domain activity
is inhibited by the MHL1 region by physical assdoiat(Hata et al., 1997). Upon ligand
binding and thus receptor activation, the intemactietween both domains is disrupted,
allowing the R-Smads to form a hetero-oligomer vt Co-Smad through their MH2
domains (Mehra and Wrana, 2002).

Once activated and translocated into the nucléilesMH1 and MH2 domains
perform different functions. The MH1 region is imwed in DNA binding (Kusanagi et
al., 2001) and the MH2 domain is able to complethvgeveral DNA-binding factors
and activate or repress gene transcription (Deratlal., 1998).

1.1.1.4 Regulation of the TGF$ pathway

The presence of DNA-binding factors is requiredomder to achieve high-
affinity, selective interactions with specific DNBinding sequences. The number of
DNA-binding partners described thus far is largey@awa et al., 2002). They are
divided into two groups, co-activators (CBP/p30MIB) (Feng et al., 1998; Itoh et al.,
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2000) and co-repressors (c-Ski/SnoN, c-Myc) (Alekaw et al., 1995; Liu et al., 2001,
Luo et al., 1999) The co-activators bind to or gsssintrinsic histone acetyltransferase
(HAT) activity, which facilitates gene activatio@n the contrary, the co-repressors
recruit histone deacetylases (HDAC) to the complelipse effect generally leads to
chromatin condensation and thus, represses Smiastiigtional activity (Figure 1.4)
(Berger, 2002; Massague, 2000).

The negative feedback represents another souregolation at the intracellular
level of the TGRS signalling pathway (Figure 1.1 and 1.4). At theemor level,
FK506-binding protein of 12 kDa (FKBP12) binds tpé | TGF$ receptor (ALK-5)
impairing its phosphorylation by the type Il T@Receptor (BRII) at the basal state
(Chen et al., 1997). Furthermore, Smad6 and Snragdir the R-Smad binding to the
corresponding receptors (Stopa et al., 2000). Kinathe ubiquitin ligases,
Smad-ubiquitination-regulatory factor 1 and 2 (Sthand Smurf2), antagonise TG-
signalling by interacting with the R-Smads and ¢#irgg them for degradation (Figure
1.1 and 1.3) (Arora and Warrior, 2001; Zhu et E99).

Ligands

TGF- i | AP [ Throm baspondin
Actiinfe=—— Follistalin <ge—Actiin
PRI hcoptors EMP [ Corinle s SHH

Bt gy oo m— EMP === Gromiin - SHH

ENdagiin s EMP === MNoggin EMP
kg —;’j M 00N

DNA-binding cotactors

S LEF 1/ TCF - -t <imm ynt
bt CEFA] e S|AL S 1P

receprors

FEEP12
FREP126

BLR SMADN
TGF-f B SMADZ
THF-c NFE Ras
IFN-y STATH A |
EGF

TGF-R

Rlucleus Carepressors.

Figure 1.3: A network controlling the TGF-p signalling pathway. Regulation of the TGIB-pathway
can take place at receptor level by accessory itohiproteins €.g FKBP12 and BAMBI); downstream
cytoplasmic molecules by Smad6, Smad7, Smurfl andrf2; and inside the nucleus by co-activators
and co-repressors (CBP/p300 and c-Ski/SnoN). litiadd crosstalk pathways control TG¥Fsignaling
(i.e. Wnt pathway, NReB). The blue arrows indicate the agonists, and teergand red arrows indicate
activation and inhibition of the pathway, respeetyv(after Massague, 2000).

1.1.1.5 TGF-p target genes

TGFf-induced gene transcription or repression is depeindn the cell type,
promoter sequence and DNA-binding proteins (Mowstadt al., 2001). The inhibition
of the cell-cycle progression by TGF-stimulation in many cell types is
well-characterised. TGB1 induces the activation of ps" (Hannon and Beach,
1994) and p29"* (Datto et al., 1995), which are cyclin-dependeittage (cdk)
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inhibitors that control the G1 phase. Conversel$FP represses the oncogecenyc
(Alexandrow et al., 1995), the Cdk-activating pHusjasecdc25A (lavarone and
Massague, 1997) and the inhibitor of differentiat{¢td) family. The Id proteins act as
negative regulators of cell differentiation and ipes regulators of cell proliferation
(Korchynskyi and ten Dijke, 2002; Norton et al. 989.

Several other genes are reported to be upregulgexd TGFB1 ligand binding
through Smad2/3 activation. Among them, genes @ngoglasminogen activator
inhibitor-1 (PAI-1) (Dennler et al., 1998; Hua &t 4999), type | collagen (Zhang et al.,
2000), Smad7 (Stopa et al., 2000), JunB (Pertovetaah, 1989) and connective tissue
growth factor (CTGF) (Grotendorst et al., 1996).dAbnally, TGFf1 promotes the
accumulation of many extracellular matrix (ECM) t@ias by increasing their synthesis
while inhibiting the production of matrix-degradiegzymes (Branton and Kopp, 1999;
Selman et al., 2001).

1.1.1.6 TGF-p transgenic mice

Studies on mice harboring null mutations for th&edent TGFg isoforms
revealed that each isoform exerts discrete, nomaht functions during murine
development (Goumans and Mummery, 2000). InitidiyF$1 null-mice suggested
that the ligand was only required postnatally (Skatlal., 1992); however, further
reports have proven that transplacentallanthtional transfer of maternal TG#E-were
sufficient to rescue the development and growtlthef pups (Letterio et al., 1994).
Different approaches have later shown that &Rs required for at least two distinct
phases during embryogenesis; for preimplantatiod fom the vasculogenesis and
haematopoiesis of the yolk sack (Kallapur et &899). Moreover, TGHB1 null-mice
suffer from an excessive inflammatory responseh wiissive infiltration of leukocytes
into many organs resulting in a multifocal inflantory disease, organ failure, and
early death (Kulkarni et al., 1993; Shull et aB92). The heart and the lungs were the
mainly affected organs, leading to myocarditis,iy@scular cuffing and interstitial
pneumonia, due to an uncontrolled inflammatory eaesp (Kulkarni et al., 1993; Shull
et al., 1992).

TGF{2 null-mice suffer cardiac, lung, spinal columnyreafacial, limb, inner
ear, eye, and urogenital defects; and the mutapeisatally lethal (Sanford et al.,
1997). TGFB3 null-mice die shortly after birth and presenthwé cleft palate. They
suffer delayed lung maturation with alveolar hy@sph, lack of alveolar septal
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formation and diminished expression of surfactamtgn C (SP-C) (Proetzel et al.,
1995).

1.1.2 Additional signalling cascades active in the lung

It is well known that components of the T@Fsignalling cascade are targets of
other signalling pathways and vice versa. Indeki, ¢complex network of crosstalk
modifies and amplifies the cell responses to TGs$ignalling, depending on the cell
conditions and cell type (Derynck and Zhang, 208ssague, 2000). Moreover, TGF-
B ligands can signal through several Smad-indepenpiethways that can as well be

regulated by other signalling pathways (Miyazawalgt2002) (Figure 1.3).

1.1.2.1 Wnt pathway

The Wnt signal transduction pathway has been ifiedtias a key player in
various developmental processes (Akiyama, 2000 Wnt family comprises 19
secreted glycoproteins, which bind to cell surfemeeptors called Frizzleds (Fz). The
best characterised intracellular signalling pathusayhe canonicag-catenin pathway
(Pongracz and Stockley, 2006).

Smad-dependent gene transcription can be modubgtdide transcription factor
B-catenin and vice versa (Lei et al., 2004; Nistataal., 2000). On the other hand,
Smad?2 also regulates tfecatenin pathway (Nishita et al., 2000). Furthemdoth the
wnt and TGRB pathways play a common role in the process of EMITing (Pongracz
and Stockley, 2006), during embriogenesis and tumatastasis (Nawshad et al., 2005)
and heart development (Liebner et al., 2004).

1.1.2.2 MAPK pathway: JNK, p38 and ERK MAP kinases

The mitogen-activated protein kinases (MAPK) artarge group of proteins
acting as signal transducing enzymes, since thaltéée extracellular signals to reach
the cell surface to rapidly activate nuclear TFv€Jaud and Mauviel, 2005). Several
extracellular stimuli can activate these serinedhine kinases, which will
subsequently phosphorylate nuclear kinases or TiHd@d, 2000).

The mammalian MAPKs have been classified into fgnaups according to the
activating molecule: 1) the extracellular signajukated kinases (ERK1 and ERK2 or
also designated as p44 and p42, respectively) 38)MAPKs, 3) the stress-activated
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protein kinases known as c-Jun N-terminal kinag®K({, JNK2 and JNK3), and 4)
ERKS5 (Chang and Karin, 2001).

The MAPK activity is controlled by a sequential iaation of several MAPK
kinase kinase (MAPKKK or MEKK) and MAPK kinase (MKK, MEK or MKK)
enzymes (Chang and Karin, 2001). The phosphorylagiream kinase directs the
activation of a certain downstream pathway. The ERédiated pathway, initiated by
mitogens and several growth factors (GF), is ingdlvin cell proliferation and
differentiation and considered anti-apoptotic. Tp88/MAPK and JNK-signalling
pathways are activated by stress stimuli, such g, light, osmotic shock or
inflammation, leading either to cell proliferatiomnd differentiation or apoptosis,
depending on the cell system (Javelaud and MalRo€l5).

TGF{ can interact with all the pathways described ab@xeept the ERK5S
pathway (Javelaud and Mauviel, 2005). Furthermdhe, TGFg-induced MAPK
activation can follow either slow kinetics in a Simdependent pathway or rapid
kinetics (5-15 min) in a Smad-independent pathwagdsague, 2000).

The biochemical mechanism and the biological comseces of the crosstalk are
currently poorly understood. Thus far, one well+elcéerised interaction is through the
TGFf-activated kinase 1 (TAK1), a MAPKKK family membaevhich is involved in
the activation of both the JNK and p38 pathwaysii®a et al., 1996; Zhou et al.,
1999). The MAPK pathways have been also implicatethe regulation of TGB-
responses. For instance, ERK phosphorylates the titifiain of Smad2 and the linker
segments of Smadl, Smad2 and Smad3 (Derynck antyZB@03; Kretzschmar et al.,
1999). Moreover, activation of MEKK1 can also résidi Smad phosphorylation
through the ERK and JNK pathways (Brown et al., D9%Furthermore, JNK can
directly phosphorylate Smad3 at its linker regid@illings et al., 2000; Mori et al.,
2004).

1.1.2.3 NF-xB pathway

Nuclear factor ofk-light polypeptide gene enhancer in B cells (RB} is a
generic name for a group of TF, which can induceepress gene transcription, and are
thus implicated in the regulation of cell prolifacam, development, and apoptosis. NF-
kB plays a major role in the innate- and adaptiveime responses (Perkins, 2007,
Schmitz et al., 2004).
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In the majority of cell types, NkB complexes are retained in the cytoplasmic
compartment by the inhibitors of NéB (IkBs). The activation of the pathway requires
kB phosphorylation byxdB kinases (IKK) (Perkins, 2007). A large numbersamuli
can lead to the NkB pathway initiation and most of them represenessful or
precarious conditions (Schmitz et al., 2004).

TGF4 can stimulate the NkB pathway and vice versa. These two pathways act
in an antagonistic manner in the regulation of imexgell responses (Massague, 2000).
For instance, through TAK1 activation, which themogphorylates and activates the
IKK, leading to the activation of the NEB pathway (Yamaguchi et al., 1999).
Conversely, Smad7 levels can increase in respamséNf-a through the NR<B

pathway, inhibiting the Smad signalling pathwayt£Br et al., 2000).

1.1.2.4 PI3K/AKT pathway

Phosphoinositide 3-kinases (PI3K) generate spedgifmsitol lipids, which
control cell growth, survival, differentiation, piferation, and cytoskeletal changes. A
well-characterised target of PI3K lipid productsghe protein kinase AKT or also called
protein kinase B (PKB) (Vanhaesebroeck and Aled300). AKT is a multifunctional
cytoplasmic kinase, activated by various stimuld dras been implicated in cancer
development (Barnett et al., 2005).

Crosstalk between the PISK/AKT and T@Mpathways has also been reported.
For instance, the upregulation of the type | calagxpression by TGEwas proposed
to be mediated by TGB-nduced AKT phosphorylation in Swiss 3T3 cells (igan et
al., 2004). It has been also suggested an esseolalof the PI3 kinase in TG
mediated EMT and cell migration in NMuMG mammarytleglial cells (Bakin et al.,
2000).

In conclusion, the interaction between downstrearolepules in distinct
signalling pathways may underlie diverse formsndégration and reciprocal regulation
inside the cell (Massague and Chen, 206f@wever, the implications of the Smad and

other signalling molecule activation are still mall understoodn vivo.

1.2 LUNG ANATOMY, PHYSIOLOGY AND FUNCTION

The principal function of the lung is to ensure@éint gas exchange, providing

oxygen to the pulmonary and systemic blood, andoxemg the carbon dioxide
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produced by cell respiration. The organ anatomyessgnts a well-optimised structure
with a large exchange surface and a thin basementhmane, which enables rapid gas
exchange by passive diffusion. The basement merabimarcomposed of both the
endothelial and epithelial cell membranes fuseettogy, minimizing the gas exchange
surface to 0.2um, forming the alveolocapillary units. However, nohly a thin
basement membrane is needed for an optimal gasaegeh but also an optimal
matching ratio between ventilation (V, air flow) daperfusion (Q, blood flow) is
indispensable (Seeger et al., 1993; Von Euler, 1946

The pulmonary parenchyma represents about 85% eoftdtal lung volume
(respiratory bronchioles, alveolar ducts, alvea@acs and alveolar capillary network),
the conducting airways cover only about 6 to 10%cftea, bronchi, bronchioles,
terminal bronchioles) and the remaining part of theg consists of nervous and
vascular tissue (Gehr, 1984). The lung is dividetb ithree functional regions: the
ventilation (conducting and respiratory airwayshe t perfusion (bronchial and
pulmonary blood supply), and the lymphatic areas.

Several tissues are contained in the lung. Théelmat layer consists of at least
13 cell types, 11 epithelial and 2 mesenchymaltgpks. The interstitium contains 36%
of the total number of cells, among them, the filbasts and myofibroblasts, cells that
synthesise collagen and elastic fibers and thecytes and SMC, which compose the
capillaries and vessels. The endothelium contamita30% of the total cell number,
representing the largest capillary endothelialazefof the body and so, facilitating the
gas exchange (Simionescu and Antohe, 2006). Moremagtilage synthesised by
chondrocytes, is also present in the lung, thougly surrounding the trachea and
bronchi. At the alveoli, specialized cells are msfble for host defense, such as, the
alveolar macrophages that accomplish phagocyt®is ¢f total cell number); the
plasma cells in charge of antibody production; glacytesand also the mast cells,

which store histamine and heparin (Corrigan and, H891).
1.3 THE LUNG EPITHELIUM

1.3.1 Cell types and function

Epithelia are sheets of cells that are situatetiainterface of two biologically
distinct compartments. The epithelial layers formsemipermeable boundary and

regulate the transport of ions and molecules betvibeth compartments. Specially, the
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pulmonary epithelium is necessary for an optimad gachange at the alveoli, and
represents the first defense barrier between tis¢ &od the environment. The lung
epithelium can be divided into proximal and distagépresenting the respiratory
epithelium and the gas exchange region, respegtival intermediate area is found
between them (Figure 1.4) (Breeze and Turk, 1984).

The distal alveolar epithelium, included in the gaand ducti alveolari, is
responsible for the gas exchange. In the adult, lirggpnsists of two highly specialized
alveolar epithelial cells (AEC): squamous type T(Aand cuboidal type Il (ATII) cells
(Wise, 2002). The ATI, or also called type | pneuaytes, are large and very thin (0.2
um in depth) cells. They cover over 95% of the alaesurface (5,000 pfp and
represent the 8% of the total cell number in thegluThe passive gas diffusion takes
place at the ATI and endothelial cell junctions @oy and Kasper, 2004).
Additionally, they form a barrier against fluid lesge into the alveolar spaces, but
allow a selective exchange of physiological solated water between blood and alveoli
(Schneeberger and Lynch, 2004; Williams, 2003).eReceports assume that the ATI
cells retain the ability to trans-differentiate rawtly in vitro, but alsoin vivo (Flecknoe
et al., 2002; Uhal, 1997).

On the other hand, the ATII cells comprise only tieenaining 5% of the
respiratory lung surface area (1809iand the 16% of the total pulmonary cells. These
cells can be named granular AEC (as they contanellar bodies), large AEC (due to
their big size), corner cells (they are normallyrid at the edges of the alveolar spaces)
or type Il pneumocytes. These cells synthesisegteand re-uptake surfactant proteins
(SP), which are lipoprotein complexes of the lungate immune system that reduce
surface tension at the air-liquid interface andses pulmonary host defenses (Wright,
2005). Four different surfactant proteins have beéefimed: SP-A, SP-B, SP-C and SP-
D, with SP-A and SP-D being specifically involvedthe host defense (Mason et al.,
1998). The type Il pneumocytes store the SP inadleat lamellar bodies, which are
specialised secretory lysosomes (Gunther et ab1;2@/eaver et al., 2002The ATII
cells are multifunctional in that they regulate @ileeolar lining fluid and its resolution
and alter inflammation by GF and cytokine secre(iglanzer et al., 2006; Matthay et
al., 2002). While the ATI cells are highly vulnelato injury, the ATII cells are more
resistant and act as progenitor cells for the relmalisation process after epithelial
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injury, by proliferation and trans-differentiatiamto ATI cells (Evans et al., 1975; Uhal,
1997) (Figure 1.5.C).
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Figure 1.4: Anatomy and histology of the lungThe lung contains several cell-types presentfégreéint
regions. These areas are divided into a proxingibrecontaining the trachea and bronchi (A), a mledi
region that possesses the bronchioli, internallyeoed with Clara cells and ciliated cells (B) andaes-
exchange-region at a distal position (C). The @hilm varies from stratified (respiratory epithetfiyto
flattened cells and underlying it, other cell tymas encounted (D). The cell type-specific marKers
type | and Il AEC, Clara, endothelial and smoothsoie cell (SMC) are indicated. Go: goblet cells, Ci
ciliated cells, Ba: basal cells, M: monocyte, ASealar space, EC: endothelial cell, S: smooth reusc
cell, 1: type | AEC and 2: type Il AEC (modifiedtef Breeze and Turk, 1984).

At the intermediate region, where the bronchiok aituated, the respiratory
epithelium is cuboidal with ciliated columnar andnrciliated cells, the latter named
Clara cells. The Clara cells are implicated in fireduction and secretion of the
surfactant components, SP-A, SP-B and SP-D, asasehe Clara cell secretory protein
(CCSP), also called CC-10, which is a key regulatonflammation in the lung (Chang
et al., 2000; Stripp et al., 2002). The Clara catks considered to be the progenitor cells
at the proximal airways and essential in detoxidyinhaled foreign material (Bishop,
2004; Brody et al., 1987) (Figure 1.5.B).

The epithelial layer lining in the proximal regi@onsists of seven cell types:
basal, goblet, ciliated, brush, serous, Clara, remdoendocrine cells. These cells cover
the tracheobronchial airways forming the so-catlespiratory epithelium. Of note, the
ciliated and goblet cells play a key role in dutdacing by mucus secretion and

entrapment and transportation of inhaled airwaylisgRogers, 1994) (Figure 1.5.A).

25



INTRODUCTION

1.3.2 Cell type-specific markers

A cell type-specific marker is a molecule presemta particular cell type,
facilitating cell characterisation, identificatioand perhaps cell isolation (Atkinson et
al., 2001). Furthermore, biological markers or beokers are cell type-specific markers
that help to diagnose a disease, as they are hexpgessed or absent in pathological
conditions compared to physiological levels (Hirsthal., 2002; Tzortzaki et al., 2007).

