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1. Introduction

1.1. Lung organogenesis

Organogenesis of the mammalian lung includes a
multitude of processes initiating with the primanai of

the organ up to the branching of the airways arel th
maturation of the alveoli. There are two major goal
lung development: first to maximize the gas excleang
surface area and second to minimize the bloodaaiidy
(Roth-Kleiner and Post 2003, Copland and Post 2004)
The complex architecture of the lung tissue is sgagy

to ensure an optimal oxygen supply and thereby the
functionality and the viability of the organism. ng
development occurs in six distinct stages: (1) soric,

(2) pseudoglandular, (3) canalicular, (4) saccu(a),
alveolar, and finally the (6) vascular maturatidage
(Warburton, ElI-Hashash et al. 2010) (figure 1.1).
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Figure 1.1 Schematic overview of lung development

Overview illustrating the morphological changesingrthe first
five stages of lung development in humans and nsitglium of
vascularisation is not shown (modified after (Kajek2007),
copyright (2016), with permission from Elsevier)bl#eviations
used: w week, d day

These stages describe defined morphological changes

and occur in a well balanced temporal pattern.
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Two phases classify these sequential processesathe
phase, consisting of the first three stages, aedldte
phase, consisting of the last three stages of lung
development, where the differentiation and mataratf

the preformed lung tissue takes place (Warburtdn, E
Hashash et al. 2010).

1.1.1. Early lung development

Beginning with the outpouching of the lung budsniro
the anterior foregut in the embryonic stage (4-&kge
after conception in humans, embryonic days 9.52 i
mice) the early lung development passes through two
further stages, the pseudoglandular (5-17 weeksr aft
conception in humans, embryonic days 12-16.5 ireic
and the canalicular stage (16-26 weeks after cdiocep

in humans, embryonic days 16.5-17.5 in mice). Tinere
the pseudoglandular stage is characterised by the
branching of epithelial tubes lined with cuboidal
epithelial cells. This fluid-filled primitive resgitory tree

is then expanded in the canalicular stage, accom@gan

by angiogenesis and vascularisation, to achieve the
19



formation and subdivision of the airways as a framn
for the respiratory tissue (Warburton, El-Hashaslale
2010).

1.1.2. Late lung development

Late lung development is characterised by the gooé
alveolarisation, implying the formation and theregese
of the respiratory tissue. During the saccularesi@d-38
weeks after conception in humans, embryonic dap 17.
until postnatal day 4 in mice) the distal airwaysni
saccular dilatations, accompanied by a substantial
thinning of the interstitium. These saccules cos®gra
double parallel network of capillaries, which campgort
air exchange in prematurely born human neonatesrand
murine neonates (Bourbon, Boucherat et al. 2006)hé&
end of alveolarisation the number of alveoli haseased
sixfold. This process implicates a decrease oatheolar

air space and an increase of the total numbervafoll
(Bourbon, Boucherat et al. 2005). Whilst the
alveolarisation of the human lung starts in uterml a

persists until the postnatal period (36 weeks after
20



conception in humans — 36 months postnatal), theneu
lung alveolarisation occurs entirely postnatal {patal

days 4-28 in mice) (Schittny, Mund et al. 2008).riDg

and after alveolarisation the premature double lleaypi

networks are restructured to a mature single nétwor
the stage of vascular maturation (Burri 2006, Wetdiy

El-Hashash et al. 2010).

1.2. Key factors of lung development

The afore mentioned morphological changes during lu
development implicate highly coordinated cellular
remodelling, cell migration, differentiation as Wwels
extra cellular matrix (ECM) synthesis and assembhe
major focus of the early stages of lung developnenh
cell proliferation and apoptosis, while the lataggs of
lung development are characterised by cell mignatiod
differentiation of highly specialised cell typesdeate a
functional organ in utero, which is primed to the
transition to air breathing and growth after birth
(Warburton, El-Hashash et al. 2010). Two key factor
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play an indispensable role for a finely concertadgl
development. First cell differentiation and ECM
deposition and second the biochemical regulatiolirg
development (Warburton, Schwarz et al. 2000, Jankov
and Keith Tanswell 2004).

1.2.1 Cell differentiation and ECM
deposition during lung development

Tissue formation during organogenesis requires the
concerted action of numerous specialised cellsrelaee
over 40 different highly specialised cell types egngy
during lung organogenesis (Sorokin 1970, Rock and
Hogan 2011), fulfilling a multitude of structurahé
functional duties. Beside the variety of somatitsgdike
muscle cells, chondrocytes or vascular cells, tharee
several lung tissue specific cells, such as clais or
alveolar epithelial type | and type 1l cells (Soirok970).
Focusing on the stage of postnatal alveolarisatomng
cell type plays a pivotal role for a proper fornoatiof
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secondary septae in transition to air breathing th

myofibroblast (Bourbon, Boucherat et al. 2005).

1.2.1.1. Myofibroblasts

Myofibroblasts are distinctive fibroblasts found in
different tissues, featured with a contractile appes
that contains actin microfilaments with associated
contractile proteins. The actin microfilaments alitp
bundles forming a specialised adhesion complexhen t
cell surface, the fibronexus (Singer, Kawka et1£184,
Tomasek, Gabbiani et al. 2002). This complex emsable
the cell to link intracellular actin with extracalhr
matrix molecules like fibronectin. Functionally shi
enables the myofibroblasts to force generation and
transmission of this load to the surrounding tissue

(Brown, Prajapati et al. 1998).

23



T
= il 2 $ .
il D ) R o
fo g .
7 TGFp
| Mechanical
tension
Fibroblast Proto-Myofibroblast | Differentiated Myofibroblast
Characteristics Cytoplasmatic B- /y- actin Gytoplasmic actin containing A-smooth muscle actin
stress fibers Super mature focal adhesions
Tissue Normal connective tissue Alveolar septum Liver capsule
Early granulation tissue Bone marrow stroma
Late contracting granulation tissue
Fibrocontractive disease
In vitro model Low stiffness substrates + TGF-p | Medlium stiffness substrates Medium stiffness substrates +TGF-p
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Attached collagen gels

Figure 1.2 Characteristics of fibroblast-myofibradil
transdifferentiation

Drafts illustrate the morphological changes of dlfdasts during
transdifferentiation, with the arrows indicatingethrequired
stimuli. The chart is specifying the characterstig the cells in
the different stages, the tissue localisation & dlifferent cell
typesin vivo and the establishad vitro model. Figure modified
after (Tomasek, Gabbiani et al. 200@)pyright (2015), with
permission from Elsevier.

Depended on the mechanical tension of the tissue,
myofibroblasts appear in two different forms, nan
smooth muscle actin aSMA) expressing proto-
myofibroblasts in connective tissue under low tensi

and aSMA expressing, differentiated myofibroblasts in
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connective tissue under high tension (figure 1SRafli,
Ropraz et al. 1986, Dugina, Fontao et al. 2001,zHin
Celetta et al. 2001).

1.2.1.2. Myofibroblast transdifferentiation

The process of transdifferentiation of fibroblastso
proto-myofibroblasts and differentiated myofibradiis
elaborately described during skin wound healing
(Tomasek, Gabbiani et al. 2002). Contraction of
granulation tissue is a basic part during skin vebun
healing. After skin lesion fibroblasts migrate on a
compliant substratum and the first wound closure is
performed through tractional forces and reorgaiusatf

the collagen matrix (Martin 1997, Heng 2011). Wtitis
initial closure of the wound the collagen fibresdan
fibroblasts orientate parallel to the wound alorgg t
expected lines of stress. As the resistance of the
surrounding tissue increases during wound closure,
transdifferentiation ~ of  fibroblasts into  proto-
myofibroblasts (in early granulation tissue) and

differentiation into aSMA expressing differentiated
25



myofibroblasts (in late contracting granulationstis)
takes place (Tomasek, Gabbiani et al. 2002). Irg lun
tissue both  forms:  proto-myofibroblasts and
differentiated oSMA positive myofibroblasts are
described (Kapanci, Ribaux et al. 1992). While @rot
myofibroblasts appear as a constructive componfethieo
alveolar septae, differentiated aSMA  positive
myofibroblasts localized at the alveolar entry regem
to fulfil mechanical duties (Lindahl, Karlsson ét 2997,
McGowan, Grossmann et al. 2008).

1.2.1.3. Myofibroblasts in alveolarisation

During postnatal alveolarisation secondary septatd
terminal air spaces is a key feature of the in@edshe
respiratory tissue (Warburton, El-Hashash et all020
Myofibroblasts at the tips of the developing septae
actively secret elastin. Elastin containing ridggsead
from the saccule wall to become an alveolar septitm
bundles of elastic fibres located at its apex (himd
Karlsson et al. 1997, Bostrom, Gritli-Linde et 2002,

Schittny, Mund et al. 2008). This elastin despositand
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subsequent elastic fibre formation is essential the
secondary septation of alveoli and normal alveolar

development (figure 1.3).

A B C

i |
8 -

%

Figure 1.3 Diagram illustrating alveolarisation Isgcondary
septation

Secondary septation initiates out of the preformsaccules (A).

Ridges spread out of the primary septae, contaifibrgblasts,

which transdifferentiate and deposit elastin (B}.the end of

septation, septae consist of in connective tissuleeelded elastic
fibres, with transdifferentiated myofibroblaststia¢ apexes. Red
arrows indicate localization of newly formed secarnydseptae.
Figure modified after (Schittny, Mund et al. 200&opyright

(2015), with permission from Elsevier.
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The detailed mechanisms of fibroblast
transdifferentiation during late lung developmerd pst
beginning to be understood. Howewvieryitro studies on
murine fibroblasts isolated from various connective
tissues and cultured under different conditionsegfnst
insights into myofibroblast transdifferentiation darits
dependency on cellular-matrix interaction (Tomasek,
Gabbiani et al. 2002). Fibroblasts grown in three
dimensional hydrated collagen lattices differemtiat
dependent on the substrate stiffness (Figure IhZyee
floating untethered collagen lattices with low fsigss
fibroblasts maintain their phenotypic proportions.
Mimicking the incidents during wound closure,
fibroblasts placed into these collagen latticegralihe
collagen matrix and develop tractional forces. Dae
these mechanisms the diameter of free floatingcéestis
reduced over time (Grinnell 2000). By increasing th
stiffness of the substrate to a medium level, tansi
develops and fibroblasts acquire the proto-myoflast

phenotype and form stress fibres, adhesion comglexe
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and fibronectin fibrils. Maintenance of the proto-
myofibroblast phenotype requires a constant rasistaf
the matrix to cellular tractional forces. Disintagon of
this matrix — cell interaction, by inhibiting thectan-
myosin force generation or by lowering the stiffhax
the substrate, results in a loss of the proto-nyoblast
phenotype. Growing fibroblasts in high stiffness
substrates or attached collagen gels sustaininggla h
resistance of the substrate over a longer periotire,
results in a transformation of proto-myofibroblasito
differentiated oSMA  expressing  myofibroblasts
(Tomasek, Haaksma et al. 1992).