Some epithelial cell markers currently used in cblhracterisation have been
previously mentioned, for example the four surfattproteins synthesised by ATII
cells, and the CC-10 marker, unique to Clara ceBsme additional markers
characterise type Il pneumocytes. For instance, tifpe A y-aminobutyric acid
(GABA\,) receptorr subunit (GABRP) (Chen et al., 2004) recently disred with an
as-yet undefined function in the lung or lysoph@dflylcholine acyltransferase
(LPCAT), which is required for surfactant phosppali biosynthesis as it remodels the
phosphatidylcholine, an essential lipid for SP picicbn (Chen et al., 2006). Moreover,
SP synthesis is dependent on the combined actionmliple TF. Among them, the
thyroid transcription factor 1 (TTF-1/Nkx2.1), whiés a common positive regulator of
their promoter activity (Bohinski et al., 1994) athe forkhead box P2 (Foxp2) that acts
as a transcriptional repressor for murine CC-10nuter, regulating proximalersus
distal epithelial cell differentiation (Shu et &001).

Podoplanin (Td&) was the first molecular marker identified for ATklls
(Williams et al., 1996). Td is essential for optimal alveolar sacculation (i et al.,
2006). Moreover, the water channel aquaporin (AGQPkey for fluid permeability
between the airspace and the capillaries, alsafggadly identifies this cell type in the
lung (Borok et al., 1998; Nielsen et al., 1997; kfean et al., 2000).

The type | and Il pneumocytes also share the egjesof some markers
(McElroy and Kasper, 2004), including the &’ transporting ATPase andp 1
polypeptides (Atpdl and AtpPB1, respectively) present at the basolateral suidatiee
AEC (Machado-Aranda et al., 2005; Matthay et @02). Additionally, the} subunit
of the epithelial sodium channdl-ENaC) is present in both cell types (Jernigan and
Drummond, 2005; Matthay et al., 2002).

Other pulmonary cell types express different speaifarkers. Among them, the
collagen &1, synthesised and secreted by fibroblasts and tmgdfiasts, forms part of

the ECM (Oda et al., 1988). The contractile pra@irsmooth muscle actimm¢(SMA),
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calponin,and smooth muscle-myosin heavy chain are mainlyesged by vascular
SMC (Shanahan and Weissberg, 1998). The platetitkalial-cell adhesion molecule-
1 (PECAM-1) is a marker restricted to platelets andothelial cells (llan and Madri,
2003).

Following injury, the quantity of the newly syntlwsd cell marker proteins
differ from physiological levels. Thus, these chasign expression levels may facilitate
early diagnosis of pulmonary disease and thus eedbhe associated mortality, by
allowing characterisation of novel molecular patggvahat could be targeted in

therapeutic interventions (McElroy and Kasper, 2004

1.3.3 Lung epithelium-related diseases

Epithelial barrier disruption requires a rapid afficient re-epithelialisation of
the denuded basement membrane. However, the egitmepair process may be
disturbed, leading to aberrant alveolar epitheball populations €.g, cells co-
expressing epithelial and mesenchymal markers)li@\gt al., 2005) and thus to a
deregulation of cytokine secretion (increase levd#lS GFf3, the central regulator of
-PF-) (Selman et al., 2001), abnormal pulmonaryastent production, and alveolar
collapse (Taskar et al., 1997). Epithelial injusy evident in many lung diseases,
including bronchopulmonary dysplasia (BPD) (Jobd &ancalari, 2001), acute lung
injury (ALI) or acute respiratory distress syndro@dRDS) (Geiser, 2003b; Martin et
al., 2005), cystic fibrosis (Matthay et al., 20@2)d idiopathic pulmonary fibrosis (IPF)
(Geiser, 2003a; Selman et al., 2001). Abnormal arwemodelling and partial lost of
epithelium is also observed in chronic obstraciuemonary disease (COPD) (Puchelle
et al., 2006).

Different types of insults provoke repeated micopsc injuries at the
pulmonary epithelial layer and it is thought that@nbination of events trigger the
disease. Among the known epithelial damage insusobacco smoke (Van Winkle et
al., 2001; Wistuba et al., 2002), pollutants, baateviruses (Puchelle et al., 2006), and

gastroesophageal reflux (Selman and Pardo, 2006).
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1.4 TGF-B AND EPITHELIAL LUNG DISEASES

1.4.1 Expression and role of TGFB in the lung

The TGF$ cytokines are part of a regulatory molecule nekwbat control lung
homeostasis and homeodynamics, required during hmagching and lung tissue
repair. The three TGB-ligand-coding genes are highly expressed in thesaaluring
lung morphogenesis. TGFE is found as early as day 11 in the cytoplasmtroingl
and epithelial cells of the primordial ducts an@ypbk major role in lung branching
(Schmid et al., 1991). The constitutive activatmhTGF{$1 in a transgenic mouse
model led to lung morphogenesis arrest and inbibiof epithelial cell differentiation,
where neither pro-SP-C nor CC-10 were detectedth@rtontrary, type | collagen was
present in the terminal airways and the distributad a-SMA was markedly altered
(Serra et al., 1994; Zhou et al., 1996). T@Falso inhibited surfactant synthesis and
epithelial cell maturation in human lung explargeérs et al., 1998; Zhou et al., 1996).
In the human developing lung, all three TGHsoforms are highly expressed. They
play a decisive role in branching morphogenesis epithelial cell differentiation with
the concomitant surfactant maturation (Bartram $peer, 2004; Chapman, 2004).

All three TGF$ isoforms are also found in the adult murine lupgmarily
expressed at the bronchial epithelium. There isicdenable controversy regarding the
TGF ligand localization in other cell types, as thare studies reporting expression
either in the AEC, in the vascular endothelium,nsesenchymal cells (Coker et al.,
1996; Pelton et al., 1991). In line with the mol$&F{ ligand expression pattern, the
TGF$ ligands in the adult human lung are primarily egsed in the bronchial
epithelial cells (BEC) (Magnan et al., 1994), alka@anacrophages, other inflammatory
cells, vascular and airway SMC, and mesenchym#& (Ebker et al., 1996; Magnan et
al., 1994).

1.4.2 TGF-p-related lung disorders

A common characteristic of many diseases is aanmihatory process related to
tissue injury, followed by a phase of repair. Eledaconcentrations of active TGH-
are found in patients, which suffer inflammatorypdudiseases (Table 1) (Bartram and
Speer, 2004). Moreover, in different organs, inglgdhe liver and kidney, high levels
of this isoform have been also detected (Brantah kaopp, 1999; Sime and O'Reilly,
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2001). This results in an enhanced matrix depasiaod a downregulation of the
inflammatory response after injury. These imbaldniesels of the cytokine, due to an
exaggerated repair process, may generate fibresiors in the organs (Bartram and
Speer, 2004; Letterio and Roberts, 1996). Tg&ks the predominant TGF4soform in
disease conditions, although the upregulation efdther two isoforms has also been
described (Bartram and Speer, 2004).

Table 1: TGF$1-related lung diseases

Disease Source

Chronic lung disease of prematurity (Kotecha et1#96)
Idiopathic pulmonary fibrosis (IPF) (Khalil et a1.991)
Giant-cell interstitial pneumonia (Corrin et al9)
Occupational diseases (Jagirdar et al., 1997)

(silicosis, asbestosis, pneumoconiosis)| (Vanhee et al., 1994)

Sarcoidosis (Limper et al., 1994)
Lymphangioleiomyomatosis (LAM) (Evans et al., 2004)
Cystic fibrosis (Wojnarowski et al., 1999)
Chronic obstructive lung disease (COPD) (de Boat.e1998)
Asthma (Aubert et al., 1994)
Transplantation-related diseases (Magnan et al., 1996)

(bronchiolitis obliterans)

Table 1: TGF-g1-related lung diseasesThe main respiratory diseases associated withméoalanced
TGF-1 expression are listed (modified after Bartram Spder, 2004).

The consequences of abnormally high concentratadn§GF1 in the lung
have been studied in a variety of models. The mousgel of bleomycin-induced lung
fibrosis perfectly mimicks the upregulation of ttheee different isoforms (Santana et
al., 1995). Furthermore, TGFE: overexpression in transgenic mice using tisseeisp
promoters has provided various model systems ttyshe effects of an increased TGF-
Bl activity in the intact organism (Bottinger and gfo 1998; Zhou et al.,, 1996).
Additionally, TGFf1 overexpression, assessed by intratracheal at&ill of
replication-deficient adenovirus vectors into tle lung, demonstrated that only the
active form of the cytokine resulted in pathologicanditions. A severe interstitial and

pleural fibrosis resulted, characterised by extensleposition of the ECM proteins,
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such as collagen, fibronectin, and elastin, andth®yy emergence of cells with a

myofibroblast phenotype (Sime et al., 1997).

1.4.3 Idiopathic Pulmonary Fibrosis (IPF)

Idiopathic pulmonary fibrosis (IPF) is a progregsand devastating disease with
unknown aetiology. The disease normally developsfthe middle age onwards, with
men twice as likely as women to be affected frora. IBurrently there is no available
treatment, and after diagnosis the median sunviwdbetween three and five years
(Selman and Pardo, 2002). The long-prevailing hypsis of inflammation being the
main trigger of the disease is been currently dehadince the response to steroids is
usually poor in IPF, and the use of other immunossgors has largely failed to
increase the survival rate (Geiser, 2003a). Furibeg, studies on transgenic animal
models indicate that the inflammatory response Hral fibrotic response can be
dissociated (Munger et al., 1999).

It has been recently proposed that IPF may resoifh fa sequential epithelial
injury, leading to the loss of the epithelial aellegrity, which is a consistent finding in
IPF (Coalson, 1982; Kasper and Haroske, 1996).ifjbaous agent will affect both the
increase in AEC apoptosis (Maeyama et al., 2001J #re inhibition of AEC
proliferation, trans-differentiation and migratigiikasper and Haroske, 1996). All
together, this would impair the normal re-epitHeetion of the denuded area, leading
to an abnormal wound healing (Selman and Pard®)3Bigure 1.5.A).

The remaining AEC after epithelial injury have betown to produce a number
of soluble factors, like TGPB4 (Khalil et al., 1991), TNF+ (Kapanci et al., 1995) or
platelet-derived growth factor (PDGF) (Antoniaddsaé, 1990), that are known to
promote fibroblast activation. The active fibroltitasthe so-called myofibroblasts,
migrate to the denuded area, where they undergoriaah proliferation, leading to the
formation of the so-called fibroblast foci (Figure5.B). These myofibroblasts
synthesise large amounts of ECM molecules and ietyasf cytokines, including the
profibrotic TGF$1 (Serini and Gabbiani, 1999). Increased amoun®GHF{1 mMRNA
and protein have been encountered. The abnormakiiem of ECM molecules results
in the destruction of the alveolocapillary unitsading to impairment of normal lung

function. An inefficient re-epithelialisation ocaupver the fibroblastic foci; however,
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the distance between the AEC and endothelial tttso large, impeding gas-exchange
(Figure 1.5.B).
A B

Fibrosis and Impaired

Epithelial Damage and eepithelialization
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Figure 1.5: Hypothetical model of impaired wound haling for IPF. A) Constant and multiple
microinjuries damage the AE@op lef) and the remaining AEC synthesise several GFudiat TGF-
B1 (bottom leff. The denuded area is covered by migrating fitastis] where they proliferate forming
fibroblast foci pottom righy. The myofibroblasts synthesise angiogenic factdos induce
neovascularisation. The production of angiotenspprémotes AEC re-epithealization; however, the-gas
exchange process is impaired by the fibroblast femp righ?) (after Selman Met al, 2001). B)
Haematoxylin and eosin staining of a fibroblast fadPF lung (after Geiser T., 2003b).

The fact that the myofibroblasts are the principall type participating in the
pathogenesis of IPF is well described, as the pssgon of the IPF is associated with
fibroblastic foci in the lung (King et al., 2001Yhe source for these activated
spindle-shape cells, which express various mesemahynakers, is currently under
discussion. Three hypotheses have been proposgdiathto explain their origin:

- The first postulates the activation and proliferatof local fibroblasts, upon
stimulation (Phan, 2002). TGFE promotes differentiation of cultured isolated
primary rat fibroblasts into myofibroblasts throughe Smad3 signalling
pathway (Hu et al., 2003).

- The second hypothesis claims that an engraftmertook marrow-derived
progenitor cells occurs. These cells then diffeatatinto myofibroblasts in
the respiratory tract (Epperly et al., 2003; Hasitoret al., 2004).

- The recently postulated hypothesis is related ta'EWhere epithelial cells are
considered to be the source of the mesenchyma bglITGFB1 induction
(Zavadil and Bottinger, 2005).

The EMT process is a complex and extreme manifestaif epithelial cell
plasticity, in which the polarized epithelial cetlsnvert to fibroblastoid cells capable of
locomotion (Thiery, 2002). The required cellulatanges are the loss of the epithelial
cell-cell and cell-matrix adhesion contacts andvatibn of de novosynthesis of ECM
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molecules. At the transcriptional level, a simu#tans repression of epithelial markers
(occludin and E-cadherin) and an upregulation osenehymal markersa(SMA and
vimentin) are observed (lkenouchi et al., 2003).

The transmembrane proteins, occludin and ZO-1 responsible for the tight
junction maintenance and the E-cadherin extraeglldomains to sustain adherens
junctions, which maintain the epithelial cell patarby interacting intracellularly with
the actin cytoskeleton via- andp-catenins (Zavadil and Bottinger, 2005). When the
disassembly of cell-cell junctions including tiglgap and adherens junctions, and
desmosomes occurs, integrity of the epithelial daige lost. Simultaneously, the
trans-differentiated epithelial cells synthesisenemtin intermediate filaments, which
form the motile elements of the cellular architeefualong with the actin-containing
microfilaments (Helfand et al., 2004). The fibradilaspecific protein 1 (FSP1), also
known as S100A4, has been described as a markdifferentiated fibroblasts (Strutz
et al., 1995).

Many GF like EGF, hepatocyte growth factor (HGHRprdblast growth factor
(FGF) and TGH3; endothelin-1 (ET-1) and members of the Wnt siigmalpathway
promote EMT (Jain et al., 2007; Radisky, 2005)eiestingly, both the EMT process
and fibrogenesis are common in epithelial-enricbeghns, like the lung and kidney
(Willis et al., 2006). Specifically, the TGt ligand promotes, through the Smad-
dependent pathway (principally by the Smad3) (Rwsbet al., 2006), other TF
including Slug, Snail, andB-catenin, which are related to the epithelial cell
trans-differentiation into mesenchymal cells (Kalland Neilson, 2003; Masszi et al.,
2004). TGFB1-induced EMT has been demonstrated in the humidimeépl A549 cell-
line (Kasai et al., 2005)pn rat lung epithelial-T-antigen negative (RLE-6Thnd
isolated primary ATIl cells (Willis et al., 2005)Additionally, colocalisation of
mesenchymal and epithelial markers in the samewadl demonstrated in IPF lung
sections (Kim et al., 2006; Willis et al., 2005).

1.5 STUDIES ON LUNG EPITHELIUM
Research on the pulmonary epithelial layer has la@eomplished by either
isolation of various primary cell types, followingmicrodissection, or
fluorescence-activated cell sorting (FACS), thusidwg tissue homogenates, which

have the disadvantage of masking genetic deviatmmgxpression changes of an

32



INTRODUCTION

individual cell type by the surrounding cell bul€yrran et al., 2000). However, the
enzymatic digestion methods to obtain single agpgnsions for both FACS and short-
term cell cultures may induce cellular changes ey tare subjected to different
environmental factors.

Several enhanced methods for isolating and cujupnmary adult rat and
mouse cells and fetal human type Il pneumocytecanently available (Wang et al.,
2007). Their gene and protein expression undeerifft culture conditions and their
cell response upon stimulation is also well chametd. However, it has been
demonstrated that isolated primary ATIl cells charbeir phenotype upon culture
(Gonzalez et al., 2005). They gradually trans-défifieiate into ATI-like cells, as they
loose their lamellar inclusion bodies, become #atl change their gene expression
profile (Chen et al., 2004; Paine and Simon, 1998)s trans-differentiation occurs
between day 3 and 5 after isolation, and cell typeeific markers from both the ATII
and the ATI cell types are localized simultaneoushdicating the existence of a
possible intermediate cell type (Bhaskaran et28lQ7; Chen et al., 2004; Danto et al.,
1995). Interestingly, a trans-differentiation of Tells into mesenchymal cells has
also been demonstratad vitro and in vivo (Willis et al., 2005). Moreover, the
trans-differentiation process depends, to a gretEng on the presence or absence of
matrix on which the ATII cells are plated (Gonzakgtsal., 2002). When they are
cultured on uncoated dishes (on a plastic surfabe)r phenotype is rapidly altered
(Chen et al., 2004; Paine and Simon, 1996). Theiceatcan be composed of different
molecules (fibronectin or laminin-5 alone), whemne ATII cells change their phenotype
(Guo et al., 2001; Olsen et al., 2005), on a meir fibronectin/collagen/laminin-5 or
on Matrigel along with some GF, where the type hiepotype is preserved longer
(Olsen et al., 2005; Wang et al., 2007). Additibnathe EMT process can differ
depending on the ECM composition onto which ATllisare attached (Zeisberg et al.,
2001).

Recently, laser capture microdissection (LCM) hagproved the current
knowledge on cell gene and protein expression,Gid Enables fine microdissection of
a specific pool of cells (Betsuyaku et al., 2001nkFet al., 2006). However, the
microdissection machinery is extremely expensive @@ technique demands manual
dexterity, and is prone to some operator bias.heamore, the mode of tissue section

preparation may also modify the results (Curramlgt2000; Kim et al., 2003) and a
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high probability of RNA degradation by endogenou¢aBes has been reported (Kohda
et al., 2000).

Differentiated ATII cell-lines are not currently @lable. Nevertheless, several
cell-lines with an epithelial origin have been b$ithed. For instance, the NCI-H441
cell-line derived from a human pulmonary papill@gyenocarcinoma highly expresses
SP-A (O'Reilly et al., 1988). The A549 cell-linehieh is frequently used in studies on
the lung epithelium, was explanted from a humary loarcinomatous tissue, although
any SP expression is absent (Mason and William8)0)YL9n addition, cell-lines with a
rodent origin, such as, murine lung epithelial (MR (Alejandre-Alcazar et al., 2007)
and RLE-6TN (Willis et al., 2005) have been usualljyised. However, the cell-lines
are limited in that they are immortalised and imyaases transfected and transformed,
processes that completely change their gene expmegstterns (Malkinson et al.,
1997).

Many different screening approaches have been npeefb thus far in order to
ascertain novel biomarkers for the various pulmpmseases. For instance, some using
cell-lines and arrays (Koike et al., 2004), studyihe trans-differentiation of ATII cells
into ATI in vitro by microarrays (Chen et al., 2004) or also conmggfieshly isolated
ATI, ATII and cultured ATII using microarray analgs(Gonzalez et al., 2005). Thus,
the currently used cell type specific markers hasen developenh vitro and thus far, a
comprehensive analysis of the epithelial gene trgpison in vivo has not been yet

attempted.

34



AIM OF THE STUDY

2 AIM OF THE STUDY

While primary AEC culture has increased our knowgkedof AEC gene
expressionn vitro, a comprehensive analysis of epithelial cell geaescriptionin vivo
has not yet been attempted. The aim of the studytwarofile the epithelial cell gene
expression in the murine lung vivo by developing a new technique, in which RNA
from the lung epithelium would be isolated diredtigm the mouse lung, avoiding cell
plating.

Furthermore, the influence on the epithelial gexgession profile of TG, a
cytokine related to many different lung diseasess gtudied by direct administration of
the ligand into the murine lung.

By combination of these two optimised approachies, study of the TGB1
influence on the epithelial gene expressiomivowas assessed.

In summary, the specific aims of this work are@®ws:

1. The establishment of a novel method to isolate Ri&ctly from epithelial
cells in the murine lung, avoiding cell plating.iFitnhas been termed “epithelial
lavage”.

2. Characterisation of epithelial gene expressmowvivo.

3. Comparison of RNA expression between the epithdsge samples, primary
isolated ATII cells, and epithelial cell-lines.

4. Orotracheal administration of the T@GHE-cytokine.

5. Analysis of the TGH1-induced signal transduction of both Smad-dependen
and -indendent pathways.

6. Analysis of TGFB1 early-responsive genes in the epithelial layer.
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3 MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 General chemicals

Table 2: General laboratory chemicals

Compounds Company
B-mercaptoethanol Sigma-Aldrich
3MM Whatman paper Schleicher and

Schnell
100 bp DNA ladder Promega
Agarose Invitrogen
Ammonium Persulfate (APS) Promega
Biotin-16-2"-deoxyuridine 5”-triphosphate (dUTP) dRe
Bradford reagent Bio-Rad
Complete™ (Protease inhibitor cocktail tablets) iRoC
Dispase BD Biosciences
Dithiothreitol (DTT) Promega
Dual colour precision protein standards Bio-Rad
ECL Western blotting detection reagents Pierce
Eythelene diamino tetra acetic acid (EDTA) Promega
Ethidium bromide Roth
GEArray Q Kit SuperArray
Glycerol Promega
Glycogen Sigma-Aldrich
GoTad Flexi DNA Polymerase Promega
Isoflurane Baxter
Herring Sperm DNA Promega
Isotonic sodium chloride solution DeltaSelect
Ketavef (Ketamine) Pharmacia
Methanol Fluka
M-MLV Reverse Transcriptase Promega
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Mouse Genomic DNA Promega
Mouse Universal Reference Total RNA Clontech

Laboratories
Nitro-cellulose membrane Bio-Rad
Non-fat dry milk powder Roth
Nonidet P-40 Sigma-Aldrich
Oligo(dT)s Primer Promega
PCR Nucleotide Mix Promega
Platinun? SYBR® Green gPCR _

Invitrogen
SuperMix UDG
Phosphate-buffered saline (PBS) PAA
RNase-Free Dnase set Qiagen
RNase inhibitor Promega
RNaseZAP Sigma-Aldrich
Rompurf (Xylazine) Bayer Vital
Rotiphores& gel 30 Roth
Roti-Quick-Kit (Solution 1, 2 and 3) Roth
Sodium deoxycholate Sigma-Aldrich
Sodium dodecyl sulfate (SDS) Promega
Sodium ortho vanadate Sigma-Aldrich
TEMED Bio-Rad
TGF$1 R&D Systems
Toluidine Blue O Sigma-Aldrich
Tris Roth
Tween-20 Sigma-Aldrich

3.1.2 Cell culture reagents

Table 3: Cell culture reagents

Compounds Company
B-estradiol Sigma
Dulbecco’s modified Eagle medium (DMEM) Gibco
Fetal calf serum (FCS) PAA
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HEPES PAA

Hydrocortisone Sigma

Insulin/Transferrin/NaSelenit Gibco

Trypsin-EDTA PAA
3.1.3 Primers

The primers were designed using the Primer3 Inpuérhet programme
(frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi),assuring specificity by the
nucleotide-nucleotide BLAST programme (http://wwebnnlm.nih.gov/BLAST).
Primers were synthesised by Qiagen, Germany, aythihesis scale of 0.@nol. The
primer sequences are listed in the Appendix (TALLE).

3.1.4 Antibodies

Table 4: Primary antibodies

Catalogue No. Description Supplier
A 5228 a-smooth muscle actin Sigma
9272 AKT Cell Signaling
SC-601 CDK4 (H-22) Santa Cruz
Biothechnology
9212 p38 Cell Signaling
9102 p44/42 MAPK Cell Signaling
4058 Phospho-AKT (Ser473) (193H12)| Cell Signaling
Rabbit mAb
9211 Phospho-p38 (Thr180/Tyr182) Cell Signaling
9106 Phospho-p44/42 MAPK Cell Signaling
(Thr202/Tyr204) (E10) mouse mAb
SC-8979 PAI-1 (H-135) Santa Cruz
Biotechnology
3101 Phospho-Smad2 (Ser465/467) Cell Signaling
9514 Phospho-Smad3 (Ser423/425) / | Cell Signaling
phospho-Smadl (463/465)
610843 Total Smad 2/3 BD Biosciences
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61-7300 Z0-1 Zymed

Table 5: Secondary Antibodies

Name Description Supplier

Mouse horse-radish peroxidase  Anti-mouse IgG (H + Cell Signaling

Rabbit horse-radish peroxidaseAnti-rabbit IgG (H + L) | Cell Signaling

3.2 METHODS

3.2.1 Mammalian cell culture

All cells were maintained at 37 °C in a humidifisgtubator in 5% (v/v) C®
and 95% (v/v) air. All cells were grown in cell tule flasks. Storage of cells was done
by harvesting cells and adding 1 ml of freezing imed(10% (v/v) DMSO in fetal calf
serum (FCS)). The cells were transferred to a é¢aypplaced on ice for 1 h and
transferred to —80 °C for 1 day prior to storagdiqguid nitrogen. To thaw cells, the
cryovial was removed from liquid nitrogen and plhag 37 °C for 10 min The cells
were transferred to 10 ml of pre-warmed fresh mmdifollowed by a light

centrifugation before being re-plated onto celtund dishes in fresh medium.

3.2.1.1 Cell isolation

Primary alveolar type Il (ATII) cells were isolaté@m adult female C57BL/6N
mice (18-20 g) as previously described (Corti et2896). Briefly, mice were sacrificed
by intraperitoneal injection of a mixture of ketami and xylazine (1:1:2 -
Ketavef:Rompurf:saline in a final volume of 200 pl). The thoracavity was opened
carefully to avoid puncturing the lung. Trachea wa&posed by a midline neck incision
and a catheter was inserted and ligated. The abderas opened, the renal artery was
separated and pneumothorax was drawn. Afterwandsisl were perfused with saline
and lavaged. Next, the proteolytic enzyme dispaszrfl) was introduced to dissociate
the pulmonary epithelial cells from their basemembrane, followed by agarose
instillation (0.4 ml), maintained in liquid form &5 °C. Agarose solution was allowed
to solidify for 2 min inside the lungs and the resfory organ was then separated from
the thorax and incubated in 1 ml dispase soluworl® min at room temperature.
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After dispase disaggregation, the purification médthbased on the differential
adherence to IgG-coated Petri dishes of immunetacanating cells, was performed.
The ATII cell preparations used were > 95fdble, as determined by trypan blue dye
exclusion (cells were incubated for 2 min with tbge, blue-stained cells were
considered non-viable) and 92-9@ure, as determined by lamellar body staining with
Nile Red. Briefly, the Nile Red staining was penfd as follows: 20 pl of cell
suspension in 500 ul DMEM were combined with 1:2[@ Red solution, vortexed and
incubated for 5 min at room temperature. Staindl$ @gere counted under UV-light.
The ATIlI pneumocytes were then plated either oroated or fibronectin-coated dishes

(100 pg/ml) in conditioned medium.

3.2.1.2 Cell culture

For sub-culturing, cells were washed twice with-¢odd 1x PBS and 2-3 ml of
trypsin-EDTA was added and incubated at 37 °C uhélcells were well dispersed. To
these cells, 7 ml of fresh complete growth mediuis vadded and the cells were
aspirated gently by pipetting and finally aliquotatb new culture vessels. The murine
lung epithelial cell-line MLE 12 was cultured in HES medium supplemented with 2%
FCS, according to the recommendations of the AmericapelZulture Collection
(www.atcc.org). The ATII cells were cultured in DNWEwith 10% FCS.

3.2.2 Molecular biology techniques

3.2.2.1 Epithelial lavage extraction

Adult male C57BL/6N mice were sacrificed by an aperitoneal injection of
ketamine/xylazine (1:1:2 - KetaVeRompurf:saline in a final volume of 200 pl) and
tracheostomised. The lungs were then lavaged twitie saline. This fraction was
centrifuged for 5 min, at 13,000 r.p.m. and snazén. Subsequently, 6Q0 of a 1:20
guanidinium isothiocyanate Roti-Quickl dilution @RQuick-Kit, Roth) was applied
and retained for 30 seconds inside the lung. Imatelyi after, 60Qul of saline were
introduced into the lung, withdrawn, and addedhe previous extraction. The final
volume of ~ 110Qul was then added onto 2@0 of undiluted Roti-Quickl solution and

snaped frozen.
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3.2.2.2 RNA isolation from cultured cells

Total RNA from MLE12 cells and freshly isolated asdbsequently cultured
ATII cells was isolated using the QlAshredder cahsn{Qiagen) to disrupt the DNA
and then followed the Qiagen RNeasy MiniKit protioco

3.2.2.3 RNA isolation from lung homogenates

Total RNA was isolated from unfixed lung tissue eaftepithelial lavage
extraction. The right lobe was ground to powderarridjuid nitrogen with a mortar and
pestle. Guanidinium isothiocyanate (Roti-Quickl)swadded to the tissue to isolate
RNA, which was separated from the sheared DNA amdtems by adding
phenol/chloroform (Roti-Quick2), and precipitatedvemight with isopropanol

(Roti-Quick3). Further steps were performed aceaydo the manufacturer’s protocol.

3.2.2.4 RNA isolation from epithelial lavage samples

Total RNA isolation from the epithelial lavage sdegpwas performed with the
Roti-Quick-Kit as described above. In order to ioy® the RNA precipitation, and
therefore, the final RNA concentration, glycogeru{f700 pl per extraction) was added

as a co-precipitant for the overnight precipitatvath isopropanol.

3.2.2.5 Reverse transcription (RT) reaction

A reverse transcription (RT) reaction was performétth the Sensiscript RT Kit
(Qiagen) suitable for low quantities of RNA. Accong to the manufacture’s protocol,
50 ng of high quality total RNA and diethylpyrocanate (DEPC)-treated water to a
final volume of 13 ul were combined and heated3d°®@ for 5 min The reaction was
snap-chilled on ice to allow annealing of Oligo(gTtp the poly A tail of the mRNA.
Meanwhile, a master-mix of the other reagents wapared, in a total volume of 7 pl,

as follows:

Table 6: Master-mix preparation for RT reactions

RT reaction component Volume

10x buffer 2 ul

dNTP Mix (5 mM each dNTP) 2 pl
Oligo(dT)s 1 pl (10 units)
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Rnase inhibitor 1l

Sensiscript Reverse Transcriptase 1 pl

Later, master-mix was added to the reaction tule: taansferred to a PCR

machine programmed for maintaining 37 °C for 60 min

3.2.2.6 Polymerase chain reaction (PCR)

3.2.2.6.1 Semiquantitative PCR

All semiquantitative PCRs were performed using B@R kit from Promega
(Madison, WI, USA), in a total volume of 25 pl adléws:

Table 7: Master-mix preparation for semiquantitative PCR reactions

Components Volume/Amount
Template cDNA 10 ng (1pul)
Forward primer 10 pmole (0.5ul
Reverse primer 10 pmole (0.5ul
40 mM dNTP mix 0.5 pl

5x PCR buffer 5 ul

25 mM MgCb 2 ul

Go Taqg Polymerase 0.25 pl
Double-distilled water to 25 pulf  15.25 pl

The tubes were then transferred to a PCR machilégPThermal Cycler-200,
MJ Research, Ramsey, MN, USA) set for 20 cyclethéncase of housekeeping genes
and 35 cycles for the rest of genes, followingriegt steps:

Table 8: Programme for semiguantitative PCR reactios

PCR step Temperature Duration
First denaturation 95 °C 2 min
Second denaturation 95 °C 45 s
Annealing 60 °C 45 s
Extension 72 °C 1 min
Final extension 72 °C 10 min
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Primer efficiency and optimal annealing temperatiest were also performed
by following a gradient PCR programme in DYADmachine (MJ Research, Ramsey,
MN, USA):

Table 9: Programme for gradient PCR reactions

PCR step Temperature Duration
First denaturation 95 °C 5 min
Second denaturation 95 °C 45 s
Annealing 58-62 °C 30s
Extension 72 °C 1 min
Final extension 72 °C 10 min

3.2.2.6.2 Quatitative PCR (gPCR)
All quantitative PCRs were performed using theiRlan® SYBR® Green qPCR
SuperMix-UDG (Invitrogen, Carlsbad, CA, USA), inaal volume of 25 pl as follows:

Table 10: Master-mix preparation for quantitative PCR reactions

Components Volume/Amount
Template cDNA 5ng (1 pl)
Forward primer 10 pmole (0.5 u))
Reverse primer 10 pmole (0.5 ul)

50 mM MgChb 4.0 mM (0.5 ul)

2x PCR buffer 13 ul

The plate was then transferred to the 7500 Fadt Re® PCR System (Applied
Biosystems, Foster City, CA, USA) set for 45 cyclBse gene expression was analysed
by the 7500 Fast System Software. The programmeaseas follows:

Table 11: Programme for guantitative PCR reactions

PCR step Temperature | Duration
Activation of polymerase enzyme| 50 °C 2 min
First denaturation 95 °C 5 min
Second denaturation 95 °C 5s
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Annealing 59 °C 5s
Extension 72 °C 30s
Dissociation step 1 95 °C 15s
Dissociation step 2 60 °C 1 min
Dissociation step 3 95 °C 15s
Dissociation step 4 60 °C 15s

The specific amplification of the PCR products wasfirmed by melting curve
analysis and gel electrophoresis. Additionai{Zt values were calculated as followss:
Ct = Ct reference genéfrt) — Ct target gene; denoting Ct the cycle numbezrevithe
fluorescence value is above the determined thrdstnodl each unit cACt represents a
2-fold change in the target gene mRNA expressiongiszewska et al., 2005.Ct
values were plotted in Box and Whisker graphs, ihictv the box denotes the
interquartile range (25-75%) and the horizontat indicates the median. The whiskers
or error bars indicate the 95% confidence inteaval possible “outliers” aACt values.

ACt mean values were also blotted as mean +SD umoolraphs.

3.2.2.7 DNA agarose gel electrophoresis

The DNA sample along with the loading buffer (0.0X#%/v) Bromophenol
blue; 40% (v/v) glycerol; 1x TAE buffer) was loadento either a 1% (m/v) agarose gel
(semiquantitative RT-PCR) or 2% (m/v) agarose gqua(titative RT-PCR).
Electrophoresis was performed for 30-45 min witti/&m (Bio-Rad, USA), where the
negatively charged DNA migrates from the cathod#éhéoanode. To visualise DNA, the
gel was treated with ethidium bromide (0.5 pg/mhe size of the DNA fragments was
determined by a DNA molecular weight standard.

3.2.2.8 Oligo microarray
The RNA amount used to perform the gene expresanatysis of the TGIB-
treated lungs on the Oligo GEArfayMouse TGFB/BMP Signalling Pathway
Microarray (OMM-035, SuperArrdy Frederick, MD, USA) was 3ig. The RNA
served as template to synthesise a biotin-labelBdNAc probe. Two different

master-mixes were made as follows:
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Table 12: Labelling master-mix for cONA probe syntlesis

Components Volume

5x GEA labelling Buffer (BN) | 8 pl
Biotin-16-dUTP (1uM) 4 pl
RNase inhibitor (40 U/ul) 2 ul

Reverse transcriptase (200 U/Ul) 0.5 pil

RNase-free water 5.5 ul

Table 13: Annelling master-mix for cDNA probe syntlesis

Components Volume
Total RNA (3ug) X Ml
GEAprimer Mix (Buffer A) | 3 ul

RNase-free water 10-x pul

The annelling master-mix was placed in a PCR nmach{Peltier Thermal
Cycler-200, MJ Research, Ramsey, MN, USA) and wdrtee 70 °C for 3 min to
denature secondary structures in the RNA stramuastleen cooled to 42 °C for 2 min.
Both master-mixes were combined and the labeliagtien was performed at 42 °C for
90 min

In the meanwhile, the GEArr@ymembrane was pre-hybridisated by adding
2 ml of de-ionized KO and 2 ml of GEAhyB hybridisation solution containing
heat-denatured herring sperm DNA (100 pg DNA/mBe TGEArray membrane was
placed for 1 h into an oven (60 °C) with a contimsiagitation (5 r.p.m.).

In order to stop the labelling reaction, 2 pl 6klstop solution (Buffer C) was
added. Immediately after, the sample was denatwidn 2 pl of the pre-warmed 20
denaturing solution (Buffer D) were added and irated for 20 min at 68 °C.
Afterwards, 25 ul of & pre-warmed neutralisation solution (Buffer E) wemmbined
and incubated at 68 °C for 10 min

During this time, the pre-hybridisation solutionasv discarded from the
membrane and the cDNA probe (50 pl) was mixed \aitbther 1 ml of GEAhyb
hybridisation solution and was added onto the memdar The hybridisation to the

membrane was performed overnight in an oven witfticaous agitation at 60 °C.
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On the following day, the membrane was washea @ min) with
solution 1 (% SSC and 1% SDS) and agairx (20 min) with solution 2 (04 SSC and
0.5% SDS) at 60 °C. Pre-warmed GEA blocking sotutipwas added to the membrane
and incubated for 40 min in a lab rotator. Afterdsr incubation with alkaline
phosphate-conjugated streptavidin (diluted at 1083601x washing buffer F) for 10 min
with gentle shaking was performed, followed by ¢éhveashing steps withxlwashing
buffer F. Afterwards, the membrane was rinsed twigth 1x AP-assay buffer G,
incubated with 1 ml CDP-Star chemiluminescent galest and signal was finally
detected by chemiluminescence. Data analysis wdsrped on web-based GEArfay
Analysis Suite software. Intensity levels on thantd samples were substracted from
gene spots and data was normalized tg#pelhgene expression.

A short overview of the GEArrdy procedure is provided in the Appendix
(Figure A.1). The array layout table containing #ert and long name, and location of

the murine genes on the microarray is attachekdamppendix (Table A.18).
3.2.3 Immunological methods

3.2.3.1 Immunohistochemistry

Threepum paraffin sections mounted on poly-L-lysine-coatslides were
dewaxed by immersion in xylenex30 min) and rehydrated by immersion in ethanol
(5 min, 2 100%, X 95%, and & 70% v/v) followed by a 2 phosphate-buffered saline
wash (PBS). After antigen retrieval ix titrate buffer (in a pressure cooker for 20 min
followed by a 10 min-warming step), endogenous xidese activity was blocked with
3% (v/v) O, for 20 min. The blocking reagent was applied fomii to prevent non-
specific binding. Sections were incubated with tblevant primary antibody overnight
at 4 °C. On the following day, tissue slides wereubated with the relevant
biotinylated secondary antibodies for 10 min, folém by streptavidin-conjugated
enzyme for another 10 min, and chromogen subsinatéation for 10 min (Zymed,;
HistostainPlus Kit). All the steps described above were precdagdashing & 5 min
with 1x PBS. Finally, sections were counterstained witenmatoxylin for 8 min and
washed under running tap water for 10 min. Sectimese mounted by mounting
medium and examined under a bright field microsqteéca Mikroscopie und Systeme
GmbH).
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3.2.3.2 Western blotting

i) Protein isolation from lung tissue

The lung tissue was ground to powder under liquitbgen and lysed in RIPA
lysis buffer (1x PBS without calcium and magnesium, 0.5% (m/v) sodi
deoxycholate, 1% (m/v) SDS, 1% (v/v) Nonidet P-dOjtaininga mixture of protease
and phosphatase inhibitors. The lysates were vedtéxa period of 30 min every 5 min
and centrifuged at 13,000 r.p.m. for 15 min. Thpesnatant protein concentration was

measured and stored at -80 °C.

i) Protein separation by poly acrylamide gel eleghoresis (PAGE)

The separating gel mixture (Table 15) was pourddiden two glass plates and
allowed to polymerise. The stacking gel mixture {f€al6) was poured on the top of
the separating gel and the comb was inserted igehéo form the wells. The gel was
run in Ix Laemmli-loading buffer (25 mM Tris-Cl pH 8.3, OM glycine and 0.1%
(v/v) SDS) until the desired distance had beenhedc

iii) Immunoblot

After gel electrophoresis, proteins were transtétoea nitrocellulose membrane
using a Bio-Rad transfer chamber containing trartsiéfer (24 mM Tris base, 193 mM
glycine, 10% (v/v) methanol), at room temperatuoe £ h at 100 V. Blots were
incubated for 1 h in blocking buffer (5% (m/v) ntat-dry milk powder in PBS
containing 0.1% (v/v) Tween-20) at room temperatimeubation with the respective
primary antibodies (1 pg/ml) was in blocking buffer 1 h at room temperature or
overnight at 4 °C in the case of anti-phospho awlis. After ¥ 5 min wash with
washing buffer (¢ PBS, 0.1% (v/v) Tween-20), blots were incubatedhwihe
respective HRP-labeled secondary antibodies (O/&ligt room temperature for 40
min After 4x 10 min washing with washing buffer, the blots weteveloped by
enhanced chemoluminescence and visualised with rfilypeECL (Kodak). To
re-probe with another antibody, the blots werepptd with stripping buffer (0.063 M
Tris-Cl pH 6.8, 2% (m/v) SDS, 0.7%mercaptoethanol) at 52 °C for 30 min, and then

probed as described above.
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Table 14: Composition of 10% resolving gels (40 ml)

Component Volume
Distilled water 15.9 ml
30% acrylamide mix 13.3 ml
1.5M Tris-Cl (pH 8.8) | 10 ml
10% (m/v) SDS 400 pl
10% (m/v) APS 400 pl
TEMED 16 pl

Table 15: Composition of 5% stacking gels (20 ml)

Component Volume

Distilled water 13.6 ml

30% acrylamide mix| 3.32 m
1 M Tris-Cl (pH 6.8) | 2.52 ml

10% (m/v) SDS 200 pl
10% (m/v) APS 200 pl
TEMED 20 pl

3.2.4 Animal handling
Six to eight week-old male C57BL/6N mice with baggight of 20 to 22 g were

purchased from Charles River Laboratories (Sulzf@lermany). Animals were housed
in humidity- and temperature-controlled rooms onl22hs light-dark cycle with free
access to rodent chow and tap water. All experimemre conducted according to the

institutional guidelines that comply with natiorzadd international regulations.