1.3. Biochemical regulation of lung
development

Both early and late lung development are sequeates
finely-tuned processes, which are tightly reguldigdhe
concerted action of growth factors, transcriptiantérs,
and mechanical stretching (Warburton, Schwarz et al
2000, Roth-Kleiner and Post 2003, Jankov and Keith
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Tanswell 2004, Warburton, El-Hashash et al.
2010).There are several growth factors mentionethgu
lung development, notable amongst them are bone
morphogenetic protein (BMP), epidermal growth facto
(EGF), fibroblast growth factor (FGF) and transforg
growth factor (TGH3). While BMP, EGF and FGF play

a pivotal role during early lung branching morphoggs
(Min, Danilenko et al. 1998, Hokuto, Perl et al.03D
TGH3s play a key role during the whole lung
development, regulating proliferation, transforromati
ECM deposition and apoptosis (Roth-Kleiner and Post
2003, Jankov and Keith Tanswell 2004). In addition
TGH31 plays a crucial role in myofibroblast

trandifferentiation (Tomasek, Gabbiani et al. 2002)

1.3.1. TGFP in mammalian lung tissue

TGH3 with its isoforms belongs to a superfamily of
different cytokines such as activin or BMP. Fivefams
of TGH3 have been described so far: T8BHn Xenopus
laevis (Kondaiah, Taira et al. 2000), T@kn chicken

(Pan and Halper 2003) and three tissue specifragarf
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TGHB (TGH31-3) in mammals (Beyer, Narimatsu et al.
2012). Whereas TGH is globally expressed in lung
mesenchyme, particularly underlining distal epitiel
branching points, TGR is predominantly localized in
distal epithelium and TGR in proximal mesenchyme
and mesothelium (Pelton and Moses 1990, Millan,
Denhez et al. 1991, Pelton, Johnson et al. 199imisic
Cox et al. 1991, Bragg, Moses et al. 2001). Isoform
specific knockouts have revealed a non-redundadeatafo

each of the three T@Hsoforms.

While Tgf31” mutation in mice leads to lethal
pulmonary inflammation within two months of life
(McLennan, Poussart et al. 2000), fzjf mutation
results in embryonic lethality associated with cacd
anomalies and lung dysplasia (Bartram, Molin et al.
2001). Deficiency of Tdf3 in mice causes retarded lung
development and neonatal lethality (Kaartinen, \kemc

et al. 1995, Shi, Heisterkamp et al. 1999).
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1.3.2. TGFP signalling

TGFB signalling is mediated in a cascade like fashion,
introduced by binding of active TQ@F to the
transmembrane T@Freceptor I, which leads to the
assembly with transmembrane TGFeceptor I. This
receptor complex transmits signals by means of
phosphorylation and therefore activation of second
messenger molecules such as Smad proteins or Smad
independent pathways like mitogen activated protein
kinase (MAPK), phosphoinositide 3kinase (PI3K) &hd
Jun-N-terminal kinases (JNK) pathways. Smads are a
family of cytoplasmic signal transducer proteins
consistent of three classes of Smad; first the ptece
regulated Smads (R-Smad) including Smadl, Smad2,
Smad3, Smad5, and Smad8/9, second the common-
mediator Smad (co-Smad) namely Smad4 and third
inhibitory Smads (I-Smads) including Smad 6 and &ma

7 (Chen, Hata et al. 1998, Massague 1998). Dur(BEpT
signal transduction, activated R-Smads such as 3mad
and Smad3 bind to co-Smad4. This complex transscat

32



to the nucleus and activates the transcription afrim
components including fibronectin, type | collagen,
laminin, and glycosaminoglycans. T@GRcts as a potent
stimulatory signal for connective tissue formation,
mediated via indirect mechanisms involving amongst
others connective tissue growth factor (CTGF) and
plasminogen activator inhibitor-1 (PAI-1) (Grotemsip
Martin et al. 1985, Iwaki, Urano et al. 2012). Tsganic
mouse technology has revealed that both proteeng 3l
pivotal role in the regulation of ECM compositionda
their deregulation is connected to lung fibrotisedises.
Overexpression of Ctgf decreases alveolarisatiod an
vascular development in a mouse model (Chen, Rbng e
al. 2011). Deletion of thePai-1 gene reduces the
susceptibility to lung fibrosis induced by diffetestimuli
and overexpression of Pai-1 enhances the susdiptibi

of mice to lung fibrosis (Eitzman, McCoy et al. £)9

1.3.3. TGFP signalling in lung development

Both timing and dosage of T@Fsignalling are critical

during early and late lung development (Alejandre-
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Alcazar, Michiels-Corsten et al. 2008). It was shothat
overexpression as well as inhibition of TEknpacts
alveolarisation. Rodents over-expressing flgidue to
adenoviral transfer of Tl (Gauldie, Galt et al. 2003) or
by conditional overexpression of bioactive Fif
(Vicencio, Lee et al. 2004) displayed defective
alveolarisation. In contrast, blockade of fFgfignalling

in Smad3 deficient mice (Chen, Sun et al. 2005)Ited

in progressive airspace enlargement and disrupion
alveolarisation. In additon TG@®R signalling is
dynamically regulated over the course of late lung
development (Alejandre-Alcazar, Michiels-Corsteraket
2008).1n vivo studies suggest, that endothelial maturation
is stimulated, while production of ECM is gradually
downregulated by dynamic regulation of T@&F
signalling during late lung development (Alejandre-
Alcazar, Michiels-Corsten et al. 2008).

34



1.4. Latent TGFB Binding Protein
(LTBP)

1.4.1. Regulation of the bioavailability of
TGFp through LTBPs

Cells secrete T@Fin a biological inactive form, non-
covalently bound to its propeptide. Hence the pptide
renders TGPB inactive; it is named latency associated
protein (LAP) whereas the complex between BGIRd
LAP is named the small latent complex (SLC). Altbbu
this latent complex is secreted into the ECM, #lease

of the large latent complex (LLC) is even more etifes
(Oklu and Hesketh 2000). At this compound the faten
TGFB Binding Protein (LTBP) binds the SLC and binds
it to the ECM (figure 1.4). Therefore the ECM aatsa
TGFB reservoir and enables a fast release of fGF
without new synthesis. To activate TEBHRrom its
inactive in its biologically active form; cleavagéLTBP

is necessary, which can be performed by different

factors, such as proteases, integrins, thrombospond
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reactive oxygen species and low or high pH
(Chandramouli, Simundza et al. 2011).

2. Pro-TGF-p1

1. Pre-pm-'l'ﬁl —
<

5. Binding of TGF-f1 te receptor

6. Effectin target cell

Figure 1.4 Schematic illustration of the regulatiaf the
bioavailability of TG through LTBPs

TGRH3 is secreted out of the nucleus, bound to its pbpethe
LAP, forming the SLC. The SLC is either secretecdiy into
the ECM or bound to LTBP forming the LLC. This LLC
stabilizes TGB and maintains it at the ECM. Cleavage of BGF
allows binding to the receptor, and subsequentdigg.
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1.4.2. Structure of LTBPs

LTBPs are large extracellular microfibrillar glyaopeins
and structurally related to fibrillins (Todorovicna
Rifkin 2012). Sixty percent of the LTBP protein are
composed of Epidermal-Growth-Factor like domains
(EGF-like domains) and four cystein rich domains
(Sterner-Kock, Thorey et al. 2002) (Figure 1.5).

- L H M

| 4-Cystein domain D

8-Cystein domain H

Non Ca""binding EGF-like domain
Figure 1.5 Schematic diagram of the protein donsaincture of
LTBP4

Ca"binding EGF-like domain

Figure modified from (Saharinen, Hyytiainen et dl999)
copyright (2015), with permission from Elsevier.
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The cystein rich domains are a distinctive featuraich
can only be found in fibrillin and LTBPs. The third
cystein rich domain forms the binding site of TGF
bound to its propeptide (Todorovic, Jurukovski &t a
2005). The N- and C- terminus link the protein be t
ECM, while the N- terminus interacts with fibronect
the C-terminus can interact with fibrillin, respgety.
Today four isoforms of LTBPs (LTBP1-4) are known in
mammals. LTBP1, -3 and -4 can bind latent BGF
whereas LTBP2 does not (Oklu and Hesketh 2000). All
four isoforms are expressed in a tissue specifionmea
(Oklu and Hesketh 2000) (table 1.6).
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Isoforms LTBP1 LTBP2 LTBP3 LTBP4
Expression Heart Lung Heart Heart
pattern

Lung Muscle Muscle Muscle

Placenta Liver Ovaria Liver

Placenta Placenta Lung

Human LTBP1lI - - LTBP4I1
splicevariants

LTBP1s LTBP4I2

LTBP4s

Murine Ltbp1l - - Ltbp4l
splicevariants

Ltbpls Ltbp4s

Table 1.6 Diagram illustrating distribution of difent LTBP

isoforms

The chart lists the four different isofoms, theipeession pattern

in the tissue and their human and murine splicanssi(Oklu and
Hesketh 2000). Copyright (2015), with permissianirElsevier.
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Mice with null mutations of the genes for the diéfet

isoforms display distinct phenotypic abnormalities:

Ltbpll” mutation in mice leads to a disruption in the
development of heart, lung and bones (Yoshinagatd®b
et al. 2008).

Ltbp2” mutation in mice leads to embryonic lethality
(Shipley, Mecham et al. 2000).

Ltbp3” mutation in mice leads to retarded lung
development and abnormal bone morphology (Colarossi
Chen et al. 2005).

Alternative splicing results in structural variatyl Two
independent promotors are described for LTBP1 and
LTBP4, resulting in two major splice variants, ando
form (LTBP1l, LTBP4l) and a short form (LTBP1s;
LTBP4s), respectively (Koski, Saharinen et al. 1999
Ltbp4s mutation in mice leads to developmental
abnormalities in lung, cardiomyopathy and colorecta

cancer (Sterner-Kock, Thorey et al. 2002). Howeaer
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detailed expression pattern of the different sphiagants

has not been reported so far.

It has been shown, that the long form of LTBP4 bind
TGH3 much more efficiently than the short isoform
(Kantola, Ryynanen et al. 2010). LTBP2 and LTBPé4 ar
believed to be components of the microfibrils that
surround the elastin core of elastic fibres (Saiea;
Hyytiainen et al. 1999).

Taken together, these observations suggest thaP4TB
executes at least two functions: on the one hand as
regulator of secretion, latency, storage and aibtimaof
TGFB in the ECM and on the other hand as a distinct
structural protein of the ECM (Dabovic, Chen et al.
2009).

1.5. Diseases associated with LTBP4

Ltbp4s knockout mice (3C7)

Homozygous mice, lacking the short isoform of Ltbp4

(3C7-mice) develop severe lung emphysema and
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cardiomyopathy (Sterner-Kock, Thorey et al. 2002).
Immunohistochemical staining of tissue sections had
shown a significant decrease of the extracellulgifT
level in lung, heart and colon of the homozygous
animals. Histologically, these animals had incongle
septal walls of alveoli. Tissues of lung, colon drehrt
showed incomplete, fragmented elastic fibre fororati
with multiple patches of condensed elastin. Thaulted

in an almost complete loss of pulmonary elasticity.
Secondary changes in the protein structure of tagixn
were also detectable (Sterner-Kock, Thorey et@022.

Ltbp4/-mice (E301B04)

Ltbp4” mice (E301B04) were generated recently in our
lab, using a commercially available embryonal stath
Genotyping of litters revealed a genotype divisaiter
mendelian ratio (Bultmann-Mellin et al. 2015).

Quantitative RT-PCR analysis and western blot ansly

of tissue of Ltbp4 mice confirmed a complete loss of
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Ltbp4. Ltbp4™ mice die within the first ten days of life,

after acute respiratory distress.

Clinical manifestations in humans caused by mutatiaf

the LTBP4 gene are rare. To date there are only four
published cases of children suffering from UrbafkiRi
Davis syndrome (URDS) caused by mutations of the
LTBP4 gene (Urban, Hucthagowder et al. 2009) and one
publication discussing mutational analyses on dabs
patients (Callewaert, Su et al. 2013).

Urban Rifkin Davis syndrome (URDS)

In 2009 Urban et al. reported in the American Jaliof
Human Genetics four cases of newborn children with
impaired pulmonary, gastrointestinal, genitourinary
musculoskeletal, and dermal development (Urban,
Hucthagowder et al. 2009). Despite a huge varieth®
disease pattern, clinical findings can be conclutted
developmental defects and structural changes of the
connective tissue. Respiratory lesions implied seve

bronchopulmonary dysplasia, lung emphysema and
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atelectatic abnormalities. Mutational analysis eded
that all four patients had autosomal recessive hous
in theLTBP4 gene (Figure 1.7).

Patient 3 Patient 2 Patient 1 Patient 4
Patient 2 Patient 4
VY
o3 TTITITHTM
Patient | Exon Domain Status Gene cDNA Protein
1 28 8-CY$  hom 9.29481delA c.3554delA p.Q1185fsX1211
2 9 HYB het g.12574 c.791delC P264fsX300
22 EG; het g.25287_25288delGCinsAA €.2570_2571delGCinsAA  p.C857X
3 9 HYB hom 9.12603T>G €.820T>G p.C274G
4 22 EG: het g.20287_20288delGCinsAA €.2570_2571delGCinsAA  p.C857X
33 8- het g.33861insC ~ ¢.4128insC p.P1376fsX1403
CYS;

Figure 1.7 Schematic representation of the domtirctsire of
LTBP4, showing the location of the mutations foundURDS
patients
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Patient 1: Homozygous for mutation p.Q1185fsX1211
died with 9 month

Patient 2: Heterozygous for two different mutations
(P264fsX300, p.C857X)ied with 4 month

Patient 3 Homozygous for mutation p.C274G survived

Patient 4: Heterozygous for two mutations (p.C857X,
p.P1376fsX1403)died with 23 month

Abbrevations are as follows: EG, EGF-like domain;
HYB, hybrid domain; 8-CYS, 8cysteine domain; het,
heterozygous; hom, homozygous. Figure modified from
Urban et al. 2008opyright (2015), with permission from
Elsevier.

Three patients died of respiratory failure in irdgror
early childhood (Urban, Hucthagowder et al. 2009).
Autopsy and histological analyses of tissue sestioh
one patient (patient 2) showed an impaired eldsgire

and tissue architecture in the lung. (Figure 1.8).
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Figure 1.8 Tissue section of URDS patient 2

E >4 " Lung section of patient 2 with enlarged saccular
airspace and fragmented elastic fibre s confined to

7 ﬂ the saccular wall (blue arrowheads) and to arrested
\ “ septae (black arrowheads). Cappillaries are
¢ tﬂ enlarged and have thickened walls (black arrows)

" »-%. P2 (Urban, Hucthagowder et al. 2009).

Figure modified from (Urban, Hucthagowder et al.02p copyright
(2015), with permission from Elsevier.

The molecular defects were associated with blocked
alveolarisation (Urban, Hucthagowder et al. 20@e
patient (patient 3) survived. Physical exams atesev
years of age were significant for cutis laxa. Tlatignt
fatigues early, uses a speaking valve, can saytau
words and has difficulties in jumping or running |
contrast to the other patients mutational analysid
shown a single base deletion in the first cysteamain

of LTBP4.

Based on the fact that URDS patients exhibit datxs,
mutational analyses on cutis laxa patients were
performed, investigating a correlation between L#BP
disruption and cutis laxa. Interestingly, all cutexa

patients, positive for a mutation in tHelBP4 gene,
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present with pulmonary emphysema (Callewaert, Su et
al. 2012).

1.6. Outline of the thesis

LTBP4 deficient individuals, humans and mice, di¢he
stage of postnatal alveolarisation after acuteiraspy
distress (Sterner-Kock, Thorey et al. 2002, Urban,
Hucthagowder et al. 2009).

LTBP4 is known to execute at least two functiors:aa
regulator of the bioavailability of TGH and as a distinct
structural protein of the ECM (Dabovic, Chen et al.
2009).

With regard to preceding studies a proper strudture
ECM combined with a dynamic regulation of TGE is
inalienable for myofibroblast transdifferentiation.
However to date there are no publications linking
myofibroblast transdifferentiation to LTBP4. Theyed

we aimed this study to test the following hypotkesi
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“Deficiency of LTBP4 leads to disrupted postnatal
alveolarisation, resulting in lung emphysema, doe t

aberrant myofibroblast transdifferentiation.”
The proposed project has three specific sub aims:

To analyse phenotypic changes of the lung tissue of
Ltbp4” mice

To decipher dysregulated key processes of posthetgl

development in Ltbp4 mice

To functionally characterise underlying molecular
mechanisms of myofibroblast transdifferentiation in
Ltbp4” mice

By investigating the impact of LTBP4 on the
myofibroblast transdifferentiation during late lung
development, we pursue the overall goal to getoader

understanding of the functions of LTBP4.
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2. Materials and Methods

2.1. Materials

2.1.1. Standard solutions

Solutions for cell culture experiments
Tissue lysis buffer

170 U/ml Collagenase Type |

2.4 U/ml Dispase in DPBS

1.76x MEM

8.8 ml MEM 10x

5000 units Pen/Strep

1.8 mM Na2CO3 in H20

Add 50 ml (aqua dest.) (sterile filtration)
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Solutions for histology
Citrate buffer
Solution A: 100 mM Citrat acid

Solution B: 100 mM  Trinatriumcitrat  Dihydrat
C6H5N&07 x 2H,0

18ml Solution A + 82ml Solution B ad latua dest. pH
6.0

Hart's stain

1 volume Weigert's resorcin fuchsin (Waldeck, Ménst

Germany)
9 volumes 1% Hydrochloric acid in 70% ethanol
Weigert’s hematoxylin

1 volume Weigert’'s iron hematoxylin A (Waldeck,

Munster, Germany)

1 volume Weigert's iron hematoxylin B (Waldeck,

Munster, Germany)
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Solutions for western blot analyses
Lower gel buffer

1.5 M Tris/HCI pH 8.8

0.4 % (w/v) SDS

Upper gel buffer

0.5 M Tris/HCI pH 6.8

0.4 % (w/v) SDS

Blotting buffer (10x)

1.92 M Glycin

0.25 M Tris

Electrophoresis buffer (10x)
1.92 M Glycin

0.25 M Tris

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

1.5 M NacCl

100 mM Tris/HCI, pH7.5

Before usage add 0.05 % (v/v) Tween 20 to 1x TBS
ECL Solution

Solution A: 0.1 M Tris/HCI (pH 8.6)

0.02 mM/ml Luminol

Solution B:  0.0068 mM/ml para-Hydroxycoumarin
acid in DMSO
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2.1.3. Antibodies

Primary antibodies for Western blot analyses,
immunocytochemistry and histology are listed below

Antibody | Name Reactivity | Origin Dilution Company
Application

Alpha C619¢-clone  murine Purified mouse 1:200 IF Sigme-

smooth 1A4 immunoglobulin Aldrich

muscle 1:200 WB

actin

GAPDH 14C1( human, Purified rabbit 1:1000 WE Cell
murine immunoglobulin Signalling

LTBP4 GTX10172¢ humai Purified rabbit 1:200 WE GeneTe

immunoglobulin

Ltbp4 AF288¢ murine Purified goat 1:100 IHC R&D
immunoglobulin Systems
1:1000 WB
PCNA E285RUC human, Purified rabbi 1:200 IHC Spring
murine immunoglobulin Bioscience
Vimentin D21H3Z human, Purified rabbit 1:600 IF Cell
murine immunoglobulin Signalling

Table 2.1 List of primary antibodies
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Secondary antibodies

For immunohistochemical studies, staining was riexka
using DCS Supervision detection kit (DCS, Hamburg,
Germany).

For immunofluorescence staining, goat anti-rabhi I
Alexa-488 (Life Technologies, Darmstadt, Germangsw

used as secondary antibody.

2.1.4. Primers for qRT-PCR

All primers were purchased from Eurofins MWG operon
(Ebersberg, Germany).

Name Species FASTA Sequence Product
sequence size

hB2M for human NM004048.2 CTCCGTGGCCTTAGCTGTG 69 bp

hB2M rev human TTTGGAGTACGCTGGATAGCCT

mB2m for murine NMO009735.3 CACTGACCGGCCTGTATGCT 6@

mB2m rev murine GGTGGGTGGCGTGAGTATACTT

hCTGF for human NM001901 TTGGCCCAGACCCAACTATG 121 b

hCTGF rev human CAGGAGGCGTTGTCATTGGT
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Name Species FASTA Sequence Product
sequence size

mCTGF murine NM010217.2 AGCTGACCTGGAGGAAAACA 70 bp

for

mCTGF murine GACAGGCTTGGCGATTTTAG

rev

hGAPDH human NMO002046.4 GCCATCAATGACCCCTTCATT 89 bp

for

hGAPDH human TTGACGGTGCCATGGAATTT

rev

mGapdh murine NMO008084.2 ATGTGTCCGTCGTGGATCTGA 80 bp

for

mGapdh murine TGCCTGCTTCACCACCTTCT

rev

hHPRT1 human NM000194.2 TGACACTGGCAAAACAATGCA 94 bp

for

hHPRT1 human GGTCCTTTTCACCAGCAAGCT

rev

mHprt 1 murine NMO013556.2 CTGGTGAAAAGGACCTCTCG 91 bp

for

mHprt 1 murine CAAGGGCATATCCAACAACA

rev

hLTBP4 human NM001042544.1 GCT GCC CTG TGT GAA AAT GTC 1o

for

hLTBP4 human GGG AAC GTG CCA GCA GAA

rev
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Name

Species

FASTA

sequence

Sequence Product

size

hPAI-1 human NM000602.4 GAGGTGCCTCTCTCTGCCCTCACCAACATT 188
for
hPAI-1 rev human AGCCTGAAACTGTCTGAACATGTCG
mPai-1 for murine NMO008871.2 CCCCACGGAGATGGTTATAG 87 bp
mPai-1 rev murine ATCACTTGGCCCATGAAGAG

Table 2.2 List of gPCR primers
2.1.5. siRNA

siRNA was applied as a mixture of four differentBH4

specific SiRNA (On-Target Plus siRNA SMART pool)

and purchased from Dharmacon (item number:
019552-00-0005 Dharmacon, Lafayette, CO, USA).

2.1.6. Software

Axiovision Zeiss Imaging Software, Carl Zeiss A@1{4,

Germany)

BioDoc Analyse 2.1 (Gottingen, Germany)
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Cell D 3.4 Olympus Soft Imaging Solutions GmbH
(Hamburg, Germany)

geNorm version 3.5, PrimerDesign Ltd. (Southampton,
UK)

GraphPad Prism Software 1.0 (San Diego, Ca, USA)

Image Lab 4.0.1., BioRad (Munich, Germany)
2.2. Methods

2.2.1. Animal work

All animal procedures were approved by the goventme
of the State of North Rhine-Westphalia (AZ 8.84-
02.05.20.11.097 LANUV, NRW). Ltbp2 mice of the
second generation (F1) and wildtype littermates
(C57BL/6N) were used in all studies.