3.2.4.1 Instillation of substances into the murine lung
Liquid instillation and nebulised aerosols are pinedominant delivery methods
for pulmonary drug administration in experimentalups. The different solutions used
were: for optimisation, 1% (m/v) Toluidine Blue @ saline solution, which eases the
comparison of the deposition yield between fivdeddnt delivery procedures; and for

TGF application, the recombinant protein diluted ifirea
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3.2.4.1.1 Orotracheal administration (OT)

The mice were lightly anesthetised with halothaneathing. Afterwards, the
animals were placed under the binocular microssyspended by the superior cranial
incisors. The mouth was wide opened, the tonguehelswith blunt forcers (to block
the swallow reflex), and the nasal orifices pincleéabe with a pair of curved forceps,
forcing breath through the mouth. In this way, th&ualization of the oropharyngeal
cavity and pharynx was possible. Tongue restraia$ waintained until at least two
breaths were completed and then the mice were afladw recover by themselves. Of

note, all animals completely recovered after thhecpdure.

3.2.4.1.2 Intranasal administration (IN)

Mice were lightly anesthetized with ketamine/xytei
(1:1:2-Ketavet:Rompur?:saline in a final volume of 200 pl) intraperitofigdi.p.) and
settled in a recumbent position or with an angld%f to ease normal breathing. Small
drops of 1% (m/v) Toluidine Blue O solution werevg to the nose every 15 s, to a

final volume of 4Qul.

3.2.4.1.3 Intratracheal administration (IT)

The animals were deeply anesthetized i.p. with rketa/xylazine solution
(1:1:2-Ketavet:Rompurf:saline in a final volume of 200 pl) and placedaheating
pad to maintain body temperature in the physiokagiange. The trachea was exposed
by a midline neck incision and a canula, connetbed needle, was inserted. The 1%
(m/v) Toluidine Blue O solution was slowly admimegted. When necessary, animals

were artificially ventilated after this procedumedahe survival rate was 100%.

3.2.4.1.4 Microspray (MS)
Mice were lightly anesthetised i.p. with ketamingézine solution
(1:1:2 -Ketavet:Rompurf:saline in a final volume of 200 pl). The mouth vegeened,
a canula was intubated into the trachea under stopmc guidance. The final volume
of Toluidine Blue O solution was instilled with tielp of the Microsprayer™ (Penn-
Century Inc., PA, USA).

3.2.4.1.5 Nebulisation (NB)

Animals were anesthetized intraperitoneally with takeine/xylazine

(1:1:2 -Ketavet:Rompurf:saline in a final volume of 200 pl) and placedaheating
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pad to maintain body temperature at physiologiealge. Mice were tracheostomized
and artificially ventilated with room air with these of an Aeronéb Professional
Nebulizer System (Aerogen) respirator. This ultrasmebulizer was positioned in the
respiratory limb of the ventilator tubing. The Aeed® nebulizer produced an aerosol
with a mass median aerodynamic diameter (MMAD) 08.8@ um and a geometric
standard deviation (GS2.2.

3.2.5 Statistical analysis

The ACt mean values from the indicated groups were coegpasing the
two-tailed Student’s t-test. A level of p<0.05 wesnsidered statistically significant.

Standard deviations were calculated as SISDy) ? + (SDy)%
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4 RESULTS

4.1 OPTIMISATION OF LOCAL DELIVERY TO THE LUNG

Five different techniques for administering ligudbstances into the lung have
been described (Sakagami, 2006; Sweeney and Bi2@1,). These are the intratracheal
(IT), intranasal (IN), microspray (MS), orotrachg®T) and the nebulisation (NB)
methods. Direct inhalation approaches are not comiymperformed, as they require
specialised equipment and consume large amountleoparticulate insult, and the
exact dose inhaled cannot be possible estimateds(iiaet al., 1985). For this reason,
many investigators choose to mix the molecule tdrast with a carrier liquid such as
saline, to prevent the particles from agglomerafioriscoll et al., 2000; Schermuly et
al., 1997). For repetitive dosing, the liquid mhetcarefully instilled in order to prevent
airway destruction, disturbance of normal breatrang induction of coughing, which
would lead to a rapid lung liquid clearance. Thetffour procedures mentioned above
are commonly utilised in pharmacodynamic invesiayet, although they are reported
to be nonphysiological, as a large volume is adsteénéed into the lung (Driscoll et al.,
2000).

The deposition efficacy was compared for the feehhiques using a 1% (m/v)
Toluidine Blue O solution for a quick and easy walsassessment (Lakatos et al., 2006;
Visweswaraiah et al., 2002) (Figure 4.1). A dethidescription of each method is given
in the Materials and Methods section. After ink &astration, mice were immediately

sacrificed and lungs were explanted.

1) The classical intratracheal (IT) method is regyladtilised in animal
laboratories, because the dose delivery can edmlymeasured and it
minimises the risks for laboratory workers, compgate inhalation methods
(Driscoll et al., 2000). Two different instillatiomolumes were used in this
study, 100 and 200 ul. When the lower volume wdsed, only a small area
was covered by the ink. However, the 200 pl volumas sufficient to cover
around 85% of the lung external surface.

2) The intranasal (IN) method is a non-invasive metand has often been used

for induction of viral infections and allergic sérmmation (Cates et al., 2004;
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3)

4)

5)

Leong et al., 1998; Lundstrom, 2001). The totalwokume utilised was 40 pl.
Firstly, the animal was positioned horizontally.eTteposition rate yielded
very low (approximately 2%), as it was only vissall in the trachea and
principal bronchi. Then the animal was re-positmbra 45°. This facilitated
the uptake of the entire volume, as the nose ce&sguroduce bubbles.
Around 15% of the lung surface was covered by thke However, a large

deposition of ink to the stomach was observed.

The microspray (MS) technique was reported to aispeuniformly and
dispersed to the discrete pulmonary airway via tioscopy (Hoover et al.,
1993; Sakagami, 2006). For the MS method, two aiffe volumes were
employed, 100 and 200 ul. Both demonstrated effecteposition covering at

least ~70% of the lung surface.

The orotracheal (OT), also called transtracheabropharyngeal aspiration,
has been recently described (Lakatos et al., 2B@6; et al., 2003). Through
this method, 80% of the lung surface was coveredenv80 pl of the
1% Toluidine Blue O solution was utilised. An aduliial experiment was
performed using several ink volumes: 80, 100, Hz@ 140 ul (Figure 4.2).
The higher the volume instilled, the better theas#oon. However, 80 ul was

considered sufficient to reach the majority of lilney surface.

The nebulisation method (NB) employed a nebuligstesn, which converts
liquid into an aerosol (Leong et al., 1998; Schdymet al.,, 1997). The NB
method was not efficient, as the lung did not coeth much 1% Toluidine
Blue O solution, except for a small area on theylsarface and in the trachea
(5%), although high volumes were utilised (100 @00 pl). Interestingly, the
ink was visualized in the nebuliser system, leadm¢he conclusion that the

losts of nebulised substances is very high byrttethod.
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& &

Control lung Intratracheal
-
. 5 .
/ Widone : oY
Intranasal Intranasal Microspray

Orotracheal Nebulisation Orotracheal Nebulisation

Figure 4.1: Optimisation of local delivery to the nurine lung. Five different instillation approaches
(intratracheal -200 pl-, intranasal -40 pl-, mignasy -100 pl-, orotracheal -80 pl-, and nebuligatib00
pl-) to administer substances into the lung werapared (n = 2 per condition). Mice were instilledhwy
different volumes of 1% Toluidine Blue O solutiatepending on the technique used. The depositien rat
in the lung surface of 1% Toluidine Blue O solutiwas observed An situ and B)in the lung explants
(ventral and dorsal views). The top left panel desppa mouse lung that was not treated but inflatitl

air (control lung).

A B
¢ A S
80 pl 120pl
100pl 140pl
C

Figure 4.2: Overview of the OT method.A) The OT method was performed as follows: micaewe
lightly anesthetised, then suspended by the cramiédors under the binocular microscope, the nese
pinched closed by forceps, mouth was opened, anddhired volume was pipetted into of the mouth. B)
Several volumes of 1% Toluidine Blue O solution ,(8@0, 120 and 140 pl) were orotrachally
administered into the lung (n = 4 per condition).@&position of ink could be observed in the digest
system.
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Only three methods were efficient enough to coverenthan 70% of the lung
surface. These were the IT, MS and OT techniquagu(& 4.1). For further
experiments, the OT aspiration was chosen, aslitlgt the best deposition (applied
volume/lung covered area), relatively small amowhtsk leaked into the stomach, due
to indirect flux, and for its rapidness and eassn@sgure 4.2). In addition, it was the
only approach in which light anesthesia was used,there was no perianesthetic death

associated with this procedure.

4.2 TGF-B1 ADMINISTRATION

After choosing the OT method as the most efficegpproach for administration
of substances to the distal lung, due to its r&pidsimplicity, and use of light
anaesthesia, the TQH- recombinant ligand was applied. Furthermore, @€
technique was previously reported to be usefultlierdelivery of antigens, infectious
agents, vectors and silica particles, thereby imduPF (Lakatos et al., 2006; Singh et
al., 2004).

Our first aim was to analyse whether the ligandhed the lung, and once there,
was still active; thus phosphorylation of the T@F-downstream molecules was
assessed by Western blotting. Several ligand cdoratems (0.25, 0.5, 2.25, and 2.5
ng/ul) diluted in saline (total volume 80 pul) warsstilled into the murine lung and
secondly, different retention times of the recomabincytokine (30 min, 2h, and 6 h)
within the lung were analysed. At the same timeorider to distinguish between the
TGF$1 effect itself and the stress produced in the Idhging the instillation
procedure, non-treated (naive) and saline-tre&@@qu( of NaCl) mice were included in
the study.

Furthermore, the following aim was to ascertain akhgenes were activated
after OT ligand delivery in the lung homogenatesthee TGF31 early-responsive genes
have not been yet describiedvivo. Using the same ligand concentrations and retentio
times as mentioned above and later isolating RNoWnfithe lung homogenates, the
induction or repression in target gene transcnptisas assessed by semi-quantitative,
quantitative RT-PCR, and oligo microarrays. Moreovihe identification of the

cell-type responsive to TGFt was determined by immunohistochemistry.
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4.2.1 Orotracheally-instilled TGF-p1 activates the Smad-dependent
pathway

Mice were instilled with several TGFL concentrations (0.25, 0.5, 2.25, and 2.5
ng/ul) and sacrificed at different times (30 mi, 2nd 6 h). Then proteins were
extracted and blotted against phospho-Smad2, pbeSptad3, phospho-ERK1/2,
phospho-p38, and phospho-AKT, in order to investigawhich pathway
(Smad-dependent or -independent) was activated3FHIL.

The results depicted in Figure 4.3 are a representaf untreated, saline-treated
and mice treated with several T@E- concentrations (n = 2-3 per condition). As
evident from Figure 4.3.A, the recombinant ligama@ahed the respiratory organ and
was still able to activate intracellular signallingathways, as assessed by
phosphorylation of the downstream molecules. Istargly, only the R-Smad proteins
were phosphorylated after TGH- administration. Phospho-Smad2 and phospho-
Smad3 activation was independent of the TR&Feoncentration, as the phosphorylation
signal was observed after administration of low2%0ng/ul) or high (2.5 ng/ul)
concentrations of ligand. Phosphorylation of AKT swabserved in every mouse
submitted to the OT instillation, indicating thaetAKT activation was not a TG[Ft-
specific response. Nevertheless, the phosphorglagitate is stronger upon TGH-
presence in the longest studied period (6 h) amgh higand concentrations. This
phosphorylation may be induced by both the stresdyzed in the animal during the
OT instillation and the TGBA cytokine. Phosphorylation on other MAPK downstnea
molecules was not observed (p38 or ERK1/2) (FiguBeA).

Moreover, in order to compare the same ligand canggon and its effect after
different time points, the lung protein content veagracted 30 min or 6 h after TGH-
ligand was instilled (2.5 ng/ul) (Figure 4.3.B). Aarlier assessed by Western blotting,
only the Smad pathway was activated, but AKT phosghtion was as well observed.
Neither p38 nor ERK1/2 molecules were phosphorgléfegure 4.3.B).

Taken together, Figures 4.3.A. and 4.3.B. indictitat phosphorylation of
Smad?2 occurred solely after T@E-instillation. However, the phospho-Smad3 signal
was observed on saline-treated and naive murirgsjuas well suggesting that Smad3
activation also occurs at basal state in the lang, this activation was enhanced when
TGF$1 was instilled (Figure 4.3.B). In addition, T@HE-mediated Smad3
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phosphorylation kinetics demonstrated an early aese (after 30 min) and a late
response (after 6 h) (Figure 4.3.B).

In conclusion, only the Smad-dependent pathway sp&gifically activated by
TGF$1, as no specific phosphorylation on the relatea&mdependent downstream
signalling molecules was observed (MAPK pathwai&)wever, the phosphorylation
of AKT, due to stress conditions produced during titeatment, may lead to additional
intracellular responses. The concomitant activaibboth R-Smad and AKT occurred
under low and high concentrations of the recomlimrgtokine, and at early and late

time points after ligand delivery.
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- — - — — — - - AKT
50 kDa —>
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50 kDa — > . - D = am - @=m» e = Phospho-Smad3
50 kDa > S B e R I S e Smad2/3
3T kDa s = = = e erap e == ERKI/ERK2
37 kba —> -— a» b G e o gD e GEP GEP === ey, o = CDK4
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Figure 4.3: TGF$1-induced phosphorylation of the downstream signalhg molecules.A) Protein
expression levels after administration of sever@FB1 concentrations (0.25, 0.5, 2.25, and 2.5ulhg/
and B) cytokine retention time-points within thedu(30 min and 6 h., 2.5 nd/TGF-1) were compared
to control mice (naive) and saline-treated micé\lgstern blotting. Membranes were incubated with ant
phospho-Smad2, -Smad3, -AKT, -p38, and -ERK1/ERK@ pan antibodies anti-AKT, -Smad2/3, -p38
and -ERK1/ERK2. CDK4 served as internal loadingtemnArrows indicate standard protein molecular
weight (n = 6).
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4.2.2 TGF-B1-induced gene transcription

In order to study the transcriptional induction T&EF$1 on the respiratory
organ, total RNA from lung homogenates orotrachaihstilled with various
concentrations (0.25, 0.5, 2.25, and 2.5 ng/ul)ratehtion time-points (2h, and 6 h) of
ligand, was isolated and reversed transcribed Zrbtreated mice per condition). Next,
semi-quantitative RT-PCR for well-characterised ¥@Ftarget genes was performed.
These genes were the connective tissue growthrfécigf), growth arrest and DNA-
damage-inducible 48 gene ¢add45h (Takekawa et al., 2002), the junB oncogene
(jJunb), plasminogen activator inhibitor-Edrpine)} and Smad7sfnady. As is evident
in Figure 4.4, thectgf, gadd45h junb, serpinel,andsmad7genes were upregulated in
the presence of the T@HR- ligand. Thectgf and serpinelgenes exhibited the major
response to TGB4, compared to their basal expression in the naifksaline-treated
mice. The gene expression changes were neithendapeon the duration or on the
concentration of the stimulus. However, the ger@ession levels were not elevated in
some mice, meaning that some animals did not tealGF$1. This may be explained
by the fact that some animal movement during theaPflication could have occurred,
leading to improper deposition of the applied lgjuor to the intervariability found
between individuals of the same species.

In conclusion, a change in the gene expressiofiiginduced by TGH1 in the
murine lung was confirmed. The TGH- target genestgf, gadd45h junb, serpinel,
and smad7were rapidly (after 2 h) upregulated and low ligatoncentrations (0.25
ng/ul) were efficient enough to enhance their tranginp

— Y — ctgf
gadd4sb
junb
serpinel

smad7

gapdh

Naive Saline  0.25 0.5 2.25 25 Neg. TGF-p1
(2 h) (6 h) (2 h) (6 h) controls  (ng/p)l

Figure 4.4: TGFf1-induced upregulation of early-responsive target gnes.Four different TGH1
concentrations (0.25, 0.5, 2.25, and 2.5uhgkere instilled into the murine lung. Mice weracsificed 2

h (0.25 and 2.25 ngl) or 6 h (0.5 and 2.5 ngl) after instillation. Total RNA was isolated frolang
homogenates, along with control (naive) and sdlieated murine lungs. Upregulation of T@GE-
responsive genes was assessed by semi-quantiREtNRCR. GAPDH served as internal loading control.
Negative controls contained,@ as template for the RT and PCR steps (n = 6).
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Additionally, murine oligo GEArray membranes were utilised in order to
further investigate the TG1-regulated transcriptional genes within the TGF-
superfamily members. For these reason, total RNA isalated from untreated mice
and mice OT instilled with a concentration of 2.&/uh of TGF1. Afterwards, the
amplified, biotin-labelled antisense RNA was hyks@di onto a TGB/BMP signalling
pathway microarray and signal was visualised byrtheniniscence (Figure 4.5.A and
B). The TGFB1-induced gene transcription or repression is sspreed in Figure 4.5.C.
The spotted genes have been listed in the Appesetikon, along with the short and
long names (Table A.18).

Interestingly, many genes were repressed when fIG#as instilled (Figure
4.5.B and C). Among them, many members of the BiiRilly, several BMP ligands
(e.g. Bmp4), theacvrll receptor, and the inhibitorgmad6 In addition, downregulated
were members of the collagen family, thgRTII (tgfbr3) or also called betaglycan, and
the distal-less homebox 2i1x2). From the Id family, solely th&db2 member was
significantly expressed to a lesser extent whenigamd was added. On the contrary,
some genes were upregulated after TR&Fadministration, likeserpinel which
upregulation was already observed in the semi-giaéine RT-PCR analysis; the
type Il TGFH receptor known as BAMBI, several members of theowgn
differentiation factor (GDF) family, IL-6, the TGFinduced {gfbi) gene, and the BMP
inhibitor Noggin, which binds to the BMP-4 ligandFigure 4.5). However,
transcriptional regulation of the R-Smads in theglwas not observable upon TGE-
instillation, but on protein level by activatiorayphosphorylation (Figure 4.3).