2.2.1.1. Trunc blood analyses

At postnatal day eight pups were sacrificed by
decapitation. Trunc blood was collected in a micro
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haematocrit tube (Brandt, Wertheim, Germany) and
analysed using ABL800 FLEX blood gas analyser
(Radiometer, Willich, Germany). Samples were tefted
pH, pCQ, pG,, ctHb, sQ, Hct, cHCQ', ABE.

2.2.1.2. Tissue processing

For further analyses pups were euthanized at pastna
day eight as follows. Following anesthesia withakeihe
(100mg/kg body weight, Pfizer, Berlin, Germany) and
xylazine (5mg/ kg body weight, Bayer, Leverkusen,
Germany) the animals were exsanguinated by aortic
transection. The right main bronchus was ligated the
right lung was resected and splitted. One part svep
frozen (for RNA and protein analyses) and the ofjeet
was stored in ice cold sterile DPBS for isolatioh o
primary lung fibroblasts (see 2.2.2.2.) For histyxdal

and histomorphometric analyses the left lungs were
inflated with 4% buffered PFA. Fixative was deligdr
through the cannulated trachea with an underwater

pressure of 10 cm. After fixation tissue was preees
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and embedded in paraffin. Three-micrometer sections

were used in all studies.

2.2.1.3. Histology

All tissue sections were deparaffinised three tinmes
xylene (Roth, Karlsruhe, Germany) for 10 minutes an
rehydrated through a decreasing ethanol gradi€)i%l
ethanol, 96% ethanol, 80% ethanol, 70% ethaaqua
dest.; 1 minute each).

Hematoxylin and eosin staining of lung
sections

For histomorphometric analysis, sections were sthin
with hematoxylin and eosin. After 3 minutes of
incubation in Gill's hematoxylin (VWR, Darmstadt,
Germany) sections were washed iaqua dest.,
differentiated for 10 minutes in tap water and sfarred
to eosin staining solution (Roth, Karlsruhe, Gergdor
6 minutes. Tissue sections were washed three times

aqua dest., rehydrated through an increasing ethanol
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gradient (70% ethanol, 80% ethanol, 96% ethan@%d.0
ethanol, 1 minute each), incubated in xylene (Roth,
Karlsruhe, Germany) and mounted with entelan
(Merck,Darmstadt, Germany).

Histomorphometric analysis of Iung
sections

For histomorphometric analysis the mean linearoefat
was measured by light microscopy using an Olympxs B
40 microscope (Olympus, Hamburg, Germany) on
hematoxylin and eosin stained lung sections (see
2.2.1.3.). Six animals per genotype were analyseual,
sections per animals were stained, five randonddiel
were photographed under 20 x magnifications, and 10
horizontal lines were drawn across each field. earg
airways, vessels and atelectatic areas were avditheth
intercept of the lines and alveolar walls was cedrand

the total number of intercepts per field was didide

through the total length of lines. Pictures wergquaed
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and evaluated using Cell D 3.4 Olympus Soft Imaging

Solutions (Olympus, Hamburg, Germany).

Ltbp4 staining of lung sections

To assess Ltbp4 expression in murine lung sections,
tissue sections were boiled in citrate buffer pfb625
minutes and stained with antibody against Ltbp4e (se
2.1.3.). Signal detection was revealed using DCS
Supervision detection kit (DCS, Hamburg, Germany).
Slides were counterstained with hematoxylin. Pegur
were taken at 10 x magnification using Olympus BX 4
(Olympus, Hamburg, Germany) and Cell D 3.4 Olympus
Soft Imaging Solutions (Olympus, Hamburg, Germany).

Hart staining of lung sections

To survey the distribution and morphology of elasti
fibres, lung tissue sections were stained with dart

staining solution.

Sections were brought into water via xylene anolait
(see 2.2.1.3.) and afterwards incubated in Hadligtisn
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(see 2.1.2.) overnight. The next day sections were
washed with 95% ethanol, differentiated with 1 %dac
alcohol and washed with tap water. After rinsinghwi
aqua dest, sections were counterstained with Weigert's
hematoxylin (see 2.1.2.) for 10 minutes. Slices ewer
washed withaqua dest., differentiated with 1% acid
alcohol for 5 seconds and tap water for 5 minutes.
Counterstaining was revealed with van Gieson’sopicr

fuchsin (Waldeck, Miunster, Germany) for 30 seconds.

After staining, slices were washed with 96% ethanol
dehydrated through an increasing ethanol gradigdfro(

ethanol, 80% ethanol, 96% ethanol, 100% ethanol)
cleared with xylene (Roth, Karlsruhe, Germany) and

mounted with entelan (Merck,Darmstadt, Germany).

Anti smooth muscle actin staining of lung
sections
To mark myofibroblasts, lung tissue sections were

stained with antibody against anti smooth muscknac

Cy3 labelled (see 2.1.3.). Counterstaining was akexke
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with DAPI (Life Technologies, Karlsruhe, Germany).
Sections were mounted aqueous using Dako Faramount
mounting medium (Dako, Hamburg, Germany). Pictures
were taken at 20 x magnification. Images were geptu
using Axiovert 200 and Axiovsion Imaging Software

(Carl Zeiss, Jena, Germany).

2.2.2. Cell culture

All used media for cell culture contained 10 % F&8i
1 % Pen/Strep solution and were purchased from Life

Technologies.

2.2.2.1. Human embryonic lung fibroblasts

Human embryonic lung fibroblasts (HEL299, ATCC
Catalogue Number CCL-137) were a generous gift of
Prof. Dr. med Racké (University of Bonn, Germany).
Cells were cultured in MEM (Life Technologies,
Darmstadt, Germany), supplemented with 1% NEAA
(Life Technologies, Karlsruhe, Germany) at 5 % ,CO
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concentration and 37°C under humid conditions. Lell
were used at passage three after 24 hours of starva
FBS free media.

Transfection of human embryonic lung
fibroblasts

Human embryonic lung fibroblasts (HEL299) were
transiently transfected with On-Target Plus siRN#golp
specific for LTBP4 (Dharmacon, Lafayette, CO, USA).
24 hours prior transfection, cells were seeded-web
culture dishes (Sarstedt, Newton NC, USA) in a
concentration of 80 000 cells per well. Cells were
transfected with 100 pmol siRNA with 5 pul
Lipofectamine2000 (Life Technologies, Darmstadt,
Germany) following manufacturer’s protocol. As ¢oht
served mock transfected cells, only treated with
transfection reagent. 72 hours post transfectitla aere
trypsinized and seeded on 10 cm culture dishest&Hr
Numbrecht). 96 hours post transfection cells were
retransfected with 200 pmol and 10 pl
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Lipofectamine2000. 48 hours later cells were hdeges

for further experiments.

2.2.2.2, Isolation of primary murine lung
fibroblasts

Primary murine lung fibroblasts were isolated at
postnatal day eight (see 2.2.1.2.) using a one-step
incubation procedure. Lung tissue was minced in BPB
and then digested for 180 minutes at 37°C degrea on
shaker using tissue lysis buffer (see 2.1.2.). rAfte
digestion cells were sedimented and resuspended in
DMEM, filtered through a 70 um cell strainer (BD
Bioscience, Heidelberg) and expanded in monolayer
culture for three passages in DMEM at 5%CO
concentration and 37°C. Cell number and viabilitgrev
determined with a haemocytometer using trypan blue
staining. Culture purity was assessed at passage Via
immunofluorescence through determination of cells

expressing vimentin. Only pure cell cultures wesedi
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for experiments. Cells were used at passage tliere24

hours of starvation in FBS free media.

Immunocytochemistry of primary murine
lung fibroblasts

To analyse culture purity, isolated primary murioag
fibroblasts (see 2.2.2.2.) were grown on glass iceles
(VWR international, Darmstadt, Germany) in 24 well
dishes overnight. Next day cells were fixed witl®°@

cold methanol. Expression of vimentin was assessed
using anti vimentin antibody (see 2.1.3.). Immune
complexes were visualized with goat anti-rabbit 1gG
Alexa-488 (Life Technologies, Darmstadt, Germany)
secondary antibody. Cell nuclei were counterstainiil
DAPI (Life Technologies, Darmstadt, Germany). Sgdin
cells were washed and aqueous mounted (Dako,
Faramount, Hamburg, Germany). Images were captured
using Axiovert 200 and Axiovision Imaging Software
(Carl Zeiss, Jena, Germany).
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Stimulation of primary murine Iung

fibroblasts with TGFf1

To test the influence of TGHA on primary murine lung
fibroblasts, cells were seeded in 3.5cm cell caltu
dishes (Sarstedt, Nurmbrecht). After 12 hours of
starvation, cells were incubated in DMEM suppleradnt
with PBS, 1ng or 2ng human recombinant BGF
(Biochrom AG, Berlin, Germany) at 5% GO
concentration and 37°C for 48 hours. Subsequemrdlg c
were harvested and RT-PCR was performed (see
2.2.3.1).

2.2.2.3. Relaxed collagen lattices

To test the ability of cells to contract a deforheab
substrate, lung fibroblasts were grown in relaxed
collagen lattices. Murine (see 2.2.2.2.) and human
primary lung fibroblasts (see 2.2.2.1.) were haeas
through trypsinization, counted with a haemocyt@net
using trypan blue staining. Cells were seeded enna
concentration of 200 000 cells per lattice intocaxeld
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collagen gel mix consisting of 0.92 ml 1.76 x MEM4

ml Collagen |, Rat tail (Life Technologies, Darndita
Germany), 0.1 ml 0.1 M NaOH and 0.2 ml FBS
(Biochrom AG, Berlin, Germany). Suspension was ddde
to 3.5 cm petri dishes (Sarstedt, Newton NC, USA).
Lattices were incubated at 5% g&@oncentration and
37 °C. Rates of gel contraction were monitored uglo
measurement of remaining surface area after 15tesnu

30 minutes, 1 hour, 2 hours, 24 hours and 48 hours.

PCNA staining of relaxed collagen lattices

To determine proliferation, relaxed collagen latiavere
fixed in HOPE solution (DCS, Hamburg, Germany),
embedded in paraffin and sliced in 3 um thin sastio
Sections were stained with antibody against PCNe (s
2.1.3.). Signal detection was revealed using DCS
Supervision detection kit (DCS, Hamburg, Germany).
Slices were dehydrated through an increasing ethano
gradient (70% ethanol, 80% ethanol, 96% ethan@%d.0
ethanol) cleared with xylene (Roth, Karlsruhe, Gamng)

and mounted with entelan (Merck,Darmstadt, Germany)
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Pictures were taken using Olympus BX 40 (Olympus,
Hamburg, Germany) and Cell D 3.4 Olympus Soft
Imaging Solutions (Olympus, Hamburg, Germany).

2.2.2.4. Stressed collagen lattices

To force myofibroblast transdifferentiation primdgng
fibroblasts (HEL299 or primary murine lung fibrobts,
see 2.2.2.1. and 2.2.2.2.) were embedded intossties
collagen lattices. Cells were trypsinized and cedwith
haemocytometer using trypan blue staining. Cellsewe
seeded on ice in a concentration of 500 000 cadls p
lattice into stressed collagen gel mix consistifd.®2

ml 1.76 x MEM , 0.12 ml Collagen I, Rat tail (Life
Technologies, Darmstadt, Germany), 0.04 ml 0.1 M
NaOH and 0.19 ml FBS (Biochrom AG, Berlin,
Germany). Suspension was added to 3.5 cm Petreslish
(Sarstedt, Newton NC, USA) lined with 2.8 cm wide
nylon rings. Lattices were incubated at 5% ,CO
concentration and 37 °C. After eight hours stressed
lattices were fixed with HOPE solution (DCS, Handgur
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Germany) embedded in paraffin and sliced in 3 pim th

sections.

Anti smooth muscle actin staining of
stressed collagen lattices

To detect myofibroblast transdifferentiation seticof
relaxed and stressed collagen lattices as welriasapy
murine lung fibroblasts grown on coverslips for d&ys
were stained with anti smooth-muscle actin Cy3 ledbe
antibody (see 2.1.3.). Counterstaining was perfdrme
with vimentin and DAPI (Life Technologies, Darmstad
Germany). Sections were mounted aqueous using Dako
Faramount mounting medium (Dako, Hamburg,
Germany). Pictures were taken at 20x and 40x
magnification using Axiovert 200 and Axiovsion

Imaging Software (Carl Zeiss, Jena, Germany).
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2.2.3. Molecular biological methods

2.2.3.1. RNA extraction and quantitative
real time PCR

Quantitative real-time PCR (qRT-PCR) was performed
on whole cell lysates of lung fibroblasts (HEL299 o
primary murine lung fibroblasts). Total RNA was
isolated using Trizol reagent (Life Technologies,
Darmstadt, Germany) and reverse transcription was
performed using 1 pg total RNA and Super-Scrip® Il
VILO™-cDNA Synthesis Kit (Life Technologies,
Darmstadt, Germany) according to the manufacturer’s
protocol. Total cDNA was screened for CTGF, PAI-1,
GAPDH, HPRT, B2M and LTBP4 using specific primers
(2.1.4.). Quantitative changes in mMRNA expressi@new
assessed by qRT-PCR using Platinum® Quantitative
PCR SuperMix-UDG w/ROX (Life technologies,
Karlsruhe, Germany). Data were normalized by
geometric averaging of three internal control genes
(HPRT, GAPDH, B2M, see 2.1.4.) using geNorm
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normalisation tool (geNorm plus, Biogazelle,
Zwijnaarde, Belgium). Quantification of mRNA levels
was calculated by using t\Ct method.

2.2.4. Protein biochemical methods

2.2.4.1. Western Blot Analyses

Western blot analyses were performed on lung etstrac
from eight day old mice and whole cell lysates of
primary human lung fibroblasts (see 2.2.2.1 ani2222).
Lung Tissue and cell pellets were snap-frozen auidl
nitrogen, homogenized using mortar and resuspemded
lysis buffer (10 mM HEPES, pH 7.9, 10 mM EDTA, 1 %
Triton-X 100) containing protease inhibitor cocktai
(Roche, Grenzach-Wyhlen, Germany). Total proteis wa
guantified using the Lowry Protein Assay Kit (Bi@aR
Laboratories, Munich, Germany). 20 pug of total pnot
were resolved on 7.5% or 12% polyacrylamid gels and
transferred to nitrocellulose membranes (Machery &
Nagel, Diren, Germany) for immunoblotting. Blotsreve

probed with primary antibodies (see 2.1.3.) whifdi a
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GAPDH (see 2.1.3.) served as loading control.
Densitometric analysis of bands was performed using
ChemiDoc MP System imager (BioRad, Munich,
Germany) and Image lab software (BioRad, Munich,

Germany).

2.2.4.2. TGFp activity assay

Reporter mink lung epithelial cells (MLECs) which
produce luciferase in response to P&Fwvhere a kind
gift of Prof. Daniel Rifkin (NYU Langone Medical
Center, New York, USA). To test the amount of aztiv
and total TGB1 produced by primary murine lung
fibroblasts, cells were incubated in MEM supplensent
with 2% FBS (Biochrom AG, Berlin, Germany) and 1%
Pen/Strep (Life Technologies, Darmstadt, Germany).
After 48 hours supernatants were collected andcéile
number was counted. The supernatant was splitteel, o
untreated part served as test samples to measare th
concentration of active TR, one part was heat treated
for 5 minutes at 80 °C degree, serving as a tesplkato

measure the concentration of total T&F Similarly, a
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TGHB1 standard curve (500pg, 250pg, 125pg, 62.5pg,
32.25pg, 15.6pg, 7.8pg, 3.9pg and 1.9pg using human
recombinant TGFL (R&D Systems, Minneapolis, MN,
USA)) was prepared. MLECs were plated in 96-well
plates (Sarstedt, Newton NC, USA) in a concentnatib

1.6 x 10 cells per well and were allowed to attach for 3
hours in DMEM at 37°C in 5 % CGOsupplemented with
200 pg/ml  Geneticindisulfat. After 3 hours the
supernatant was aspirated and test samples orasthnd
curve were added to attached MLECSs. Luciferaseicti
was measured using Beetle-Juice BIG kit (PJK,
Kleinblittersdorf, Germany) in a Glomax Luminometer
(Promega, Madison WI, USA).

2.2.5. Statistical analyses

Statistical analysis was performed on the resufts o
histomorphometry, TGFactivity assay, quantitative RT-
PCR and western blot analysis. The results of
guantitative RT-PCR were calculated based orAth€t

method and expressed as fold induction of mRNA
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expression compared to the corresponding contolpr
For quantitative protein analysis densitometry was
performed and values were normalized to GAPDH.
Statistical analysis was performed with GraphPadnfr
(GraphPad Software Inc. San Diego, USA). Signifogan
was determined by the nonparametric t-test (Mann-
Whitney test). Error bars were calculated as SEM.
Differences were considered to be statisticallyiicant

at values of p<0.05; P values are as indicated by
asterisks: ***p<0.001, **p<0.01, *p<0.05.
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3. Results

Ltbp4-/- mice develop severe
hypercapnia and polycytemia

Ltbp4” mice die within the first ten days of life, after
acute respiratory distress (Bultmann-Mellin et2015).

To decipher the aetiopathology before death, amimal
were sacrificed by decapitation at postnatal dgiteand
trunc blood analyses were performed. Compared to
wildtype littermates, Ltbp4 mice expressed a severe
hypercapnia marked by a significant up-regulatibthe
partial pressure of carbon dioxide (pgOand a
polycytemia characterized by an increased level of
haemoglobin (ctHb) and haematocrit (Hct) (figurk)5s.
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Figure 3.1 Trunc blood analyses revealed severerhgpnia and
polycytemia in Ltbp4 mice

Trunc blood analyses of mice at P8. Lthprice depict a
significant increase (over 1.5 fold) of the part@iessure of
carbon dioxide (p=0.0035, n=6) and polycytemia radrby an

elevated haemoglobin (ctHb) (1.2 fold; p=0.00246n=and

haematocrit (Hct) (1.2 fold; p=0.0023, n=6). Valaes presented
as means + SEM.
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Lack of Ltbp4 impairs postnatal
alveolarisation in Ltbp4-/-mice

To investigate possible morphological alterations
accounting for the clinical and laboratory findingsng
sections were histologically analysed. Hematoxyid
eosin (H&E) stainings as well as Ltbp4 immunostagsi

of lung tissue revealed a disrupted alveolarisation
Ltbp4” mice compared to wildtype littermates. At
postnatal day eight, Ltbf4mice displayed less septated
alveoli, implicating an extreme enlargement of the
alveolar space, compared to wildtype littermates.
Parenchyma had a saccular morphology with an almost

complete loss of septation (figure 3.2).
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WT Ltbp4 ™

Figure 3.2 Lung tissue sections depict impaired trzdal
alveolarisation in Ltbp’él mice

Representative Ltbp4 (A) and H&E (B) stained luegt®ns of

P8 mice.Six animals per genotype were analysed, ten se&ction
per animals were stained, five random fields weretgpgraphed
(A) Ltbp4 staining depicts the distribution of Lébm lung tissue

of wildtype mice (WT). Ltbp4 (red) is primarily lated in the
vascular endothelium and at the tips of alveolbp4™ mice
(Ltbp4'/') express no Ltbp4 in the lung tissue (B). Phygjmal
alveolarisation in wildtype mice (WT) compared tefidient
alveolarisation in Ltbp4 mice (LTBP4).
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To quantify the morphologic differences observed
between Ltbp4 and wildtype lungs, morphometric
analyses were performed, by measuring the meaarline
intercept (MLI). The MLI describes the mean intra-
alveolar distance and is approximately inversely

proportional to the alveolar surface.

Mean linear intercept
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Figure 3.3 Mean linear intercept (MLI) depict imal postnatal
alveolarisation in Ltbp’él mice

Morphometric analyses of lung tissue sections ofoRBmice
revealed a significant (p=0.0011) increase of tHd M Ltbp4™
mice compared to wildtype littermates (>1.5 foléi6h Values
are presented as means + SEM.
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Morphometric analysis revealed a statistical sigaiit
increased MLI in lung tissue sections of LtBpahice in

comparison to wildtype littermates (figure 3.3).

Impaired myofibroblast trans-
differentiation in lung tissue of
Ltbp4-/-mice

To address whether the striking alterations in ltisgue
morphology are associated with dysregulated key
processes of postnatal alveolarisation, analyses on
myofibroblast transdifferentiation and elastic @&br

distribution were performed.

Myofibroblast transdifferentiation is a distinctiveature
of postnatal alveolarisation.  Transdifferentiated
myofibroblasts are located at the entry ring of ieavly
formed alveolus and expreaSMA (Schittny, Mund et
al. 2008). To exhibit transdifferentiated myofibladts,

lung tissue sections were stained agaiSdA.
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Tissue sections of eight day old LtBp4nice showed
large areas of lessiSMA positive myofibroblasts,

compared to wildtype littermates (figure 3.4).

WT Ltbp4 ™

Figure 3.40SMA stained lung tissue sections depict impaired
myofibroblast transdifferentiation in Ltbp4mice

Representative slide of lung tissue sections. Ltisgue of
Ltbp4” mice (Ltbp4’) show large areas of lesSMA positive
cells (red), compared to wildtype lung tissue (WTEell nuclei
— blue,aSMA- red).

There are two possible reasons for a reduced lefvel
aSMA positive myofibroblasts in lung tissue, an ga&se

of cellular degradation or a developmental failure.
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To distinguish between degradation and disturbed

transdifferentiationin vitro experiments were performed.

Fibroblasts grown in stressed collagen latticeseuiegh
tension or grown on cover slides over a longerqokeaf
time  transdifferentiate into aSMA  positive

myofibroblasts (Tomasek, Haaksma et al. 1992).

Primary murine Ltbp# lung fibroblasts (Ltbp4), grown
over time to transdifferentiate on cover slidegyfe 3.5
A) and in stressed collagen lattices (figure 3.5sByw
less myofibroblast transdifferentation compared
primary murine wildtype fibroblasts (WT). In additi
aSMA positive fibres in LtbpZ lung fibroblasts grown

to

in stressed collagen lattices appeared patch likg a

unbranched compared to WT cells (figure 3.5 B).
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WT Ltbp4

Figure 3.5 aSMA staining revealed impaired myofibroblast
transdifferentiation in primary murine Ltb'b'dlmg fibroblasts

(A) Representative images of primary murine lunigrdblasts
grown on glas cover slides for 12 days and staiagdinst
aSMA, Ltbp4” lung fibroblasts (Ltbp4) showed lessiSMA
positive cells (red), compared to wildtype fibratita(WT). (Cell
nuclei — blue, vimentin — greeaSMA- red).