In order to confirm some of the results obtained thg semi-quantitative
RT-PCR and the microarray technique, quantitatiiePFCR was performed on the
same homogenate samples acquired from untreaté@®Bf31-treated mice (2.5 ngl/
for 6 h) on 5 animals per condition. For instartbe, expression level of a member of
the collagen family, collagenai, exhibited a faint downregulation after TQGE-
application, following the same pattern as in thedcroarray analysis. The
TGF{1-induced downregulation of thdb2 gene observed by the microarray (highest
repression by TGB4) approach was corroborated by quantitative RT-PCR
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A B
C
Acvrl Acvrlb Acvr2 Acvr2b Acvrll Amh Bambi Bglapl
0.03+0.13 | -0.11+0.21| -0.11+0.22| 0.08+£0.09 | -0.10+£0.01*| 0.08+0.05 | 0.16+0.03* | 0.03+0.08
Bmpl Bmp10 Bmp15 Bmp2 Bmp3 Bmp4 Bmp5 Bmp6
0.07+0.26 | 0.12+0.07 | 0.14+0.07 | -0.19+0.16 | -0.24+0.36 | -0.40+0.09* | -0.28+0.14 | -0.16+0.06
Bmp7 Bmp8a Bmp8b Bmprla Bmprlb Bmpr2 Cdc25a Cdknla
0.14+0.07 | -0.06+0.04 | -0.23+0.08 | -0.07+0.14| 0.02+0.18 | -0.08+0.06 | 0.16+0.10 | 0.12+0.06
Cdkn2b Cerl Chrd Greml Collal Colla2 Col3al DIx2
-0.11+0.18| 0.21+0.03*| 0.22+0.07*| 0.07+0.02 | -0.04+0.02 | -0.08+0.02 | -0.39+0.07*| -0.20+0.16
Leftyl Eng Evil Fkbplb Fos Fst Gdfl Gdfll
-0.05+0.01 | -0.04+0.09| 0.08+0.04 | 0.25+0.10 | 0.08+0.12 | 0.17+0.15 | 0.15+0.05* | 0.15+0.04*
Gdf2 Gdf3 Gdf5 Gdf6 Gdf8 Gdf9 Idb1 Idb2
0.19+0.05*| -0.22+0.14| 0.13#0.05| 0.11+0.09 | 0.13+0.02* | -0.03+0.02 | 0.14+0.31 | -0.50+0.13*
1db3 Idb4 Cd79a Igfl 116 Inha Inhba Inhbb
0.06+0.01 | 0.16+0.04*| 0.09+0.22 | 0.25+0.18 | 0.19+0.05* | -0.41+0.21 | 0.19+0.05* | -0.02+0.12
Inhbc Inhbe Itgb5 Itgb7 Ivl Jun Junb Lap3
0.18+0.07 | 0.18+0.04*| 0.24+0.13 | 0.22+0.08 | 0.17+0.09 | 0.04+0.09 | -0.09+0.10| 0.09+0.04
Lefty2 Igfbp3 Smadl Smad?2 Smad3 Smad5 Smad6 Smad7
0.17+0.05*| -0.07+0.10| 0.12+0.09 | 0.06+0.03 | 0.20+0.13 | 0.08+0.04 | -0.44+0.08*| -0.14+0.11
Smad9 Nbl1 Nodal Nog Pdgfb Plat Plau Runx1
-0.01+0.08| 0.05+0.15| 0.27+0.24 | 0.20+0.07*| 0.15+0.14 | -0.13#0.06 | 0.28+0.21 | 0.17+0.07
Runx2 Serpinel Sox4 Statl Tgfbl Tgfblil Tgfbli4 Tgfb2
0.33+0.17 | 0.38+0.15*| -0.15+0.26| 0.00+0.08 | 0.03+0.07 | -0.07+0.12 | -0.02+0.02 | 0.17+0.04*
Tgfb3 Tafbi Tgfbrl Tgfbr2 Tgfbr3 Toif Timpl Zfhxla
0.06+0.05 | 0.26+0.14 | 0.39+0.32 | -0.07+0.04 | -0.18+0.05*| 0.18+0.07 | 0.19+0.07 | -0.11+0.12
PUC18 PUC18 PUC18 Blank Blank Blank Gapd Gapd
Ppia Ppia Ppia Ppia Rpl13a Rpl13a| Actb Actb

Figure 4.5: Gene transcription regulation by TGFf$1 in the murine lung (microarrays): The gene

expression pattern on A) naive and B) TFtreated lungs (2.5 ng/ for 6 h) was compared by the
GEArray’ TGF superfamily gene array. Total RNA was isolated &ybridised onto the specific
membrane. C) The short name of the genes and tbeiesponding position on the membrane, the

regulation factor and error standard deviationsog@cted. Comparison between the arrays (BGRs.

naive) was performed by the on-line GEAftajnalysis Suite Software. Intensity of spots was
normalized togapdh gene expression and background from blank samples substracted. The
penultimate row contains the negative controls thedbottom row is spotted with housekeeping genes (

= 3).
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The serpinel gene expression, already demonstrated to be upteduby
semi-quantitative RT-PCR and microarray technigiieghest induction by TGPB4),
was again significantly upregulated in the murinegs after cytokine administration.
Furthermore, the upregulation of thenb gene transcription by semi-quantitative
RT-PCR could not be confirmed by microarray analysihere the TGPB4 induction

was not observed. Neither the upregulation ofciggé gene as it was not spotted in the

5 Rais e
-1 4 B TGF-B1
FE
*
% -
#+

collal idb2 serpinel

utilised microarray.

ACt

Figure 4.6: Regulation of gene transcription by TGF1 in the murine lung (quantitative RT-PCR).
Expression of TGBl-regulated genes was analysed by real-time RT-R@ig RNA from lung
homogenates from untreated and T@EFtreated mice (2.5 ng/ul, for 6 h). 5<0.05 for the comparison
between the naive and T@E-treated fractions (n = 2).

In conclusion, low concentrations of instilled T@E-rapidly induced gene
repression of many members of the BMP family; iititob that was expected as the
TGF{ and BMP signalling pathways have antagonisticcg$fen the cell. Furthermore,
inhibition of idb2 transcription was observed under T@Estimulation, in contrast to
the previously reported fast induction upon BMPafhd binding (Miyazono and
Miyazawa, 2002). Regarding the consistent and as@dserpinelexpression levels,
three different techniques demonstrated that thireegs highly and rapidly upregulated
upon TGFB1 stimulation in the lung vivo.

4.2.3 Immunohistochemistry on saline and TGFB1-treated murine
lungs

The TGFf1 effect on the lung was also analysed by immunotiemistry, so
that, the cells responding to the ligand could dlsovisualised. Two molecules were

chosen as representing downstream molecules: PAMRich upregulation was
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determined previously on RNA level (Figure 4.6) gttbspho-Smad2, as immediate
responsive molecule after TGH-administration (Figure 4.3).

Saline- and TGHB1-treated lungs (0.5 ng/upl) were fixed 6 h aftegahd
administration and stained for PAI-1 (Figure 4.7ald phospho-Smad?2 (Figure 4.7.B).
The bronchoalveolar cells (BEC) and the alveolathepal cells (AEC) were the only
immunoreactive cells for both target proteins. RAbtaining was evident in the
cytoplasmic compartment of these cells, whereagpphuspho-Smad2 nuclear staining
was indicative of its translocation into the nusleypon TGH31 stimulation.

Saline - B

10x [#e A

= 20x |-

Figure 4.7: Bronchial and alveolar epithelial cellsrespond to TGF$1 instillation. Immunological
representative fields of A) PAI-1 and B) phosphoa8iare illustrated. 0.5 ng/ul of recombinant drote
diluted in saline were instilled into the murinengis; control lungs received only saline (80 ul lfina
volume). The organs were fixed and explanted &ftern = 3).

In conclusion, TGH1 application through the OT method was efficiemtthat
the ligand could reach the lung and activate gesresctription and phosphorylation of
the downstream signalling molecules. The signaisiaction was active at low and
high ligand concentrations and at early and latetpoints. The TGB1-responsive
cells were situated at the epithelial layer; spealfy two cell types were reactive: the
BEC and AEC localised the activated T@Edownstream signalling molecules.

4.3 EPITHELIAL LAVAGE

The cells found to be responsive to T@EFwere present in the epithelial layer
(both the BEC and the AEC). Due to the necessitnith novel pulmonary epithelial
cell-specific markers expressedvivo, a novel approach was developed to isolate the

RNA contained in the epithelial cells of the murinag. The advantage of this method
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would be to avoid cell plating, process that patees the expression of different
markers differently tham situ (Chen et al., 2004; Paine and Simon, 1996), aod th
studying the gene expression profile in ih@ivo situation. In this way, modification of
gene expression profiles reported to occur durialy culture conditions would be
obviated (Bhaskaran et al., 2007; Chen et al., R00He technique developed was
performed similarly to a bronchoalveolar lavage [BAConnett, 2000); and therefore,
was named “epithelial lavage” (EL).

Briefly, the EL proceeded as follows: mice werergmed and tracheostomised.
Lungs were lavaged twice with saline and an appeigordilution of guanidinium
isothiocyanate (Gl) was then instilled into theawrgThe solution was withdrawn from
the lung and finally RNA was isolated using the mdl&chloroform precipitation
method (Huang et al., 1995). An epithelial RNA frae with minimal contamination of
adjacent cells was successfully recovered, as ssbdsy cell-specific marker gene

expression (semi- and quantitative RT-PCR).

4.3.1 Epithelial lavage: optimisation of the guanidinium
iIsothiocyanate concentration

In order to isolate RNA from epithelial cells ligiithe respiratory surface of the
lung, a solution containing Gl was used, as thisnabal disrupts the cells, denatures
proteins, and suppresses RNase activity. Thisisalus normally employed for RNA
isolation from tissues and cells.

Before Gl application, two consecutive saline laasad500ul each) were
performed to eliminate the maximal amount of linifigid and non-epithelial cells
covering the epithelium, like immune and dead c@llsnnett, 2000). An appropriate
dilution of the GI solution became necessary, asuadiluted solution led to the
immediate rupture of the lung. Therefore, a seoiedilutions, including 1:20 dilution
of Gl and 1:40 dilution were instilled (6Q0) (n = 4 mice per group). The volume was
then recovered and maintained on ice, together &@B pl of undiluted GI, to
accelerate cell disruption and prevent RNase aativaAfterwards, a supplementary
saline fraction was instilled to facilitate the ogery of additional disrupted cells. This
fraction was extracted from the lung and addecdh&greviously withdrawn solution.
Total RNA was isolated from the extracted volumelhry EL method, the BAL fraction
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and the remaining lung homogenates, using the ploblmrofom method, as described
in the Materials and Methods section (Huang etl895).

Cell type-specific marker expression in the EL fiats was analysed by
semi-quantitative RT-PCR, including epithelial amsh-epithelial markers. As evident
from Figure 4.8, the Clara cell marker CC-%@dbla), and the AEC marker ATPase,
Na'/K" transporting beta 1 polypeptidat§1bl) and the ATII cell marker pro-surfactant
protein B 6ftph were amplified in the 1:20 dilution fractions. i$hamplification
indicated that RNA was isolated from both the pmodi and the distal epithelium,
respectively. The non-epithelial markers analysextewcharacteristic for SMC and
endothelial cells, so as to exclude any contanondtiom adjacent cells and thus ensure
the extraction of RNA solely from epithelial cellthe platelet-endothelial-cell adhesion
molecule 1 ecam), restricted to platelets and endothelial cellsswot amplified.
Additionally, the commonly used marker for SM&Gsmooth muscle actira¢ta?d was
also not detected. The 1:40 dilution only disruptieel proximal epithelium, evident by

the CC-10 marker amplification.

sftpb
atplbl

scgblal

acta2
pecaml

gapdh

1:20 1:40 +PCR -RT
(Gl: NaCl) (GI: NaCl)

Figure 4.8: Optimisation of the required dilution of Gl solution for the EL technique. Two different
dilutions of Gl were applied to four mice each, @:2nd 1:40. Amplification of epithelial and non-
epithelial cell type-specific markers was assedsgdsemi-quantitative RT-PCR. GAPDH served as
internal loading control. +PCR: positive controt the PCR step containing mouse genomic DNA. -RT:
negative control for the RT step lacking RNA tentpla

Taken together, it could be concluded that a dils@ution of GI was necessary
in order to recover RNA from the pulmonary epitaelayer. The 1:20 dilution of Gl
was the optimal concentration to isolate a puré¢hepal fraction from both the distal
and the proximal areas of the lung, without any RdédAtamination from adjacent cells.
The 1:40 dilution was not sufficient to disrupt tapithelial cells situated in the gas-

exchange region.
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4.3.2 Epithelial lavage: retention time optimisation

After optimising the required dilution of Gl, diffent retention times of the 1:20
diluted GI within the lung were investigated, a® tfinal RNA concentration and
possible contamination of adjacent cells might vare times selected were the
following: introducing the solution and subtractiigmmediately (in and out, ~ 1 S)
and after 10, 30, and 60 s. As observed in Figuge #he 30 s time point fraction
yielded the highest RNA concentration and exhibiggithelial marker specificity, as
assessed by semi-quantitative RT-PCR. Solely imd¢peesentative fraction of 30 s, the
AEC gene markeratplbl was amplified, as well as, the Clara cell markegblal
The specific markers of other cell-types, PECAMAl a-SMA, were not amplified. A
longer retention time (1 min) did not yield a highetal RNA concentration. Therefore,

in order to prevent possible contaminations and atthieve the highest RNA

concentration, the 30 s time point was utilisedfiwther analysis.

sftpb
sftpc
atplbl

scgblal

acta2

pecaml

gapdh
+PCR 1s 10s 30s 60s -RT

Figure 4.9: Optimisation of the required retentiontime of GI within the lung for the EL technique.
The EL fractions obtained by the 1:20 dilution df& different retention time points (1 s, 10 s, 3hd

60 s) were analysed for cell type-specific markeyssemi-quantitative RT-PCR. GAPDH served as
internal loading control. -RT: negative control fbe RT step lacking RNA template (n = 2).

4.3.3 Reproducibility of the epithelial lavage technique

The next question to be answered was if the noygtr@mental approach could
be repetitively performed without variations on timarker expression profile. In this
respect, the EL was conducted using the 1:20 diutif Gl maintained for 30 s within
the lung (n = 4 animals). The gene expression araljrom the collected EL fractions
(E1-E4), along with the corresponding remaininggldlromogenates (L1-L4) and the
cellular debris from the BAL samples (BAL) were essed by semi-quantitative RT-
PCR.
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As shown in Figure 4.10.A, high expression of thmthelial markers was
observed in the EL fractions (E1-E4). Especiallg skgh1al(CC-10), sftpc (SP-C),
and sftpb (SP-B) genes were highly expressed. In the emhshmples the pump
markers present in the AEC, Aipl and AtpB1, were also expressed. Moreover, the
binding protein E-cadherin, encoded by dufl1 gene, responsible for the maintenance
of the epithelial cell polarity, was also amplifiedthe EL samples. On the contrary, the
water channel aquaporin (AQP) 5, used as a maokeXTI cells, was not detectable. It
was then suspected that the EL procedure mighb@&suitable for isolating RNA from
type | pneumocytes.

A
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aqgp5
cdhl
atplal
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El L1 E2 L2 E3 L3 E4 L4 BAL -RT +RT-PCR+PCR

Figure 4.10: Reproducibility of the EL technique.Cell type-specific marker expression analysisnfro
four EL fractions (E1-E4) and their correspondingd homogenates (L1-L4) were analysed by semi-
guantitative RT-PCR. Cell debris from a bronchoalge lavage (BAL) sample was also included. A)
Epithelial cell type-specific marker amplificatioB) Amplification of fibroblast, smooth muscle and
endothelial cell type-specific markers. GAPDH seéras internal loading control. -RT: negative cohtro
for the RT step lacking RNA template. +RT: positi#entrol for the RT step containing murine total
RNA. -PCR: negative control for the PCR step witlOHas template +PCR: positive control for the PCR
step containing mouse genomic DNA (n = 4).

As depicted in Figure 4.10.B, many non-epitheliarkers were analysed, such
as the fibroblast marker collagem; I(collal) and the SMC markers: calponionl),

a-SMA and myosinrfiyhl). None of the previously mentioned markers wereldiad

in the EL samples, indicating a reproducible pufdARepithelial isolation by this

65



RESULTS

method. Expression of thpecamlgene was observed in the sample E3. As this
contamination was only elevated in one sampleas not considered a major drawback
of the method. The cellular debris, contained inLBAid, exhibited almost the same
gene expression pattern as the EL fractidimss could be explained by the fact that the
majority of the cells present at the respiratorjniaare macrophages, whose main
function, at basal state, is to clear the alvedlants and alveoli of inhaled antigens and
dead cells. These macrophages possibly expreshekgit markers as they also
phagocytace dead epithelial cells. Possible coaldlbo that the BAL procedure itself
disrupted patrtially the epithelium, dragging al@ogme epithelial cells.

Taken together, a constant reproducibility of thethod was demonstrated by
the similar gene expression profiles from the falififerent EL. Both RNA from
proximal and distal situated cells was collectedisTRNA highly expressed epithelial
markers and non-epithelial marker expression waserab In addition, the use of

intron-spanning primers could ensure genomic DNe& fsamples.

4.3.4 Epithelial lavage effect on the lung morphology

Lung slices from both saline-lavaged and Gl-lavageghns, were probed by
immunohistochemistry so to evaluate the effect lidé EL technique on the lung
architecture. For this reason, antibodies againet different layers of the lung were
used: the epithelial sealing junction zonula ocehsl (ZO-1, or also called tight
junction protein 1 -TJP1-), responsible for maiatece of the epithelial cell polarity
(Abraham et al., 1999; Stevenson et al., 1986) thedi-SMA antibody, which was
chosen to stain the smooth muscle layer of the.lung

As depicted in Figure 4.11.A, the pronounced ZQdingng on saline-treated
lungs (control) was localised along with the intapithelium. Furthermore, ZO-1 was
localised on the Gl-lavaged lung slices on theugitgd epithelial cells at the airways
and in the remaining, non-disrupted epithelial fay@n the contrary, as illustrated in
Figure 4.11.B, the staining fom-SMA was comparable after both saline and Gl

treatments.
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A B

Saline Guanidinium isothiocyanate Saline Guanidinium isothiocyanate

Figure 4.11: Epithelial cell disruption by GI. Immunohistochemistry of A) ZO-1 and B}SMA was

performed on control lungs (saline-treated) andysutreated with 1:20 Gl for 30 seconds. Lower (10x,
upperrow) and higher magnification (20bgwer row) are depicted. Scale bar = 20 um (n = 3).

The fainter staining of ZO-1 on the right columnslicated that the epithelial
cells were disrupted by the GI solution. The samanmg levels ofa-SMA on the
vasculature led to the conclusion that the EL tepien only disrupted the epithelial
cells and not deeper tissue layers of the lungouid be then morphologically assured
that within a period of 30 seconds, using a 1:2@idn of Gl solution, a sample, free of

RNA from adjacent, non-epithelial cells, could lolected.

4.3.5 Steps to perform the epithelial lavage technique

After establishing the optimal dilution, retentidime of Gl inside the lung,
ensuring the reproducibility of the experimentapigach, and the disruption of solely

epithelial cells, the steps of the EL technique lbarsummarised as follows:

1) Mice are sacrificed and placed in suprine positidme trachea is exposed via
surgical dissection of the ventral neck and trastmuised. A canula is
inserted through and fixed.

2) The lungs are carefully lavaged twice with salinBQ0 pl each time) through
the canula with the help of a 1 ml syringe. Botmpkes are collected together
and snap frozen.

3) Immediately after, 600 pl of 1:20 dilution of Gl @arefully instilled and
retained inside the lung for 30 s.

4) The Gl solution is then extracted from the lung amdintained in an

Eppendorf tube, which contains 200 ul of undilu@&d
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5) An extra saline solution is instilled into the lumg order to extract the
maximum amount of epithelial cells, which are dmad and still laying in the
alveolar spaces. This sample is carefully, repdatattoduced and withdrawn
(maximum three times).

6) This fraction is subtracted and added on the saroptained previously.
Sample is either snap frozen or maintained in i€EeRNA is isolated
immediately.