(B) Representative images of primary murine lurigrdblasts
grown in stressed collagen lattices and stainednsigaSMA,
Ltbp4™ lung fibroblasts (Ltbp4) showed lessiSMA positive
cells (stained in red), compared to wildtype fideslts (WT).
(Staining pattern: Cell nuclei — blue, vimentin regn,aSMA-
red).
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Disruption of elastic fibres in lung
tissue of Ltbp4-/-mice

Alveolar elastin distribution and subsequent etaBhre
formation are inevitable for postnatal alveolaiimat To
illustrate elastic fibre distribution and possildlbrotic
ECM transformations, lung tissue sections are sthin
with Hart’s staining (Culling, Reid et al. 1974)aiitls
stained lung tissue sections of animals at podtza
eight revealed aberrant alveolar elastic fibregtip4”
mice (Ltbp4") compared to wildtype littermates (WT).
Alveolar elastic fibores were fragmented and

discontinuous in lung tissue of Ltbprhice (figure 3.6).
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WT Ltbpa "

Figure 3.6 Hart's staining of lung tissue sectioesealed

disruption of alveolar elastic fibres in Ltbbzmce

Representative lung tissue sections of P8 old relumv patch
like elastic fibres (arrowheads) in Ltbpeice (Ltbp4")

compared to physiological elastic fibres in wildtypttermates
(WT). Six animals per genotype were analysed, tmians per
animals were stained, five random fields were pipatphed

Upper panel (A) 20x magnification, lower panel (B)
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Characterisation of underlying
molecular mechanisms of
myofibroblast transdifferentiation in

Ltbp4-/-mice

Impaired ability of matrix
organisation of LTBP4-/-fibroblasts

Based on the fact that transmission of tractiooatds
from the extracellular matrix to the cells is nesay for
myofibroblast transdifferentiation (Tomasek, Haakset
al. 1992), the cell — matrix interaction of primanurine
lung fibroblasts was tested. Due to matrix aligntreamd
tractional forces fibroblasts grown in untetheretlagen
lattices contract. Therefore diameter reduction ban
used as a scale unit for the ability of matrix aigation
in vivo. Primary murine Ltbp4lung fibroblasts and
siRNA transfected human lung fibroblasts were granvn
free floating untethered collagen Ilattices with low
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stiffness. Lattice contraction was measured by diam

reduction.

Free floating untethered collagen lattices colomingth
primary murine LtbpZlung fibroblasts (Ltbp4) for 48
hours revealed three fold less diameter reduction
compared to free floating untethered collagen desti
colonized with wildtype fibroblasts (WT) (p<0.001=6).

Free floating untethered collagen lattices colaomhingth
siRNA transfected, LTBP4 downregulated human lung
fibroblasts (HEL 299) for 48 hours revealed foudftess
diameter reduction compared to untransfected or
mocktransfected human lung fibroblasts (p=0.014%)n
(figure 3.7).
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Figure 3.7 Diameter reduction of untethered coltafgdtices
depict impaired ability of matrix structuration ibTBP4
deficient lung fibroblasts
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Murine and human lung fibroblasts deficient of LTBRck
the ability of matrix structuration, marked by dieter
reduction of three dimensional, free floating unésed
collagen lattices.

(A) Primary murine lung fibroblasts isolated frortbp4
"mice (Ltbp4") exhibit significant (p<0.0001) less
diameter reduction of free floating untethered amin
lattices compared to wildtype cells (WT), n=6.

(B) siRNA transfected, LTBP4 downregulated human
embryonic lung fibroblasts (HEL 299) (siRNA) showss$
diameter reduction (p=0.0143) of free floating agkn lattices
compared to untransfected (unt) and mocktransfegteatk)
cells, n=6.

To validate the downregulation of LTBP4 in siRNA
transfected human Ilung fibroblasts, gRT-PCR and

western blot analyses were performed.

siRNA transfected human lung fibroblasts displayed

significant downregulation of LTBP4 120 hours post
transfection. gRT- PCR analyses revealed a 40%
reduction of LTBP4 on the mRNA level 120h post
transfection compared to untransfected or mock
transfected human lung fibroblasts (HEL 299) (feyGt8

A).Western blot analyses show a 58% reduction of
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LTBP4 post transfection compared to untransfectedl a
mocktransfected human lung fibroblasts (HEL 299teD
presented as percentage band absorbance (figuBy.3.8

g
g unt mock siRNA
= 084
S
g 0.6 LTBP4
2 o4
g
2 02
K|
= o
2 - -—
= unt mock SiRNA - GAPDH
% reduction P value Mean + SEM  Mean + SEM siRNA transfected n
untransfected
HEL2 99 58% p=0.0041 84.00+1.000 66.50+0.500 6

Figure 3.8 Downregulation of LTBP4 in siRNA trangfed
human lung fibroblasts(A) gRT-PCR analysis reveaded0%
reduction of LTBP4 in siRNA transfected human ldibgoblasts
compared to untransfected and mocktransfected huluan
fibroblasts (HEL 299) 120 hours post transfection.

(B) Western blot analysis revealed a 58% reduatiohTBP4 in
siRNA transfected human lung fibroblasts comparen t
untransfected and mocktransfected human lung fiastd (HEL
299) 120 hours post transfection. Data presentepease=ntage
band absorbance.
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To address insufficient collagen lattice contractio the
impaired ability of matrix organisation and to exé
effects based on a reduced cellular viability, PCNA
staining to visualise cell proliferation was perfad on
free floating untethered collagen lattices. Quardtfon

of PCNA positive cells compared to the total numbter
cells revealed no significant difference betwedRNA
transfected LTBP4 downregulated human lung
fibroblasts compared to untransfected human lung
fibroblasts (slides of six untethered collagen idatt
where stained, 100 cells where counted) (figur& &8d

B).
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Figure 3.9 Proliferation of fibroblasts in free diing untethered
collagen lattices

Proliferation of fibroblasts is not affected bykaaf LTBP4

(A) PCNA staining of human lung fibroblasts grownfree
floating untethered collagen lattices illustrateal difference in
PCNA staining (brown) of siRNA transfected LTBP4
downregulated human lung fibroblasts (SiRNA) corepato
untransfected human lung fibroblasts (unt).

(B) Quantification of PCNA positive cells (browndrmpared
to PCNA negative cells (blue) revealed no significdifference
in the proliferation rate of siRNA transfected LT8P
downregulated human lung fibroblasts (siRNA) coregato
untransfected human Ilung fibroblasts (unt). Reainip
percentage PCNA positive cells to the total nundfexells (100).
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Ctgf and Pai-1 are negatively
regulated in primary murine Ltbp4-/-
lung fibroblasts

CTGF and PAI-1 are two genes that belong to the
expression profile of transdifferentiated myofiblais
(Kessler, Dethlefsen et al. 2001). To address veneth
alterations in the expression 0&SMA positive
myofibroblasts and the aberrant elastic fibres are
associated with an altered expression of Ctgf aaell P
gqRT-PCR analyses on primary murine Ltbpdhg

fibroblasts were performed.

Expression level of Ctgf and Pai-1 were decreased i

primary murine Ltbp# lung fibroblasts.

Ctgf expression was 96 % downregulated in primary
murine Ltbp4™ lung fibroblasts compared to primary
murine wildtype Ilung fibroblasts (p=0.0004, B2M

alignment).
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Pai-1 expression was 95 % downregulated in primary
murine Ltbp4™ lung fibroblasts compared to primary
murine wildtype lung fibroblasts. (p=0.0231, B2M
alignment), (figure 3.10).

fold induction
mMRNA expression B2m alignement
o o o
~ o 0 o

o
N

o
=)

Pai-1 Ctgf

% reduction P value Mean + SEM Mean + SEM n

WT fibroblasts  Ltbp4 *fibroblasts

Ctgf 96 % p=0.0004 1.000+0.02 0.0495+0.0005 3

Pai-l  95% p=0.0231  1.010+0.0.15 0.0395+0.0005 3

Figure 3.10 Expression of Ctgf and Pai-1 is dowunlatgd in
primary murine Ltbpﬁlung fibroblasts.

gRT-PCR analysis of the expression pattern of Gtgl Pai-1
revealed a downregulation in primary murine Ltbpfing
fibroblasts. Ctgf expression was 96% downregulated Pai-1
expression was 95% downregulated in primary mutittm4'/'
lung fibroblasts compared to wildtype fibroblastidf p=0,0004,
Pai-1 p=0,0231, n=3, B2M alignment).
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To validate the results, qRT-PCR analyses on the
expression level of CTGF and PAI-1 were performad o
SiRNA transfected LTBP4 silenced human lung
fibroblasts. Expression level of CTGF was 20%
(p=0.2505) and of Pai-1 (p=0.2821) was 15% decrkase
in siRNA transfected LTBP4 silenced human lung
fibroblasts compared to untransfected human lung
fibroblasts (B2M alignment) (figure 3.11)
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% reduction P value Mean + SEM mock Mean + SEM ®NA N
CTGF 20 % p=0.2505 1.435+0.475 0.0495+0.4750 3
PAI-1 15% p=0.2821  0.9200+0.6308 0.5150+0.4150 3

Figure 3.11 Expression of CTGF and PAI-1 is dowantagd in
LTBP4 silenced human lung fibroblasts (HEL 299).
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gRT-PCR analysis of the expression pattern of Ca@dé PAI-1
revealed a downregulation in siRNA transfected hurhang
fibroblasts (siRNA) compared to mocktransfected annung
fibroblasts (mock) (PAI-1: p=0,2821, Ctgf: p=0,2505-3, B2M
alignment).

Tgff1 activity is altered in primary
murine Ltbp4-/-lung fibroblasts

CTGF and PAI-1 are also described as downstream
targets of TGB1 (Grotendorst 1997, Kessler, Dethlefsen
et al. 2001). Since LTBP4 is a chaperone of BGRhe
amount of active and total TR produced by primary

murine lung fibroblasts were analysed.

The level of active Tgfl was significantly increased in
primary murine Ltbp#lung fibroblasts compared to
wildtype fibroblasts (p=0.0491, figure 3.12 A). Ate
same time the level of total TRff was decreased in
primary murine Ltbp#4lung fibroblasts compared to
wildtype fibroblasts (p=0.0304, figure 3.12 B).

97



active TgfR total Tgf31
100004

4000 * .

E g

g 5 8000 —

T 30001 <

§ ‘é’_ 6000

@ 2000 o

E S 40007

& 10001 3

3 S 20001

o (=%

0 T y o v -
wT LTBP4 wr LTBP4

P value Mean + SEM Mean + SEM Ltbp4™fibroblasts  n

WT fibroblasts
Total TgfB1l p=0.0491 2456+137.7 2864+133.2 9
Active TgfBl  p=0.0304  7520+410.2 6088+436.3 9

Figure 3.12 Tdg81 activity in primary murine lung fibroblasts

(A)Luciferase assay detecting the level of actigfI, produced
by primary murine lung fibroblasts.

Supernatant of primary murine Ltb'bl(hng fibroblasts (Ltbpﬁ)
contained significant more active PBdf compared to wildtype
lung fibroblasts (WT) (p=0.0491, n=9, data preseriepg/300ul
supernatant).

(B) Luciferase assay, detecting total fhf produced by primary
murine lung fibroblasts.