7) Finally, RNA is isolated using the phenol/chlorafoprecipitation method.
Briefly, the guanidinium isothiocyanate fractionotiRQuickl) is combined
with phenol/chloroform (Roti-Quick2) to separate tRNA from the sheared
DNA and proteins. RNA is then precipitated overnidty isopropanol
(Roti-Quick3). An overnight precipitation is highhegcommended, as well as
the addition of glycogen (jil per extraction). Afterwards, disrupting salts are

washed with 70% (v/v) ethanol and final RNA concatibn is measured.

4.3.6 Enrichment of the epithelial lavage fractions

To accurately quantify the expression of epithadell type-specific markers in
the EL samples, real-time RT-PCR was performed. Sgeificity of the PCR product
was confirmed by melting curve analysis and addiity, ACt values were also
calculated and graphically represented as Box ahisk&r plots, which indicate the
median values + 25% and 75% confidence intervadspmssible “outliers”.

The following genes were investigated by real-tiRiIE-PCR:aytl2 (LPCAT),
sftpc (SP-C),gabrp, titfl (TTF-1), foxp2 pdpn (T1la), tjpl (ZO-1), scghlal(CC-10),
acta2 (a-SMA) and pecam] with n = 4-7 EL extractions. The analysis demaist
that the markers, which identify ATII cells, werglly expressed in the EL samples
(sftpg titfl, andgabrp) (Figure 4.12). Furthermore, the CC-10 marker leitdd the
highest expressionACt median = 7.25), indicating that the bronchiaitregdium was
effectively disrupted along with the alveolar epitom during the EL approach. The
pdpn an ATI cell marker was also amplifiecs@t median = 2.00), thus the novel
technique was also able to disrupt type | pneunescyilowever, an amplification of
agp5 (an ATI cell marker) by semi-quantitative RT-PCRasvnot observed (Figure
4.10). On the contrary, the control markers fortaomnating cells like endothelial and
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SMC were only present at very low levefe¢am]1 ACt median = -3.56acta2 ACt
median = -1.9).

In summary, the quantification of marker expressimn real-time RT-PCR
demonstrated that the EL samples were enrichegithedial markers and contained
only RNA from cells present in both the bronchialdaalveolar epithelium. These

fractions expressed primarily Clara cell and ATéllenarkers.

10 —

' —

BE —

p—r—

ACt (Ct hprt - Ct target gene)

| | | | | | | I I
aytl2 sftpc gabrp titfl foxp2 pdpn scgblal pecarmctha

Figure 4.12: EL gene expression pattern at basal ae. Quantification of the EL gene expression
profile (ACt) was assessed by real-time RT-PCR and represénte Box and Whiskers plot. Median
values are indicated with the bold, horizontal ligpithelial and non-epithelial cell type-specifiarkers
were analysed (n = 3). HPRT was used as referezmee g

4.4 EPITHELIAL LAVAGE VERSUS PRIMARY ALVEOLVAR

EPITHELIAL TYPE Il (ATIl) CELLS

It has been repeatedly demonstrated that isolatietagy ATII cells change
their phenotype upon culture. The ATII cells grdduaans-differentiate into AEC type
I-like cells between days 3 and 5 after isolatiQinén et al., 2004; Paine and Simon,
1996). Moreover, the trans-differentiation degrepehds on the matrix onto which
these cells are plated (Gonzales et al.,, 2002)camthe presence of various stimuli
(Thiery, 2002). Therefore, a comparison of gener&sgion levels between vivo EL
fractions and the type Il pneumocytes plated f& days on uncoated dishes was
performed. Moreover, the comparison included RNAotifer samples obtained from
the bronchoalveolar lavage cellular fraction (BAthe corresponding remaining lung
homogenates, and the mouse lung epithelial 12 (MI2Ecell-line, and thus estimate
how reliable, pure and enriched the EL fractions. & NA was then isolated, and

reverse transcribed. Large sample sizes (n = #ef) fsolated primary ATII cells, lung
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homogenates, BAL, and EL samples and a quantitagéeknique like real-time RT-
PCR were utilised to analyse their correspondente gexpression profiles. Th&Ct
values obtained were calculated and plotted in & &wd Whisker graph. Statistical
analyses were evaluated between the epitheliafjagad the ATII cells fractions.

As depicted in Figure 4.13.A, thgabrp and aytl2 markers were significantly
higher expressed in the EL fractions than in tledaied ATII cells p < 0.01). The
higher expression ajabrp could be due to the fact thgabrp is also synthesised by
BEC (Chen et al., 2004), cells that are also digadigluring the EL extraction. As
expected, the relative expressionsogblalandpdpnwere also significantly higher in
the EL fractions, although not absent in the ATdhmples p = 0.02 andp = 0.04,
respectively) (Figure 4.13.B). The expressiosaiblal a cell type-specific marker for
Clara cells positioned at the proximal area ofltimg, in the isolated ATII cell fractions
could mainly be due to bronchial cell contaminatituming cell extraction.

Interestingly, the analysed SMC markeacta? was not detected in the EL
samples, in contrast to the high expression lexdisbited by the isolated primary ATII
cells o = 0.09), either due to a contamination of SMC nlyithe extraction or it may be
derived from a rapid trans-differentiation of ATdklls into mesenchymal-like cells
(Figure 4.13.C). Moreover, the most abundantly egped marker in the plated ATII
cells was thesftpc Thetitfl andfoxp2markers were expressed at comparable levels in
both the EL and isolated primary ATII cell samplasith pecaml expression
completely absent in both fractions (Figure 4.1amd 4.13.C). Thus, the EL samples
represent a more pure fraction than do the isolptedary ATII cells, in that the cell
type-specific markers for smooth muscle and endiaiheells were not amplified.
Furthermore, cell-specific markers for BEC and typmeumocytes were present in the

ATII cell samples, as well as in the epithelialdge fractions.

70



RESULTS

LPCAT rp=0.013 SP-C rp=0.05
*
Dt T T w |
= = ‘-
ol i - =
=5 -1+ PRy 4 —
o :
Ll -2 2 —
i — :
el = = 2
-5 ] —
T T T T T
E Iy L M E
GABRP =001
10 - *
R 1=
<]
L m— E
-5 — =
T T T T
E B A L
Tle (p=0.04)
4 7
=
& 04 L
g =
2 e pa——
4
6 —
T T T T T
E B A L b4
- SMA (p=0102)
i EEE
- 0 — E e
& —
=
4+
e
g e —
T T T T
E E A L

TTF-1 jp=ine

L

B T R P
|

Foap2 p=0.14)

C C-10 p=0.02)

=}

ACt
1

{H

FECANM.-1 (p=0.16)

=

I
|

| — |

1= 80

E B

Y L

==

Figure 4.13: Comparison between the EL fractions wh other RNA isolations by real-time
RT-PCR. EL fractions (E) were compared to the bronchoakelzvage cells (B), isolated primary ATII
cells plated for 1.5 days (A), lung homogenatesaihd the MLE 12 cell-line (M) by real-time RT-PCR.
Box and Whisker plots represent median values (tadzontal lane) £ 25% and 75% confidence
intervals and possible “outliers” ofCt values. HPRT was used as reference geng<0.05 for the
comparison between the EL and ATII cells fractigms2).

Previously it was shown by semi-quantitative RT-P@Rt the EL gene

expression pattern was similar to the BAL fractifffigure 4.10). Therefore, the

quantification by real-time RT-PCR was strictly uvegd to analyse, if the EL contained
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solely epithelial cells or also a proportion of imne cells. Once performed, it could be
concluded that the EL samples were not contaminatgd macrophages, as the
expression pattern did not exhibit any similaritig#svas then demonstrated that the EL
samples only contained RNA from disrupted epithedells. Therefore, the two BAL
performed prior to the EL extraction were efficiegniough to clear the pulmonary
airways of dead and immune cells. Additionally, Juhomogenate samples highly
expressed all of the studied markers, while the MPEcell-line did not express any of
the markers analysed.

In summary, the mRNA expression profiles proved tnacrophages or dead
cells did not contaminate the epithelial lavage [gas) as the BAL expression profile
did not compare with the epithelial lavage fractio8urprising was the observation that
the gene expression profile from MLE 12 did not destrate any expression of the
markers analysed, althoughkftpc has been reported to be detectable on this
immortalized cell-line (www.atcc.org). The comparnsbetween the murine epithelial
cell-line, freshly isolated ATIlI cells, lung homagges and epithelial lavage
extractions, led to the confirmation that the ELtmoel is highly enriched in epithelial
markers and it is not contaminated by mRNA from m@& smooth muscle or
endothelial cells. Furthermore, as the gene antejprexpression profile of the type II
pneumocytes change upon culture (Chen et al.,, 2P@he and Simon, 1996), the
physiological transcriptional and translational fpes reported thus far have not
represented the real gene expression pattern oAThiecells in vivo. The EL method
would then be useful for exploring epithelialvivo gene expression profile, technique
by which cell isolation or tissue section prepanatare avoided and thus modifications
to the gene expression pattern are prevented.

4.5 MARKER GENE EXPRESSION IN EPITHELIAL LAVAGE
SAMPLES AFTER TGF-B1-INSTILLATION

The efficient administration of the TGR: ligand into the murine lung by the
OT instillation and the isolation of pure RNA frotihe respiratory epithelial layen
vivo have been previously demonstrated (Figure 4.3 4@, respectively). The
combination of both techniques would represent\aepful tool to study marker gene
expression in response to T@E-in the epitheliumin vivo. Thus far, it has been

described that TGB1 can regulate gene expression in the respiratpithedium,
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playing an important role in the regulation of #mthelial pumps and channels (Frank
et al., 2003) and in the induction of EMT on thelRdells (Kim et al., 2006; Willis et
al., 2005). This study was focused in the lattéeatf the TGH31-induced EMT on the
epithelium. For this reason, markers that deterniimee EMT process in the lung,
previously demonstrated to be regulated by TP&Fwere analysed. To do so 2.5 ng/ul
of TGF$1 ligand (80ul total volume) were OT instilled to the mice arftea8 h, the
EL technique was performed. Once the RNA was iedlaind reverse-transcribed, the
cDNA was subjected to real-time RT-PCR. The gemadyaed included EMT markers,
both epithelial (E-cadherincdhl, and occluding oacln) and mesenchymal markers
(fibroblast specific protein 1s100a4, a-SMA -actaz, and vimentin vim-). The -
cateninl etnnbX marker can be considered both an epithelial ana/mesenchymal
marker, as it can drive or repress the EMT procgsgending on the cell context. The
transcriptional expression of TGR- early target geneserpineland ctgf was also
included, in order to control ligand activity insithe lung.

The gene expression patterns of both the untreate@ (naive) and the
saline-treated mice (NacCl, 80 total volume, sacrificed after 8 h) were alsorexzed
(n =5 per condition). The different treatments aevestatistically compared by the
Student’s t-test, as follows: naive saline-treated group and salinvs- TGF{31-treated
mice. The first comparison served as control fer ginspecific gene regulation due to
the stress induced to the animals during the lasth. The latter comparison served to
analyse the specific TGFt-induced gene regulation.

As is evident in Figure 4.14, thserpinel and ctgf gene expression was
upregulated when TGB1 was administered, indicating that the recombinayand
reached the lung and was actinesitu. However, an upregulation on both genes was
also observed in the saline-treated mice. The casgabetween the saline- and TGF-
B1-treated animals led to the conclusion that ohlyderpinelgene expression was
significant (p<0.05) and that the T@H- itself could specifically induceerpinel
upregulation.

Additionally, the epithelial markersdhlandocln were less expressed in the
TGF{1-treated mice, when compared to the saline-treat@ide, being the
downregulation significant. However, tloelhlgene expression remained at the same
levels as the naive expression. The dual functionalecule, ctnnbl, exhibited a

significant upregulation in the TGL-treated compared to the saline-treated mice
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(p<0.01). This leads to the conclusion that ttenbl gene was higher express,
promoting the transcriptional activation of mesgmohl markers.

Furthermore, the mesenchymal markers includedaratialysis, FSP1-SMA,
and vimentin, did not demonstrate any significgrgcsfic regulation due to the TGR:
instillation, although a tendency to higher expi@sscompared to untreated animals

could be observed after 8 h.
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Figure 4.14: Marker gene expression in EL upon TGH1l stimulation. EL samples from mice
orotracheally instilled with TGB1 or saline and control mice (n = 5 per conditis®re subjected to
real-time RT-PCR. Animals were sacrificed after &rd EL extractions were performed. Markers for
controlling TGFB1 stimulation (PAI-1 and CTGF) and the EMT processthelial markers (E-cadherin
and occludin), mesenchymal markers-§MA, FSP-1, and vimentin), and epithelial-mesemaaly
marker -catenin) were analysed. Data represent the meaiD.#HPRT was used as reference gene. *:
p<0.05 for comparison between naigsaline-treated and salinesTGFf1-treated samples (n=3).

In summary, the expected upregulation of the mdsgnal markers after
TGF1 instillation was not observed, when a single @ppibn of the recombinant
ligand at a concentration of 2.5 ng/ml was utiliseldwever, a downregulation of the
epithelial markerscdhl and ocln, was evident. Furthermore, an upregulation of the
B-catenin molecule, responsible for the maintenanteadherens junctions and
co-activator of mesenchymal markers on liberates-attached, cells was significant.
Therefore, this indicates that T@H- can induce changes on the gene expression of
epithelial cells, but 8 h of retention time withime lung may not be sufficient to study
the EMT process by this method; or alternativelyge tamount of epithelial cells

undergoing EMT may be below the detection levehaf thechnique.

74



DISCUSSION

5 DISCUSSION

5.1 OROTRACHEAL INSTILLATION

Direct drug delivery into the lung provides novellpyays, not only to treat the
respiratory organ, but also to cure systemic degeéSakagami, 2006). The advantages
of this therapeutic approach are the high ratero§ ébsorption that the lung exhibits,
due to its highly vascularized respiratory mucdagge absorptive surface area, and its
relative low enzymatic activity (Gonda, 2006; Patéd al., 2004). Therefore, the above-
mentioned properties facilitate the absorption wiistances into the lung and further
into the systemic vasculature.

The lung is an organ constantly exposed to airbopaeticles, potential
pathogens, and toxic gases contained in the irts@ne what naturally leads to the
development of efficient control barriers i.e. cheah (surfactant lipids), mechanical
(sneezing), and immune defense mechanisms (Ni@889; ITwigg, 1998). These well-
regulated, coordinated components need to be bgpassorder to ensure an efficient
drug deposition and absorption. These pitfalls helvallenged the efforts to deliver
drugs into the lung, either for systemic or locahlng.

In the murine model utilised in this study, thetbkelial lining fluid, alveolar
macrophages absorption, and the epithelium itselevine defense barriers needed to
be overcome in order to facilitate an efficientgldelivery. Among them, it is believed
that the epithelial layer is the main barrier riestrg the movement of drugs, water, and
solutes from the airway lumen into the blood ciatidn (DeFouw, 1983; Schneeberger,
1978).

Different methods were analysed in order to char&s the instillation
approach that could yield the best deposition rafegpreliminary experiment was
performed in which five different instillation tesigues, using the 1% Toluidine Blue O
solution, were compared. The technique that wowdult in a good peripheral
distribution into all the five lobes of the lungsiog a minimal volume, would be the
approach to use in future experiments. Among thtemprotracheal aspiration (OT) of
80 ul of 1% Toluidine Blue O solution demonstratadbroad and homogenic
distribution of ink throughout the lung, includitige distal parenchyma, adjacent to the

pleural surface, confirming previous observationkjch utilised the Evans Blue dye
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(Lakatos et al., 2006) (Figure 4.1). Moreover, astbeen previously shown that this
nonsurgical procedure results in a good bilatemdl @niform distribution of suspended
particles (Lakatos et al., 2006; Rao et al., 2008grestingly, the survival rate after the
OT administration was almost 100% and multiple magions (reaching six within 28
days, data from a non-related project) were possiblirthermore, the duration of the
whole procedure was very fast (around two minutesquired minimal training, no
sophisticated laboratory equipment, and the miceuwered within seconds without any
sequelae.

Among the methods evaluated, the intratracheal ¢{idl)very also yielded a
good deposition rate; however, a larger volume (20Q0vas required to cover the same
proportion of lung areas as in the OT approach. [Theethod also resulted in a non-
uniform distribution within the lung (the instillgohrticles were predominantly retained
in the large conducting airways near the hilum)kétas et al., 2006; Pritchard et al.,
1985). Nevertheless, this method has been frequatitised for the mouse model of
bleomycin-induced PF (Lindenschmidt et al., 1986hal&eidi et al., 1993).
Furthermore, direct intubation of the trachea, genked during the IT and microspray
methods, is extremely challenging in mice and tleamsurvival rate is low (Guilbault
et al., 2005). Intranasal aspiration has been tegdo be adequate for inducing viral or
bacterial invasion, but unsuitable for leading saibses directly to the lung, as 50% of
the administered material is trapped in the naaat@ges (Eyles et al., 2001), a feature
that was also recognised in the present study.n€belisation approach exhibited some
drawbacks, in that, only 5% of the lung was covedrgdhe ink, specialised equipment
was needed, and large amounts of the particulatdtimere consumed, with the exact
inhaled dose being impossible to estimate (Hansah,e1985).

In conclusion, the method chose to instill T@EE4nto the lung was the OT
approach, as it generated the best results wherpar@ah to other drug delivery

methods, like the intratracheal, intranasal, nshitilon, and microspray techniques.

5.2 TGF-B1-INDUCED SIGNAL TRANSDUCTION AND GENE
TRANSCRIPTION

The development of TGB1 transgenic animal models has overcome the
necessity of multiple administrations of ligand dras provided useful insights about its

role in the lung. However, some drawbacks are emeoed along with these models.
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For instance, the TGB1 transgene is expressed throughout the lifetimi@@fanimal,
resulting in abnormal lung development (Zhou et B996). Furthermore, a transient
transgene approach was also achieved. In this aasepmbinant, replication-deficient,
and mutant adenovirus (AdTGR??*%), which renders the biological active form of
TGF{1, was intratracheally instilled into rats (Simeaét 1997) or mice (Kolb et al.,
2001). The animals showed mononuclear cell accurounldetween day 3 and day 14
and a progressive fibroblast accumulation after béayThis overexpression resulted in
an extensive and persistent fibrosis, demonstrétiegcrucial role of TGB1 in the
pathogenesis of PF. Moreover, the conditional oymession of TGHB1 has also been
achieved using a triple-transgenic construct urditracycline operator coupled to the
CC-10 promoter, as a model of BPD (Vicencio et 2004). However, through these
methods, the induction or repression of the eayponsive gene transcription upon
TGF$1 in vivo could not be studied, as the exact initiation tohd GF{f31 signalling
inside the cells cannot be determined.

The delivery of recombinant cytokines is limited their short half-life, cost,
and the difficulties encountered by a repeatedntigadministration (lower survival
rate). However, in this report the ligand was adstémed, not to initiate a fibrotic
response, but to examine the epithelial cell respampon TGHL1 in the early time
points. A single instillation of ligand was suffeit to promote signal transduction and
gene transcription in these cells.

The response to TGFL was analysed in this report by using the Wedbéot
semi- and quantitative RT-PCR, specific T@&BMP microarrays, and
immunohistochemical approaches. It was demonstriditadthe TGH1 reached the
lung, was still active, and that the lung epithelicesponded intracellularly to the ligand
(Figure 4.7). It was also proved that the T@Fpromoted a Smad-dependent signal
transduction inside the cells (Figure 4.3) and rdygression and activation of early-
induced gene transcription (Figure 4.4, 4.5, agl. 4.

During the analysis of downstream signalling indumomogenates, only the
R-Smads, Smad2 and Smad3, were studied, as thesenblecules are specifically
phosphorylated in response to T@GE- Additionally, it has been reported a
TGF{1-induced activation of the BMP Smads, Smadl andd5mThis signalling
pathway requires the presence of the ALK-1 recepiar the cell membrane,

accompanied by the endoglin accessory receptor.eMery these receptors have only
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been found to be expressed in endothelial cellaig@ms et al., 2002; Miyazawa et al.,
2002), and not on epithelial cells, which are tamgét cells in the TGB4-instilled
model used in this assay.