Supernatant of primary murine Ltb'bl(hng fibroblasts (Ltbpﬁ)
contained significant less total Bgf compared to wildtype lung
fibroblasts (WT) (p=0.0304, n=9, data presentedp@i300ul
supernatant).
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Downregulation of Ctgf and Pai-1 is
reversible in primary murine Ltbp-4-/-
lung fibroblasts

The expression of CTGF and PAI-1 is regulated in a
complex manner. Two regulatory factors are desdribe
mechano transduction (Kessler, Dethlefsen et a1p0

and TGB1 (Grotendorst 1997). To analyse whether the
downregulation of Ctgf and Pai-1 in primary murine
Ltbp4” lung fibroblasts is reversible, fibroblasts are
stimulated for 48 hours with 1ng and 2ng of human
recombinant TGFL and gRT-PCR analyses on the
expression level of Ctgf and Pai-1 were
performed.Expression levels of Pai-1 and Ctgf are
significantly downregulated in unstimulated primary
murine Ltbp4™ lung fibroblasts compared to primary
murine wildtype Ilung fibroblasts. 48 hours after

stimulation with 1ng human recombinant T@F the
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expression levels of Pai-1 and Ctgf in primary maeri
Ltbp4™” lung fibroblasts are equal to the expression levels
of Pai-1 and Ctgf in primary murine wildtype lung
fibroblasts. Stimulation with 2ng human recombinant
TGFB1 leads to an overexpression of Pai-1 and Ctgf in

primary murine LtbpZlung fibroblasts.
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Figure 3.13 Downregulation of Ctgf and Pai-1 imuary murine
Ltbp4'/' lung fibroblasts is reversible

In primary murine Ltbp’ll lung fibroblasts (Ltbp’ﬁ) a significant
downregulation of Pai-1 and Ctgf compared to primaaurine
wildtype fibroblasts (WT) is evident (Data presehtas fold
induction, B2m alignment). Stimulation of primaryirme Ltbp4
lung fibroblasts results in a normalisation of éxpression level
of Pai-1(upper panel) and Ctgf (lower panel) to #xpression
level of primary murine wildtype fibroblasts. (Dgpaesented as
fold induction, B2m alignment)
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4. Discussion

The latent TGBE binding protein 4 (LTBP4) is a large
extra cellular glycoprotein that shares structural
homology with fibrillins (Todorovic and Rifkin 20}2
Two functions of LTBP4 are reported so far: Fitsagts

as a regulator of secretion, latency, storage atidagion

of TGH31 in the extracellular matrix (Todorovic,
Jurukovski et al. 2005), second it is describedaas
distinct structural protein of the extracellular tma
(Kantola, Keski-Oja et al. 2008, Dabovic, Chen kt a
2009).

To date there are only few publications concerrtimg
clinical manifestations associated with mutationsthe
LTBP4 gene, amongst them Ltbp4 short form knockout
mice published in 2002 (Sterner-Kock, Thorey et al.
2002) and human patients suffering from Urban Rifki
Davis syndrome (URDS) (Urban, Hucthagowder et al.
2009). Both mice and human patients develop diverse
symptomes, such as cardiomyopathy, colorectal cance
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mice and impaired gastrointestinal, genitourinary,
musculoskeletal and dermal development in human
patients. Despite a huge variety of highly tisspeesfic
abnormalities all individuals with disruptions ohet
LTBP4 gene share one phenotype; alterations in
pulmonary structure (Sterner-Kock, Thorey et al020
Urban, Hucthagowder et al. 2009)

Disruption of LTBP4 leads to severe pulmonary
emphysema culminating in lethal respiratory failume
humans and mice (Sterner-Kock, Thorey et al. 2002,
Urban, Hucthagowder et al. 2009). Several studsés h
analysed LTBP4 in terms of matrix structuration
(Kantola, Keski-Oja et al. 2008) and regulationtio@
bioavailability of TGB1 (Koli, Wempe et al. 2004) but
none so far has focused on dysregulated processieg d
late lung development. Therefore this study aimed t
elucidate the pathomechanisms of the development of
pulmonary emphysema in Ltbpsice. This is the first
study analysing disrupted postnatal alveolarisatiora

new Ltbp4~ mouse model.
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The purpose of the new complete knock out mouse
model was to avoid any splicevariant specific dffec
While humans express 3 LTBP4 splicevariants
(LTBP-4I1,LTBP-4I2. LTBP-4s) mice express 2 Ltbp4
splicevariants (Ltbp4l and Ltbp4ekiu and Hesketh 2000).

Our data demonstrate that the complete lack of 4.tbp
lead to severe hypercapnia in LtBpthice at eight days
post partum (see 3.1). As expected in accordante wi
this functional impairment, lung tissue of Ltiice
appears unseptated, with enlarged alveolar spaces.
Alveoli are reduced in number and septal walls seem
incomplete, a condition reminiscent to emphysene (s
3.2). Morphometric analysis through MLI measurement
verifies a lack of alveolarisation in Ltbpice (see 3.3).
These findings are in line with observations made i
preceding studies analysing Ltbp4 short form knotko
mice (Sterner-Kock, Thorey et al. 2002) and presiou
reports demonstrating abnormal lung development in

human patients with disruptions of tHeTBP4 gene
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suffering from URDS (Urban, Hucthagowder et al.
2009).

Ltbp4 short form knockout mice develop pulmonary
emphysema. The emphysema aggravates with time so
that by the age of six to eight month the lungd.tip4
short form knockout mice exceeded the normal size b
threefold. Histologically, alveolar spaces wereaegéd,
inflated, and significantly reduced in number (8&f
Kock, Thorey et al. 2002). Human URDS patients have
severe infantile bronchopulmonary dysplasia with
developmental emphysema, cystic, and atelectatic
abnormalities, hypoplastic lungs, and susceptybitih
pneumonia (Urban, Hucthagowder et al. 2009).
Considering the time course of lung development in
humans and mice it is strikingly evident that intho
Ltbp4”mice as well as in human URDS patients first
clinical signs of respiratory failure become appérat

the same stage of late lung development, the sthge
postnatal alveolarisation. Consequently this olztera

suggests a pivotal role of LTBP4 in late lung
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development. In contrast to the early occurrencéhef
phenotype in Ltbp4mice and URDS patients, Ltbp4
short form knockout mice develop pulmonary
emphysema after six to eight months (Sterner-Kock,
Thorey et al. 2002). This delay implicates a
compensatory effect of the long splice variant ®BP4

in the development of pulmonary emphysema in Ltbp4
short form knockout mice. Despite the temporal agal

of the pathogenesis of pulmonary emphysema, Ltbp4
mice as well as human URDS patients, show a huge in
individual variety in the severity of pulmonary

emphysema.

At the outset of postnatal alveolarisatio§MA positive,
transdifferentiated myofibroblasts migrate withimsnent
septae, depositing septal elastin (Schittny, Munhdle
2008, Warburton, El-Hashash et al. 2010). This
preformation of septae is essential for subsequent
maturation processes, including interstitial thimgniand
vascularisation, aiming a functional respiratory

membrane.
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Myofibroblasts are highly specialised cells thamtine
the synthetic phenotype of fibroblasts with the
cytoskeletal characteristics of contractile smowtiscle
cells (Hinz, Phan et al. 2012)aSMA positive
myofibroblasts are located at the alveolar entng rand
are supposed to perform both mechanical and syathet
duties (Warburton, El-Hashash et al. 2010). Platele
derived growth factor 2 alpi#Pdgf 2 alphd) mice fail

to develop these alveolar myofibroblasts and disvap
of alveologenesis becomes evident four days aftér.b
Distal air sacs become dilated and thin walled lanthe
age of ten days lungs of Pdgf 2 alphsice appear
grossly abnormal (Lindahl, Karlsson et al. 1997,
Bostrom, Gritli-Linde et al. 2002). Haematoxylin &
Eosin (H&E) stained tissue sections of Pdgf 2 alpha
mice at the age of ten days resemble H&E stairssdidi
sections of Ltbp4 mice of eight days (see 5.2(Lindahl,
Karlsson et al. 1997, Bostrom, Gritli-Linde et 2002).).
Lung tissue of Ltbp4 mice has a saccular morphology

with an extreme enlargement of the alveolar space.
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With regard to the phenotypic analogy of the luisgue

of myofibroblasts deficient Pdgf 2 alp'hanice and Ltbp-

4" mice and based on the fact that myofibroblastshere
cells with the highest Ltbp4 expression level inrimel
lung tissue sections (Dabovic, Chen et al. 201@ th
expression pattern afSMA positive myofibroblasts in
Ltbp4” mice compared to wildtype littermates was
determined. Interestingly immunohistochemical stegjn

of lung tissue sections reveale decreaseSMfiA positive
myofibroblasts in Ltbp4 mice (see 3.4). These data are
contrary to findings in Ltbp4 short form knockoutice
published in 2010 by Dabovic et al.. Ltbp4 shonnfo
knockout mice exhibit abnormalities in the disttiba of
myofibroblasts with an increase @fSMA-producing
cells, assessed as an indicator of lung fibrosisf& and
Nishimura 2010). Lung fibrosis is an interstitialng
disease attended by the formation of excess fibrous
connective tissue, resulting in a loss of elastidtibrotic
diseases are commonly described as reparative or

reactive processes. No signs of fibrosis whereesith
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tissue sections of Ltbfdmice. The development of lung
fibrosis in Ltbp4 short form knockout mice is again
implicating a compensatory effect of the long gplic
variant of Ltbp-4. The lack of fibrosis in Ltbp4lung
tissue in addition to the early occurrence of tesadibed
phenotype in Ltbp4 mice compared to Ltbp4 short form
knockout mice implicates a more severe aetiopatfyolo
in Ltbp4”™ mice. On the strength of the severity and the
early occurrence of the lethal lung pathology, Itisgue
of Ltbp4” mice lacks the ability to develop reparative
processes like fibrosis.

In addition to then vivo studies the impact of LTBP4 on
myofibroblast transdifferentiation was investigatéed
vitro. In agreement to oumn vivo observations, less
myofibroblast transdifferentation in primary murine
Ltbp4” lung fibroblasts was observed (see 3.5).
Moreover, we observed a reduced cell matrix intesac

of primary murine LtbpZ lung fibroblasts and siRNA
transfected LTBP4 silenced human lung fibroblasts

compared to primary murine wildtype fibroblasts and
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untransfected human fibroblasts (see 3.7). Tratisfec
experiments in rat lung fibroblasts have elucidatedt
overexpression aiSMA in cultured fibroblasts enhances
their contractile activity, thereby suggesting arelation
betweenaSMA expression and cell matrix interaction,
represented by contractility (Hinz 2010). In sumynar
these data demonstrate that lack of LTBP4 leads to
disruption of myofibroblast transdifferentiation in
addition to reduction of cell contractility. Bes&le
contractility, the second phenotypic property of
myofibroblasts is the synthesis of ECM componefuts,
example myofibroblasts are the major source ofcdare
elastin (Tomasek, Gabbiani et al. 2002) .