It has been well established that the T@EFligand may stimulate various
intracellular signalling pathways. Therefore, thedy of the TGH3 signalling pathways
has become more complex, as not only the Smad-depepathway may be active, but
also, among others, the MAPK, PI3K, and JNK patlsvagn be activated, either
dependently or independently of the Smad pathwagryiitk and Zhang, 2003;
Roberts, 2002). In the current model, the Smadwathwas activated 30 min after
TGF1 stimulation. Phosphorylation of both Smad2 anda&nwas specific to the
TGF$1 instillation and was independent of the T&F-concentration, as the
phosphorylation signal was observed after low (Orizgul) and high (2.5 ng/ul)
concentrations of ligand. Nevertheless, the adtwgbattern was different between both
R-Smads, while phospho-Smad2 was constantly aetlydhe Smad3 phosphorylation
kinetics demonstrated an early response after 30 and a late response after 6 h.
However, the phospho-Smad3 signal was also foursdline-treated and naive murine
lungs, indicating that the Smad3 activation ocaliaie basal state in the lung, with the
phosphorylation signal being stronger when Tg&Fwas present (Figures 4.3.A and
4.3.B).

Additionally, AKT phosphorylation was observed oreey mouse submitted to
OT instillation, and thus not only on mice treaweth the TGFB1-diluted fractions, but
also in those treated with the carrier. These sdli@ated samples served as controls for
an indirect, unspecific pathway activation. It abide then concluded that the AKT
phosphorylation was not a TGHR-specific response, but due to the stress comnditio
produced during the treatment (Figures 4.3.A aBdBj. However, this activation may
be key, together with the activation of the Smapeselent pathway, for EMT induction
in the lung (Bakin et al., 2000). The other Smadkpendent pathways, the MAPK and
JNK pathways were activated by neither the OT nebthor the TGH1 instillation.

The TGFg1-induced regulation of gene expression was studiethe RNA
level by RT-PCR (Figure 4.4) and a TGF/BMP-speatficroarrays (Figure 4.5). It was
confirmed that theserpinel ctgf, gadd45h andjunb were upregulated upon TGH-
application. However, the observedmad7 and junb upregulation in the

semi-quantitative studies could not be confirmed rbicroarray, but theserpinel
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upregulation ¢tgf andgadd45bgenes were not present on the utilised membradine).
gadd45b upregulation was reported to be very fast upon -pGEFadministration,
mediating TGH3-induced p38 activation (Takekawa et al., 2002)e Tiportance of
the ctgf overexpression was studied by adenoviral gensfgam the rat lung; in which
severe fibrosis was developed although only tramigien rat lungs (Bonniaud et al.,
2003).

The specific TGF/BMP superfamily microarrays, sedtiwith genes known to
be regulated by either the TG@F-and/or BMP family ligands, showed the
downregulation of a high number of genes upon P&FRdministration (Figure 4.5).
Having in mind that the BMP and TGFsignalling pathways have opposing effects; it
follows that TGFB1 may downregulate many BMP-induced genes in tHengmary
organ. For instance, the gene transcription of8N#>-4 ligand was strongly repressed
and simultaneously, its direct inhibitor, Noggin,asv upregulated upon TGQH-
stimulation. The inhibitor Noggin prevents BMP-4draction with the corresponding
cell surface receptors (Zimmerman et al., 1996 d@bwnregulation of the distal-less
homeobox 2dIx2) by TGF$1 stimulation in the lung has not been previousjyorted,;
however, BMP-2 ligand stimulates the expressiothi gene in chondrocytes (Harris
et al., 2003). Moreover, the RNA expression of ititgbitor of differentiation 2ifb2)
was also downregulated upon T@E- stimulation, consistent with other studies
(Kowanetz et al.,, 2004). It has also been previowEmonstrated that the BMP-7
antagonises the TGFE-mediated collagen induction through the 1d2 maledlzumi
et al., 2006). The accessory T@FR<eceptor type Il betaglycan, was found to be
downregulated in the murine lungs treated with TR3For 6 hours. Betaglycan may
act as a TGIB- antagonist, as it does not have an intrinsic $hgigafunction and thus
impairs binding of the TGB- ligand isoforms to their corresponding signalling
receptors (Eickelberg et al., 2002; Lopez-Casi#asal., 1994). Thus, TGB1 may
repress this antagonistic receptor to longer p@tEntts effects on the target cells.
Furthermore, the Smad6 downregulation observed T@fF{31 stimulation inhibits the
negative-feedback regulation of the TGpathway (Imamura et al., 1997).

On the contrary, various genes were upregulated dg@aFf1 stimulation. The
TGF$1 induction has been previously demonstrated irerothodels forserpinel
(Dennler et al., 1998; Jakowlew et al., 1997). Moer, the role okerpinelin PF has

already been reported by using PAI-1-deficient miedich were protected from
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bleomycin-induced PF, and by using PAI-1-overexgres mice that showed higher
hydroxyproline content (collagen accumulation) iegdto impairment of the gas
exchange (Eitzman et al.,, 1996). Furthermore, ttjibi was also upregulated upon
cytokine application, following previously publighelata (Skonier et al., 1992). The
tgfbi gene is principally expressed in the bronchial attmenuscle cells (SMC) (Billings
et al., 2000).Members of the GDF family were also upregulated nugaGF{31
stimulation, more specifically the GDF1, GDF11l, GDFand GDF8 members;
however, the role of the GDF family in the lung en@GFg1 influence has not been
studied thus far. The BMP and activin membrane-dowmhibitor (BAMBI) was also
upregulated by TGPB4 stimulation. This transmembrane glycoprotein Hmeesen
reported to be induced both in response to PG&d BMP signalling pathways,
suggesting a probable negative feedback mechanisnmthe signalling of both
subfamilies (Sekiya et al., 2004).

An additional method, like the immunohistochemigahlysis, demonstrated that
the TGFB1-responsive cells were situated in the epithédigr: the bronchial epithelial
(BEC) and the alveolar epithelial cells (AEC), la¢ foroximal and distal regions of the
lung, respectively. Both the cell types localised phospho-Smad2 and PAI-1, well
characterised downstream molecules of the P@athway (Figure 4.7).

In Figures 4.3 and 4.4, it is evident that an ation of the downstream
molecules (at the protein and RNA levels) does al@tays occur, but this was
dependant on the samples utilised. This could leetduseveral reasons. Some silent
pathological conditions affecting the murine lupglmonary edema, repeated mucosal
injury, and inflammatory conditions), may lead twanges in the tissue composition and
therefore, affect the permeability properties of #pithelium (Audi et al.,, 1999). In
order to avoid these different responses, evegtrirent was performed on littermates
and mice were always hosted under same conditioosgver, it is sometimes not
possible to distinguish if an animal is or was jprasly affected by any of these
pathologies. Furthermore, the inter-animal varigbfound between individuals of the
same species may play a crucial role in these ti@ms Another explanation is that the
complete instilled dose of ligand may not reach thegs, due to misdirected

application of the liquid to the gut.
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5.3 EPITHELIAL LAVAGE OPTIMISATION

Following the necessity of finding novel pulmonaepithelial cell-specific
markers expressdd vivo, the development of a novel method for RNA isolativas
indispensable. An “epithelial lavage” (EL) extracti was then optimised in the
laboratory permitting the study of the lung epithel gene expression profila vivo.
The novel method avoids contamination by other leg#rs of the lung and provides a
highly enriched and pure epithelial mRNA fraction.

Several optimisation steps were performed. Thexggtdilution of guanidinium
isothiocyanate (Gl) (Figure 4.8) and the optimaleméion time within the lung,
conditions in which the maximum amount of epithletialls could be disrupted, were
assessed (Figure 4.9 and 4.11). Finally, the tgceniwas demonstrated to be
reproducible and the specificity and purity of REA epithelial samples were validated
by quantitative RT-PCR (Figure 4.10 and 4.12).

Pulmonary epithelial tissue consists of many ggies, including Goblet, Clara,
type | and Il alveolar epithelial cells (AEC), cutbal and cylindrical ciliated cells.
These cells have a different morphology, secreterde products, but as a whole, they
form the first barrier between the inspired air &mel host and regulate the response to
external stimuli. During EL extraction, RNA fromffdirent cell types present at the
epithelium was isolated (Figure 4.10). Therefohe tesults obtained through the EL
samples are a representation of the gene expregssifite from different epithelial cell
typesin vivo. In order to certainly ascribe a newly discoveneatker to a specific cell
type, immunohistochemisty ar situimmunofluorescence could be employed.

It is of importance to characterise the gene exmwasprofile of the epithelial
cells under normal conditions and compare this wWithexpression pattern of epithelial
cells from injured lungs. The questions to be amedi@are, what is/are the trigger/s of
these changes and which are the alterations teatel suffers to become malignant,
apoptotic, or hyperplastic. This knowledge will émsential for the development of new
drugs, as the pulmonary epithelium plays a crugld in various pulmonary diseases,
for instance, in idiopathic pulmonary fibrosis (lRGeiser, 2003a), or acute lung injury
(ALI) (Geiser, 2003D).

Use of the novel method described in this repontildidvelp explore AEC gene
expression profilegn vivo. However, a drawback of this method is that orgyween

400 and 1000 ng of total RNA can be collected, #imgs a high efficiency reverse
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transcriptase is required. With regard to the rexéranscribed cDNA from EL samples,
it consistently and reproducibly amplified produgtsto 1000 base pairs, leading to the
conclusion that the isolated RNA integrity was golbch genomic microarray analysis

was to be performed, larger quantities of RNA (mgrams) would be demanded

(Jenson et al., 2003). To be able to achieve tlyosatities, a pool of samples or an
additional pre-amplification step would be necegsHowever, these solutions are sub-
optimal, as the sample pool may mask some crueiat gegulation (Peng et al., 2003)
and complex pre-amplification reactions may altex telative abundance of specific
transcripts and thus yield erroneous results in shbsequent microarray analyses
(Wilhelm et al., 2006). For instance, the T7 prepéfication technique leads to the

underrepresentation of 5" -terminal transcripts fi&lin et al., 2006).

5.4 EPITHELIAL LAVAGE VERSUS ISOLATED PRIMARY
ATII CELLS

In order to validate the specificity and purity BL extractions, their gene
expression profiles were compared to primary AHBIS; the murine lung epithelial 12
cell-line, the cellular fraction of the BAL fluidyr whole lung homogenates after EL by
semi-quantitative and real-time RT-PCR. Using theesfiniques, it was demonstrated
that not only the EL extraction, but also the priynaolated ATII cells, contained
several types of epithelial cells like Clara andl Ag&lls. The isolated primary ATII cells
were as well accompanied by non-epithelial celen{dnstrated by the amplification of
theacta2transcript, specific marker for SMC) (Figure 4.1Bherefore, the EL fractions
were more pure than the primary ATII cells, in thay did not contain markers from
non-epithelial cell types. The gene expression@i-rand epithelial markers found in
the isolated primary type Il pneumocytes fractioas be due to the trans-differentiation
that these cells suffer upon culture. These ce#lastdifferentiate into intermediate
cells, which express ATl and mesenchymal markedgpendently on the matrix onto
which they were plated (Chen et al., 2004; Gonzaleal., 2005). This transition of
epithelial to mesenchymal cells was not inducethencurrent study by any additional
external stimulus, than from the cocktail of GF genet in the serum added to the
DMEM medium, in where the cells were grown. The atxaoncentration of TGB1

present in the commercial FCS is not clearly descki but some reports have estimated
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the TGFB1 secretion levels of ATII cells in culture to ab@u5 + 0.5 ng/ml after 24 h
(Kumar et al., 1996).

The EL fractions were not only compared to the asad primary type I
pneumocytes, but also to the MLE 12 cell-line, wahdid not express any ATII cell
marker, although they have been reported to syistnése SP-C (Wikenheiser et al.,
1993). It was also ensured that the EL fractiors bt contain immune cells, as the
comparison between both fractions was completdfgréint, as assessed by quantitative
RT-PCR (Figure 4.13). The complete comparison @amiRNA level between epithelial
and immune cells was not possible to pursue, awariers at the transcriptional level
are currently available to detect specifically tlager cell-type. Immune cells are
currently isolated and identified by protein magket their cell surface, known as
cluster of differentiation molecules (Woolfson &t 2006; Zola, 2001). However, the
unique possible comparison performed using epdhedndothelial and SMC markers,
between both fractions, was completely differerd #mus, it could be concluded that
the two bronchoalveolar lavages, undertaken paahé EL, were efficient enough to
remove lining cells and fluid and so to avoid comtaation of the EL samples by
immune cells.

The gene expression profile from the remaining longhogenates represented
the cells, which were still present in the lungeathe EL extraction was completed.
Expression of epithelial, endothelial, and SMC neaskwas evident. Interestingly, the
pdpn and gabrp markers had a higher expression in the EL frastitman in the
homogenates, leading to the conclusion that the add ATII cells were highly
disrupted by the EL (Figure 4.13).

Of note, many previously reported markers are rosecific as they were
originally thought to be. For instance, th§la2 was recently reported to be also
expressed by type | pneumocytes and not only byl &#lls (Johnson et al., 2002).
Moreover, different research groups have contradjctesults on which cell-type
expresses a specific biomarker, for example, teepter for advanced glycation end
products (RAGE) has been localised to both the @@dmling et al., 2006) and ATII
cells (Morbini et al., 2006). Therefore, the defom of some cell-specific markers may
vary with acquired data in the future.

After ascertaining that the EL was neither contaated by immune cells nor

endothelial or SMC, and that the fraction was higiriched in epithelial markers; it
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could be concluded that the EL technique represemisvel method for isolating RNA
from the murine lung epithelium. Therefore, thedstwf the gene expression vivo
(where cell plating could be avoided) by the ELhtaque may constitute nowadays the
unique approach to characterise the epithelial ggpeession patterns at basal level.

5.5 TGF-31 AND THE LUNG

Basal activity of the TGIB- pathway is required to regulate lung branching,
maintain alveolar integrity and extracellular mat{ECM) homeostasis, but an
excessive, upregulated signalling would result imgl fibrosis, characterised by
inhibited ECM degradation and enhanced ECM demositThe TGH3 pathway has
been implicated since many years in the pathogemddibrosis based on its induction
of matrix production and deposition on stromal el vitro, and its increased
expression in fibrotic tissues from a variety ojams (Branton and Kopp, 1999).

Not only TGF1 overexpressing mouse models have been developed
(Discussion 5.2), but also the TGFelated deficient mouse models. For instance, the
Smad3 knock-out (KO) mouse model was developeti@sniost pro-fibrotic activities
of TGF are mediated by the TF Smad3, and Smad3 defioiod demonstrated no
fibrotic responses after bleomycin instillation gRtlers, 2004; Roberts et al., 2001).
Additionally, the TGFB1 null mouse demonstrated fewer fibrotic lesiond dacreased
RNA and protein expression of collagen | and filmcm than did the wild-type after
bleomycin administration (Zhao et al., 2002). Farthore, the Smad3 KO mouse has
been subjected to high local concentrations of P&Fdsing the AdTGH12%3/2%5
adenovirus. In this case, the loss of Smad3-demgndgnalling prevented the
TGFf1-induced ECM gene expression and blocked fibrpsigression; however, an
emphysema-like phenotype was observed (Bonniaal, &004).

Regarding human disease, clinicians have found Mi@Rf1 levels inside the
lung under pathological conditions (El-Gamel et, @999). For instance, lung
transplantation in the advanced medical therapes lse complicated by chronic
rejection of the lung, which is associated withr@ased expression of TGHEI-Gamel
et al., 1998). High levels of TGFt, both the active and latent form, have been found
augmented following radiation therapy (Herskindakt 1998), in accordance with the

radiation mouse model (Rube et al., 2000).
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Highly expressed TGB4 levels have been also related to other diseases,
as, ALl and bronchiolitis obliterans (BO), in whittis cytokine plays a critical role. In
the ALI disease, it have been demonstrated that-FGkevels are critical to the
development of pulmonary edema by increasing aareepithelial cell permeability
(Dhainaut et al., 2003), whereas in BO the TFdis thought to induce BEC
proliferation and myoblast trans-differentiatiorgatling to fibrous scarring of the

respiratory and terminal bronchioli (Frost, 2002).

5.6 TGF-f31 AND THE LUNG EPITHELIUM

TGF{1 and the pulmonary epithelial layer are highlyegrated, as TGB1 is
synthesised by many different cell types in theglulbut principally by the bronchial
epithelium at basal state (Magnan et al., 1994e ahtivity of this ligand on the
airways is related to cell growth, migration, ardl differentiation, which are directly
relevant to airway physiology and pathophysiologyuyernelle et al., 2003).
Furthermore, TGHBL plays a key role in regulating airway product@hECM, as it
induces the synthesis of matrix molecules, inclgdfibronectin and tenascin, and
represses the expression of proteases involvedatrixmegulation, such as cathepsins.
This cytokine also induces the production of iniegrand adhesion molecules by
epithelial cells (Branton and Kopp, 1999; Duvereedit al., 2003). Furthermore, it
promotes bronchial epithelial cell differentiatiqgMasui et al., 1986) and inhibits
epithelial cell proliferation (Kasper and Harosk896).

However, not only augmented ECM production but atseffective epithelial
layer repair has been related to high levels of -P&FFor instance, the cytokine has
been reported to potentiate AEC apoptosis by aotiyahe Fas-mediated apoptosis
pathway in these cells (Wang et al., 1999) and #ugnenting the extrinsic oxidative
stress (Arsalane et al., 1997; Thannickal and Fajpldi995).

The influence of the TGB1 cytokine on the epithelium has been studied on
cell-lines and isolated primary ATII cells. Althduglifferentiated ATII cell-lines are
not currently available; nevertheless, several-logds with an epithelial origin have
been submitted to TGE1 stimulation, such as, the A549 and RLE-6TN, anthdl to
undergo EMT (Kasai et al., 2005; Willis et al., 3)0However, the cell-lines are
limited in that they are immortalized and in marases transfected and transformed,
processes that change completely the gene expneskibose cells (Malkinson et al.,
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1997). Regarding the isolated primary cells, thgraducible isolation method of viable
ATI cells forin vitro studies has been recently developed (Dobbs €t388). On the
other hand, the ATII cells have been extenuallgistl, as their isolation protocol was
already optimised thirty years ago (Dobbs et &86t Dobbs et al., 1997) and shown to
undergo EMT under TGB1 stimulation (Willis et al., 2005). Moreover, notly the
TGF1 effect has been studied on alveolar epithelidls,cbut also on the airway
epithelial cells, both the bronchial and the Cleglls, promoting their cell apoptosis and
differentiation (Pelaia et al., 2003; Zeng et 2001).

5.7 ROLE OF TGF-31 ON THE EPITHELIUM IN VIVO

Thus far, it has been described that TgaFean regulate gene expression in
the respiratory epithelium, playing an importanters the induction of EMT on the
ATII cells (Kim et al., 2006; Willis et al., 2008nd in the regulation of the epithelial
pumps and channels (Frank et al., 2003). The custeidy was focused more on the
first regulationTGH31-induced EMT. The process of EMT occumsvivo, playing a
pivotal role in the cellular trans-differentiatioduring development and tumor
invasiveness (Zavadil and Bottinger, 2005). Thecess of EMT is an example of
epithelial cell plasticity, as during this trangteientiation, the epithelial cell exhibits a
loss of cell polarity, disassembly of cell adhessystems dh1andctnnal -a-catenin-
gene expression is absent), and an increased sigitbe molecules responsible for
cell-motility. These modifications lead to morphgical changes and acquisition of
fibroblast-specific markers like-SMA, vimentin, or fibronectin, features that erebl
cell movement and morphogenesis (Thiery and Slee2@06; Zavadil and Bottinger,
2005). The EMT process may be activated by varexisacellular stimuli. TGH1-
induced EMT was the first to be described in manynegithelial cells (Miettinen et al.,
1994). However, many members of the Tl Buperfamily initiate and maintain the
EMT programme, by regulation of the Smad-dependert -independent pathways
(Thiery and Sleeman, 2006). On the contrary, BMM&s an opposite response as it
notably inhibits EMT and fibrotic responses in sev@animal models (Zeisberg et al.,
2003). Furthermore, other signalling pathways pr@r®eMT, including the Wnt and
ET-1 pathways, among others (Jain et al., 2007{9Rgd2005).

The limitations ofin vitro cell culture experiments in reflectinig vivo

biology led to the initiation of the current studys it has already been proven that
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different specific cell culture conditions can aftf¢he EMT response. For instance, the
ECM on which the cells are attached dictates thel Ebbponse (Willis et al., 2005;
Zeisberg et al., 2001), maybe due to a combinatfonultiple factors including integrin
signalling, cytoskeletal signalling through smallp@teins, and signalling through GF
bound to the matrix (Werb, 1997). Furthermore,rthieture of GF present in the serum
can also modify the EMT response of these cellerdfore, the EMT induction by
TGF1 instillation, followed by direct RNA isolation die epithelial cells, would shed
light on the EMT process vivo.

A single instillation of TGH1 (2.5 ng/ul, 8 h) was found to induce gene
expression modifications in the epithelial cellgy(ffe 4.14). For instance, tisehland
ocln genes were specifically transcriptionally represdey TGFf1 stimulation.
Previous publications reported the Snail and Slkgiliy to be responsible for the
E-cadherin and occludin downregulation, this famoly TF being as well positively
regulated by TG (Ikenouchi et al., 2003). The E-cadherin and waicl expression
levels were found to be essential for the mainteaanf the epithelial cell polarity
(zavadil and Bottinger, 2005). Therefore, sincesthevo molecules related to adherens
and tight junctions, were less expressed, it caprbposed that epithelial cell polarity
was partially lost in the TGB1-treated mice.

The E-cadherin gene expression level, expressedh®éyepithelial lavage
samples (Figure 4.10) was downregulated upon BGRpplication, as assessed by
quantitative RT-PCR (Figure 4.14). It has been jgsly demonstrated that NMuMG
cells (mouse mammary epithelial cells) overexpres$i2, exhibited partial resistance
to TGFf1l-induced EMT by inhibiting the helix-loop-helix deor E2A, which is
responsible for the suppression of the E-cadhe@ompter (Kondo et al., 2004). In the
current model, the downregulation of the 1d2 molecwas confirmed by microarray
and quantitative RT-PCR, on mice treated with TgF-The 1d2 downregulation was
observed after 6 h of stimulation, prior to the dleerin repression, which was
observed after 8 h. Therefore, it can be hypotkdsibat the downregulation of E-
cadherin could be due to the absence of the Id2cntd.

Interestingly, no mesenchymal markers were sigmifiky upregulated apart
from the p-catenin gene. This molecule can be considereceredih epithelial or a
mesenchymal marker, as it can drive or represEM& processf-catenin is both an

intracellular binding partner of the E-cadheringjdathus responsible for the
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maintenance of adherens junctions (Zavadil andifggt, 2005) and a transcriptional
co-activator, when the cell is freed from cell @wis (Behrens et al., 1996).
Functioning as a transcriptional co-activator galuce mesenchymal gene transcription
like a-SMA expression (Masszi et al.,, 2004) and EMT pesgion of tumor cells
(Gilles et al., 2003). Furthermore, it has beeralised to the nuclei of the epithelial
cells in patients suffering from IPF (Chilosi et, &003) and published that the TGE-
could inducep-catenin expression (Masszi et al., 2004; Tian let 2003), which
correlates with the results of TGH- OT instillation. Thus, the significant upregudati

of B-catenin after 8 h could further promote the adtora of transcription of
mesenchymal markers.

Furthermore, the rest of the mesenchymal markeskided in the analysis,
FSP1,0-SMA, and vimentin, did not demonstrate any sigaifit upregulation due to
the TGFB1 instillation, although a tendency to a higher regpion compared to
untreated animals could be observed after 8 h.

To sum up, the expected significant upregulationhef mesenchymal markers
after OT TGFB1 instillation was not observed in the current mipaéhen a single
application of the recombinant ligand at a conain of 2.5 ng/ml was utilised.
However, a significant downregulation of the epiddemarkers,cdh and ocln was
evident. Furthermore, an upregulation of expressibrthe dual moleculg-catenin
molecule was significant. Therefore, the experiraeptocedure may be useful in that
TGF$1 induced some changes on the gene expressior eptthelial cells. In order to
improve assessment of changes, the retention timi&B-f1 within the lung could be
varied, as 8 h may not be sufficient to detect mmete initiation of the EMT process.
Furthermore, the ligand concentration used couldaligmented in order to induce a
faster cell trans-differentiation. Additional OTsiillations of the cytokine to the mice
may also help in the induction of EMT.

The EMT process has been defined by simultaneguession of epithelial and
mesenchymal markers. However, it has not been lesttad if the downregulation on
epithelial markers occurs first, and later the gptation of the mesenchymal markers is
induced or vice versa. The simultaneous expressdiom to de novo synthesis of
mesenchymal markers colocalising with previouslpregsed epithelial markers may

occur sometime after the analysed 8 h.

88



DISCUSSION

Finally, it is important to stress that the potahsiource of the myofibroblasts
may not be unique, but a combination of local,lir#fted bone marrow-derived cells,
and trans-differentiated epithelial cells could tritnute to the increase number of these
active cells in the lung, which will form the fillslastic foci, the hallmark of IPF.

5.8 CONCLUSIONS AND PERSPECTIVES

From the presented data, the following can be coied:

1. The OT instillation yields the best deposition ragelocal delivery to the lung,
when compared with intratracheal, intranasal, nsigray, or nebulisation
methods (Figure 4.1-4.2).

2. The OT instillation of the TGBA cytokine is sufficient to promote intracellular
changes, both at the protein and RNA levels, ativaly low amounts of
ligands and at early time points (Figure 4.3-4.6).

3. Cells activated by OT-instilled TGP include alveolar and bronchial epithelial
cells (Figure 4.7).

4. The EL technique represents a novel approach tairolan enriched RNA
fraction from murine epithelial celi® vivo, without contamination of adjacent
cell types (Figure 4.8-4.12).

5. Comparison of the gene expression pattern betweefk technique, primary
ATII cells, cells from the bronchoalveolar lavagad cell-lines, demonstrated
that the EL fractions do not contain immune, smantiscle, or endothelial cells
and are enriched in ATl and ATII cell markers (Figd.13).

6. The TGFg1 instillation combined with the EL demonstratelbss of epithelial

cell markers in response to TGE-n vivo (Figure 4.14).

The EL technique, which makes use of a diluted @ut®n administered
intratracheally, represents a novel method to $§ipally isolate RNA from the
pulmonary epithelial layer, comprising the distadathe proximal epithelium. The
samples are free of genomic DNA and of endotheli@l mesenchymal markers. The
RNA obtained represents the gene expression paitaéhe epithelial layem vivo as it
is extracted directly from the murine lung. In thvay, cell isolation or tissue section
preparations are avoided and thus modificationsh& gene expression pattern are

prevented. This represents a key milestone, aadtldeen published that the chosen
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method for handling with the samples (Curran et2000) or the high probability of
RNA degradation by endogenous RNases can modifyinthévo gene expression
profile (Gonzalez et al., 2005; Kohda et al., 2000)

Furthermore, the EL can also be used to analyseufitake of different
substances from the alveolar space into the emthells, and their effect inside the
cell (for example, the instillation of cytokinesrobined with the EL technique) can
serve to study different processes in the muring i vivo.

The future perspectives would be to analyse the ggpression profile of many
other markers in the EL fractions by semi-, quatitie RT-PCR, and microarray. The
large number of thus far known cell-specific maskeould not be covered by the
current report. The microarray, using the SMART™e-pmplification method
(necessary due to the low RNA concentrations obthin which avoids the
underrepresentation of 5 -terminal transcripts (i et al., 2006), would shed light
on the knowledge from the murine epithelial generessionin vivo. Additionally,
using the microarray technique, different samplasld be compared, for instance, the
EL fractionsversusthe mouse isolated primary type Il pneumocytevansuslung
homogenates, or other epithelial cell-lines. Moe¥pwthe comparison between EL
fractions obtained from saline- and bleomycin-itexdi mice could reveal modifications
to the gene expression patterns in the epithetigd i this model of IPF.

A chromatin immunoprecipitation (ChlIP) analysis kcbalso be performed on
these fractions (using the antibody against Smad3 recipitant) (Yu et al., 2008), in
order to investigate TGB1 responsive genés vivoin the epithelial layer.

The EL method could also be optimised in the rataaimal that possesses a
more similar lung morphology to the human orgamttia the mice.

Furthermore, a more detailed study on the P&Hknduced EMT in the lung
would be useful, to understand when EMT is inigatend which are the main
early-modified markersn vivo. For this, different concentrations of TGE; several
stimulations and different retention time pointsiicbe studied.
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APPENDIX

Table A.16 : Primer sequences
Gene Forward primer sequence (5-3") ] o GenBank™
Reverse primer sequence (5-3") )
Accesion Nr.
a-SMA AGACAGCTATGTGGGGGATG GAAGGAATAGCCACGCTCAG NM_007392
a-SMA-RT CTGACAGAGGCACCACTGAA CATCTCCAGAGTCCAGCACA NM_007392
B-catenin-RT =~ ACGCACCATGCAGAATACAA GGTGACCCAAGCATTTTCAC NM_007612
*B-EnaC AAAGGCCTGCGCAGGAGGCG GATGGCCTCCACCTCACTGTCCGACTC NM_011325.1
GCCACAG
Atplal GGGAAGGGGGTTGGACGA GGTGTGAGGGCGTTGGGG NM_144900
Atp1p1 GGAGAAGAAGGAGTTTTTGGGCAG CTTCCTCTCTCCCCGTTCGTG NM0O721
AQP5-RT CCTTATCCATTGGCTTGTCG CTGAACCGATTCATGACCAC N 009701.4
Calponin GGCCAAGACAAAAGGAAACA GACCTGGCTCAAAGATCTGC NM_009922
CC-10-RT TGGATACCCTCCCACAAGAG AGGGCAGTGACAAGGCTTTA NM_011681.1
Collagentil ACGTCCTGGTGAAGTTGGTC TCCAGCAATACCCTGAGGTC NM_0077&
CTGF CCCGCCAACCGCAAGATT AGGCGGCTCTGCTTCTCCA NM_01102
CTGF-RT GCAGACTGGAGAAGCAGAGC GACAGGCTTGGCGATTTTAG ™_010217
E-cadherin AGTTTACCCAGCCGGTCTTT AGGGTTCCTCGTTCTCCAC NM_009864
E-cadherin-RT CAAGGACAGCCTTCTTTTCG TGGACTTCAGCGTCATTG NM_009864
Fibronectin-RT GAGTGGAAGTGTGAGCGACA GCATCGTAGTTCTG®IGGT NM_010233
Foxp2-RT CTTGGAAGAATGCAGTGCGTC TTTTGTGACCTTCGCTTCT& NM_053242.3
FSP1-RT TTGTGTCCACCTTCCACAAA GCTGTCCAAGTTGCTCATCA Nl 011311.1
GABRP GCGCCTTGCTCAGTACACAA ACGTTCCTCCGAAGCTCAAAT NM146017.2
GADDA45 AGGCGGCCAAACTGATGAATGT AGGTCTCGGGCTTCGGTTGTG NM_008655
GAPDH ACCCAGAAGACTGTGGATGG TGTGAGGGAGATGCTCAGTG NM)01001303
HPRT-RT TGCTGACCTGCTGGATTACA TATGTCCCCCGTTGACTGAT N4l 013556.2
JunB GCAGCTACTTTTCGGGTCAG TTCATCTTGTGCAGGTCGTC NMO®416.1
LPCAT GGCTCCACATTCCTCCTACTTTG ATCTCCTCCACTGTCTTCCTIG NM_145376.3
Myosin GACAACTCCTCTCGCTTTGG GCTCTCCAAAAGCAGGTCAC NM13607.1
Occludin-RT GCTCTCTCAGCCAGCGTACT ATAGCCTCTGTCCCAAG®A NM_008756.2
PAI-1 TCATCAATGACTGGGTGGAA GCCAGGGTTGCACTAAACAT NM008871
PAI-1-RT CTTTACCCCTCCGAGAATCC GACACGCCATAGGGAGAGAA NM_008871
PECAM-1 CCTTCACCATCAACAGCATCCA ATGGGTTCTGACTCCTGCART NM_008816
PECAM-1-RT CACCTGCAAAGTGGAATCAA AGCAGGACAGGTCCAACAKLE NM_008816
proSP-B CCAAGAGTGTGAGGATATTGTCCA  AAGGGCAGGGGAATGGGG NM_147779
proSP-C CCAGGAGCCAGTTCCGCATC AGTGGTAGCTCTCCACACAGG NM_011359
proSP-C-RT GCAAAGAGGTCCTGATGGAG ATGAGAAGGCGTTTGAGGT NM_011359
Smad7 TCTCCCCCTCCTCCTTACTC CAGGCTCCAGAAGAAGTTGG NBD8543.1
Slug-RT GAAGCCCAACTACAGCGAAC AGGAGAGTGGAGTGGAGCTG M_011415.2
Tla-RT ACAGGTGCTACTGGAGGGCTT TCCTCTAAGGGAGGCTTCGTC NM_0123.1
TTF-1-RT AGCTTCCGAAGCCGAAGTATC AGAACGGAGTCGTGTGCTTG NM_009442.1
Vimentin TGAAGGAAGAGATGGCTCGT TCCAGCAGCTTCCTGTAGGT NM_011701.3
Vimentin-RT TGAAGGAAGAGATGGCTCGT TCCAGCAGCTTCCTGTAGT NM_011701.3

Table 17: Primer sequences used for semi-quantitai and real-time RT-PCR:The short gene name,
forward and reverse primer sequences in 5to ¥ntation, and GeneBank™ accession number are
listed. The specific primers used for quantitatR’€-PCR are indicated by the addition of RT after th
name of the gene. These primers were derived from Jernigan NL anghitnond HA, 2005.
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AN

\]/ Biotin - UTP

LO VNSO
R T

Biotinylated
cRNA Target

GEArray

Pre-hybridization

Hybridization

Chemiluminescent Detection
CCD camera or X-ray film

" Raw image

Target Synthesis and Labeling
~ 3 - 18 hours
Based on Total RNA Input

Hybridization (3 Protocol Options):
1. Overnight for HybTube

2. Overnight for HybPlate Basic

3. 3 hours for HybPlate Express

Detection:
1to 1.5 hours
(Depending on Protocol Option)

Data Extraction

and Analysis with
GEArray Expression
Analysis Suite

Figure A.1.: Overview of the GEArray® Procedure: Amplification and labelling by biotin-UTP of
antisense RNA is followed by hybriditation on thE&ray
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Table A.17: Oligo BMP/TGF-B superfamily microarray

Acvrl Acvrlb | Acvr2 | Acvr2b| Acvrll Amh Bambi| Bglapl

Bmpl Bmpl0 | Bmply Bmp2 Bmp3 Bmp4 Bmpb Bmp6

o

Bmp7 Bmp8a | Bmp8h Bmprla Bmprl Bmpi2 CdcZ5a Cdknla

Cdkn2b Cerl Chrd Grem] Collal Colla2 Col3al DIx2

Leftyl Eng Evil Fkbplb Fos Fst Gdfl Gdfijl
Gdf2 Gdf3 Gdfs Gdf6 Gdfs Gdf9 Idbl Idb2
Idb3 Idb4 Cd79a Igfl 116 Inha Inhba| Inhbb
Inhbc Inhbe Itgb5 Itgb7 Ivl Jun Junb Lap3

Lefty2 Igfbp3 | Smadl| Smad? Smad3 Smad5 Smad6 Smad7

Smad9 Nbl1 Nodal Nog Pdgfb Plat Play Runkl

Runx2 | Serpinel  Sox4 Statl| Tgfbl  Tgfblil Tgfblid Tgfp

Tgfb3 Tgfbi Tgfbrl | Tgfbr2 | Tgfbr3 Tgif Timpl| Zfhxlg

PUC18| PUC18| PUC18 Blank Blank Blan Gapd Gapd

Ppia Ppia Ppia Ppia Rpl13a Rpll3a Actb Actb

Gapdh: Glyceraldehyde-3-phosphate dehydrogenase
Acvrl : Activin A receptor type 1

Acvrlb : Activin A receptor type 1B

Acvr2 : Activin A receptor type 2

Acvr2b : Activin A receptor type 2B

Acvrll : Activin A receptor type 2-like 1
Amh: Anti-Mullerian hormone

Bambi: BMP and activin membrane-bound inhibitor
Bglapl: Boney-carboxyglutamate protein 2
Bmpl: Bone morphogenetic protein 1
Bmp10: Bone morphogenetic protein 10
Bmp15: Bone morphogenetic protein 15
Bmp2: Bone morphogenetic protein 2
Bmp3: Bone morphogenetic protein 3
Bmp4: Bone morphogenetic protein 4
Bmp5: Bone morphogenetic protein 5
Bmp6: Bone morphogenetic protein 6
Cdkn2b: Cyclin-dependent kinase inhibitor 2B (p15)
Cerl: Cerberus 1 homolog

Chrd: Chordin

Greml: Gremlin 1

Collal: Procollagen typel

Colla2: Procollagen type2

Col3al: Procollagen type 61

DIx2: Distal-less homeobox 2

Leftyl: Left right determination factor 1
Eng: Endoglin

Evil: Ecotropic viral integration site 1
Fkbplb: FK506 binding protein 1b

Fos: FBJ osteosarcoma oncogen

Fst: Follistatin

Gdfl: Growth differentiation factor 1
Gdfl11: Growth differentiation factor 11

114



APPENDIX

Gdf2: Growth differentiation factor 2

Gdf3: Growth differentiation factor 3

Gdf5: Growth differentiation factor 5

Gdf6: Growth differentiation factor 6

Gdf8: Growth differentiation factor 8

Gdf9: Growth differentiation factor 9

Idb1-4: Inhibitor of DNA binding 1-4

Cd79a: CD79 antigen (immunoglobulin-associated
Igf1: insulin-like growth factor 1

116: interleukin 6

Inha: inhibina

Inhba: inhibinp-A

Inhbb: inhibinp-B

Inhbc: inhibinp-C

Inhbe: inhibinp-E

Itgb5: Integrinf 5

Itgb7: Integrinf 7

Ivl: Involucrin

Jun: Jun oncogene

Junb: Jun-B oncogene

Lap3: Leucine aminopeptidase 3

Lefty2: Left-right determination factor 2

Igfbp3: Insulin-like growth factor binding proteth
Smadl: MAD homolog 1-7

Smad9: MAD homolog 9

Nbl1l: Neuroblastoma, suppression of tumorigenitity
Nodal: Nodal

Nog: Noggin

Pdgfb: Platelet derived growth factor, B polypegtid
Plat: Plasminogen activator, tissue

Plau: Plasminogen activator, urokinase

Runx1: Runt related transcription factor 1

Runx2: Runt related transcription factor 2
Serpinel: Serpine (or cysteine) peptidase inhipdiade E, member 1
Sox4: SRY-box containing gene 4

Statl: Signal transducer and activator of transioripl
Tgfbl: Transforming growth factgyl

Tgfblil: Transforming growth fact@l induced transcript 1
Tgfbli4: Transforming growth factd¥l induced transcript 4
Tgfb2: Transforming growth fact@?2

Tgfb3: Transforming growth fact@3

Tgfbi: Transforming growth factds induced

Tgfbrl: Transforming growth factdy receptor 1
Tgfbr2: Transforming growth factd¥ receptor 2
Tgfbr3: Transforming growth factd¥ receptor 3

Tgif: TG interacting factor 1

Timp1l: Tissue inhibitor of metalloproteinase 1
Zfhxla: Zinc finger transcription factor 1a

PUC18: PUC18 plasmid DNA

Ppia: peptidylpropyl isomerase A

Rpl13a: ribosomal protein 13a

Actb: B-actin

Table A.17: BMP/TGF-p array: The layout of the array is listed, including gesgmbol and

corresponding position on the membrane. The speaifiay is spotted with BMP and T@GFmembers
and target genes.
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