Elastin is an important component of many organ
systems that undergo repetitive physiological stres
(Wendel, Taylor et al. 2000). In the lung alveattastin
is located at the entry ring of each alveolus, eoirig
resilience and structural integrity, and therebgvitable
for the function of the mature organ. Alterations o

elastic fibres lead to thinning and weakening oé th
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alveolar walls, followed by abnormal expansion of a
sacs, and thereby resulting in pulmonary emphysema
(Wendel, Taylor et al. 2000). In addition to itsié@ional

role in the adult lung, elastin is a critical mooglenetic
force of alveologenesis (Noguchi, Reddy et al. 3989
Recent studies illustrate the correlation between
disruption of alveolar elastin and abnormal Ilung
development (Wendel, Taylor et al. 2000, Bostrom,
Gritli-Linde et al. 2002). Mice lacking elastin (El)
show defective postnatal lung development (Wendel,
Taylor et al. 2000). Air sacs of E’rriungs dilate at birth
and secondary septation is attenuated. The sewéribe
phenotype increases by P2.5 and’Etnice die at P3.5 in
the saccular stage of postnatal lung development
exhibiting severe pulmonary emphysema. In compariso
mice failing myofibroblast transdifferentiation ekt
disrupted elastic fibre formation later in livetae stage

of postnatal alveolarisation. Pdgf 2" Amice develop
sparse and discontinuous elastic fibres in the lung

parenchyma, but elastic fibre morphology occursmabr
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in blood vessels and bronchial walls (Bostrom, IGrit
Linde et al. 2002).

Previous studies of Ltbp4 short form knockout mice
(Sterner-Kock, Thorey et al. 2002) and of humanepés
suffering from URDS (Urban, Hucthagowder et al. 200
revealed major alterations of elastic fibres in lilveg as
well as in multiple other tissues. Consistent wilese
findings Ltbp4~ mice exhibit severe alterations of the
structure of elastic fibres in the lung (see 3tbg blood
vessels and other tissues ((Bultmann-Mellin, Conead
al. 2015). Because of its incorporation into theME@s
colocalisation with elastic fibres, and its struatu
resemblance to other fibrillins LTBP4 is supposedé
part of the microfibrillar core of elastic fibreKgntola,
Keski-Oja et al. 2008, Noda, Dabovic et al. 2013).
Elastin interaction with microfibrils is essentidbr
proper elastic fibre formation, called elastogesesi
(Dabovic et al.,, 2011). In our study both, impaired
myofibroblast transdifferentiation and disrupteastic

fibre formation result in severe alterations of tpasal
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alveolarisation in Ltbp4 mice. Interestingly Tdfl
knockout mice show no alterations in elastic fibre
formation and thereby don’t develop lung emphysema
(McLennan, Poussart et al. 2000). These obsenstion
suggest a discrete function of LTBP4 in the ECM,
independend of its role as a chaperone of fIGF

Kessler et al. have identified a number of genes th
belong to the expression profile of different aated
fibroblasts amongst thenSMA positive myofibroblasts.
Two of these genes are connective tissue growttorfac
(CTGF) and plasminogen activator inhibitor-1 (PAI-1
(Kessler, Dethlefsen et al. 2001). Both genes lavaght

to be regulated through mechano transduced tension.
These considerations are in agreement with previous
studies on wound healing, where tractional forces a
inevitable for proper myofibroblast transdifferexion
(Tomasek, Haaksma et al. 1992, Phan 2008, Hinzy Pha
et al. 2012). Ltbp4 deficiency decreases expression
Ctgf and Pai-1 in primary murine Ltbp4ung fibroblasts
and siRNA transfected LTBP4 downregulated human
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lung fibroblasts (HEL 299) (see 5.11). In addititm
tension-induction of gene expression, CTGF and PAI-
are downstream targets of T@Fthrough autocrine and
paracrine mechanisms (Grotendorst 1997, Iwaki, &ran
et al. 2012). The influence of disruption of LTBB4 the
TGFB1 signalling is controversly discussed throughout
the different publications:

Sterner-Kock et al. revealed on the basis of
immunohistochemical analysis on lung tissue sestimin
Ltbp4 short form knockout mice a complete lack of
extracellular Tghl (Sterner-Kock, Thorey et al. 2002).
In addition to these findings Dabovic et al. ddsed an
increased level of active Tff in Ltbp4 short form
knockout Ilungs (Dabovic, Chen et al. 2009).
Investigations on fibroblasts of human URDS patent
have shown a significant increase of active FGRvhile
MRNA levels of TGB1 were normal (Urban,
Hucthagowder et al. 2009). Considering the fact tha
TGFB1 is stored and kept latent in the ECM by LTBP4 a
simultaneous decrease of ECM linked latent BG®ith
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an increase of active T@E after disruption of LTBP4 is
allegeable. In line with previous studies the lewél
active TgBl secreted by primary murine Ltbpdung
fibroblasts was increased compared to wildtype
fibroblasts (see 3.12 A). At the same time the llefe
total TgfB1l was decreased in primary murine Lthhsng
fibroblasts compared to murine wildtype fibroblagtse
3.12 B). Interestingly the expression of Ctgf aral-P
are not affected by the increase of active Igin
primary murine Ltbp# lung fibroblasts. In contrast Ctgf
and Pai-1 expression is reduced in primary muritiog4L

" lung fibroblasts (see 3.10).

Time course expression analysis of CTGF expression
fibroblasts grown in attached collagen lattices ehav
shown, that CTGF expression is independent to high
TGH31 and induction appears to be directly by
mechanical tension (Kessler, Dethlefsen et al. 2001
This is in contrast to previous reports, suggestimayf
TGFB1 regulates CTGF expression (Grotendorst 1997,

lwaki, Urano et al. 2012). Interestingly our result
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decipher, that supplementation of 1ng human
recombinant TGFL to primary murine Ltbp4lung
fibroblasts rescued the expression of Ctgf and1P@ee
3.13), thereby suggesting that the regulation ofGET
and PAI-1 is dependent of both, mechanical tenaiuh
TGFB1.

Taken together, this study confirmed that LTBP4 has
strong impact on postnatal alveolarisation. Two key
processes of postnatal alveolarisation: Myofibrebla
transdifferentiation and alveolar elastic fibre nation
are disrupted in Ltbp’4mice. LTBP4 therefore plays a
pivotal role in myofibroblast transdifferentiatias well

as elastogenesis during late lung development.
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5. Zusammenfassung

Strukturelle und Funktionelle Analyse von
LTBP 4 als Faktor der Pathogenese des

Lungenemphsems

Im Jahr 2009 verd6ffentlichte die Arbeitsgruppe uawvis
erstmals vier Falle von humanen Patienten welche ei
komplexes Krankheitshild zeigten, das Urban-Rifkin-
Davis Syndrom (URDS) (Urban, Hucthagowder et al.
2009). Alle beschriebenen Félle hatten Mutationen i
Latent Transforming growth fact@y (TGH3) bindenden
Protein 4 (LTBP4). LTBP4 ist eines von vier Latent
TGF3 bindenden Proteinen (LTBP1-4). Namensgebend
fur die Familie der LTBP Moleklle ist die enge
Interaktion mit (TGB). Neben der Beteiligung von
LTBP4 im TGH1 Signalweg gibt es jedoch Hinweise,
dass LTBP4 zusatzlich eine Funktion als Struktugno

der extrazellularen Matrix (ECM) erfullt.
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Mutationen desLTBP4 Genes resultieren in einer
Vielzahl von Erkrankungen. Vorangegangene Studien
haben gezeigt, dass Knockoutmause denen die kurze
Variante des Ltbp4 (Ltbp4s) fehlt ein komplexes
Krankheitsbild mit unter anderem Stérungen des Herz
Kreislaufsystems und des Atmungstraktes ausbilden.
URDS Patienten zeigen  Veranderungen im
Gastrointestinaltrakt, Urogenitaltrakt, der Hautduder
Lunge. Allen Individuen mit Mutationen ihTBP4 Gen

ist dabei die Entwicklung von Lungenemphysemen im

Stadium der postnatalen Alveolarisation gemeinsam.

Um durch Splicevarianten verursachte Effekte
auszuschlieBen, wurden in dieser Studie erstmsalddid
noch nicht beschriebene Ltbp4 komplett Knockout -

Méause (Ltbp4d” Mause) untersucht.

Ziel war die Analyse der Rolle von LTBP4 als Fakitor

der Pathogenese von Lungenemphysemen.

Ltbp4”™ Mé&use wurden mittels Blutgasanalysen und

Lungenhistologischen Untersuchungen charakterisiert

118



Sowohl primare murine Ltbp4Lungenfibroblasten, als
auch siRNA transfizierte LTBP4 defiziente humane
Lungenfibroblasten ~ wurden im  Hinblick  auf
Myofibroblastentransdifferenzierung,

Matrixstrukturierung und TGFAktivitat untersucht.

Ltbp4” Mause versterben innerhalb der ersten zehn
Lebenstage nach  schwerer Hyperkapnie und
Polyzytamie. Das Lungengewebe zeigt eine vermiedert
Alveolarisation, fragmentierte elastische Faserndém
Alveolen und reduzierte myofibroblasten

Transdifferenzierung.

In vitro zeigten die LTBP4 defizienten humanen und
murinen Lungenfibroblasten eine gestorte Struktung

der extrazellularen Matrix.

Zusammengefasst sind sowohl die
Myofibroblastendifferenzierung als auch weitere
Schlusselmechanismen der postnatalen Alveolarisatio
wie die Bildung von alveolaren elastischen Fasesn b
Ltbp4” Mausen gestort. Diese Studie ist die erste, die
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eine  gestorte postnatale  Alveolarisation im
Zusammenhang mit Mutationen imLTBP4 Gen
untersucht und gibt neue Einblicke in die Funktiam
LTBP-4 als Faktor in der Lungenentwicklung.
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6. Summary

The American Journal of Human Genetics published in
2009 four cases of newborn children with a complex
disease pattern, the Urban-Rifkin-Davis Syndrome
(URDS). All patients had mutations of thatent TGFS
binding Protein 4 (LTBP4) gene. LTBP4 is one of four
known LTB proteins. Eponymous for this protein fgmi

is the strong interaction with Transforming grovietor

B (TGH3). In addition LTBP4 it is assumed as a distinct

structural protein of the ECM.

Disruption of LTBP4 leads to a variety of disease
patterns. Preceding studies have shown that mokeng
the short variant of Ltbp4 (Ltbp4s) develop a caosmpl
phenotype with cardiomyopathy, colorectal canced an
pulmonary emphysema. Human patients suffering URDS
exhibit impaired pulmonary, gastrointestinal,
genitourinary, musculoskeletal and dermal develogme
Despite a huge variety of disease patterns alviddals
with mutations in the. TBP4 gene share one phenotype;
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the development of pulmonary emphysema at the stage

of postnatal alveolarisation.

Aim of this study was the structural and functional
analysis of LTBP4 as a factor of pathogenesis @ th

development of pulmonary emphysema.

To avoid any splicevariant specific effects, Ltbp4
complete knockout mice (Ltbpd were analysed via
assessment of oxygenation and lung structurevitro
investigations on myofibroblast transdifferentation
matrix structuration and T@Factivation were performed
on primary murine Ltbp4 lung fibroblasts as well as
siRNA transfected, LTBP4 deficient human Ilung
fibroblasts.

Ltbp4” mice die within the first ten days of life with
severe hypercapnia and polycythemia. Lung tisdue o
Ltbp4” mice exhibit impaired alveolarisation, disrupted
alveolar elastic fibre distribution and reduced
myofibroblast transdifferentation. Both primary ptﬁ'
lung fibroblasts as well as siRNA transfected, L#BP
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deficient human lung fibroblasts revealed impaired

matrix structurationn vitro.

In summary two Kkey processes of postnatal
alveolarisation: myofibroblast transdifferentatioand
alveolar elastic fibre formation are disrupted itbp4’
mice, thereby implicating the pivotal role of LTBP4
during alveolarisation. This is the first study @stigating
the impact of Ltbp4 on postnatal alveolarisation by

means of a new animal model, the Ltbp#odel.
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