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Introduction

1. Introduction

1.1 The acute respiratory distress syndrome

The acute respiratory distress syndrome (ARDS)amamcidence of approximately 200,000
patients annually in the United States with a mibytaf around 40 % (Rubenfeld et al. 2005).
The definition of acute lung injury (ALI) and ARDBat has been used over the past 15 years
was stated by the American/European Consensus @octin 1994 (Bernard and Artigas et
al. 1994). By this definition patients with ALI ment with bilateral pulmonary infiltrates with
arterial hypoxemia using the concentration of @tevxygen in the blood divided by the
inspired fraction of oxygen (i.e., a PaBO, ratio of less than 300 for ALI, PafBiO; ratio

of less than 200 for ARDS). The arterial hypoxemiaaused by accumulation of edema fluid
in the distal air spaces of the lung, resultingnmpaired blood gas exchange (Matthay and
Zemans 2011). To diagnose ALl or ARDS, the presarideft atrial hypertension should be
excluded, although it was established in a clinicel (Wiedemann et al. 2006) that the
pulmonary arterial wedge pressure is greater thdmminHg in 29 % of patients with
ALI/ARDS.

Numerous clinical disorders have been linked te development of ALI/ARDS,
although the presence of pulmonary or non pulmoirdgction is most prevalent. The most
common trigger is primary pneumonia caused by batteviral or fungal infection
(Bachofen and Weibel 1977; Ware and Matthay 200B& syndrome can also be caused by
severe sepsis, either associated with pneumonia oon pulmonary infection, such as
peritonitis. Other causes of ALI/ARDS include hemhage and shock following trauma,
aspiration of gastric contents, severe acute patittsg transfusion-associated lung injury and
drug reactions (Ashbaugh et al. 1967; Ware andhdgtR000; Eisner et al. 2001; Flori et al.
2005; Randolph 2009).

One of the initial causes of ALI/ARDS is lung endotheli@jury. There is data
demonstrating that permeability increases in thaglwasculature, which results in
accumulation of protein-rich pulmonary edema evethé vascular pressure in the lung
remains normal (Staub 1974, 1981). Several medmsnisan cause endothelial injury,
neutrophil-mediated lung injury being the best doeated (Flick and Perel, 1981; Matthay

and Zimmerman, 2005). This has been shown in anviea mouse model of transfusion-
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associated lung injury (Looney and Su, 2006) whiels based on the passive transfusion of
an MHC class | (MHC 1). In both settings of lungury, agglomeration and activation of
neutrophils releases numerous toxic mediators, siscproteases, reactive oxygen species,
proinflammatory cytokines and procoagulant molegsulghich results in increased vascular
permeability and impairs endothelial barrier fuant{Matthay and Zemans, 2011).

However, endothelial injury alone is not suffidiea cause ALI/ARDS without injury
to the alveolar epithelium. It has been shown ngdaanimal studies that endothelial injury
can occur without involvement of epithelial damdgéiener-Kronish and Albertine, 1991).
Endothelial injury was initiated by intravenoustitigtion of endotoxin. The development of
alveolar edema could only be reported when epahélarrier function was impaired by an
additional instillation of live bacteria. These aastablished that epithelial injury is required
for the development of ALI/ARDS.

The restoration of the alveolo-capillary barriercisicial for a positive outcome in
ALI/ARDS. The epithelial barrier is less permealib@n the endothelial barrier. Thus, the
integrity of epithelial barrier function is the tical step regarding the formation and

resolution of edema.

1.2 Clinical relevance of protein clearance

The mechanisms of protein removal from the disitabpaces are poorly understood. It has
been shown that the rate of albumin transport acribe alveolo-capillary barrier is
considerably slower than the transport of sodiuracaBise of the high transport rate of
sodium, the protein concentration in the alveolpace increases over time, thereby
generating oncotic pressure that impedes edemeanEand recovery (Hastings, Folkesson
et al. 2004). This manifestation of alveolar edaraases severe impairment of gas exchange
and therefore alveolar hypoxia and systemic hypoaemnich implicate further disruption of
alveolar epithelial function and fluid balance (\dad and Sznajder 2006). Elevated levels of
precipitated protein can be found in the alveofzace of ARDS patients. Non-survivors of
ARDS exhibit threefold higher levels of precipitt@rotein in their edema fluid than
survivors of the disease (Bachofen and Weibel 19iv)addition, excess protein in the
alveolar compartment may contribute to hyaline memé formation and induce fibrogenesis

(Kobashi and Manabe 1993; Tomashefski 1990). Atsotein degradation products, such as
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amino acids and peptides, may affect the epithbhalier and enforce edema formation (Kim
and Malik 2003). Thus, removal of excess proteomfithe alveolar space is fundamental for

a positive outcome in ARDS.

1.3 Lung anatomy

The primary site of protein transport in the lurgythe alveolo-capillary barrier, which
consists of an epithelial and an endothelial morelaseparated by a diminutive interstitial
space. The alveolar epithelium contains flat typéATI) and cuboidal type II (ATII)
pneumocytes. Although both of them are found inilsinmumbers in the lung (Yumoto et al.
2006), type | pneumocytes represent ~ 95 % of eokar surface area (Mutlu and Sznajder
2005). Since ATI cells contain transport proteingls as epithelial sodium channels and
aquaporin water channels, they are actively remgdtuid balance of the lung (Johnson et al.
2002; Matthay et al. 2002). Additionally, becauseth®e high abundance of microvesicles,
ATI cells are considered to play a role in the $g@ort of macromolecules (Gumbleton et al.
2003). ATII cells produce and secrete surfactar@h(Enbach et al. 1998) and serve as
progenitors of ATI cells (Adamson and Bowden 19¥Bans et al. 1975). Also, they have
been reported to facilitate active transport oidfland electrolytes (Mason et al. 1982).

Given that the endothelial monolayer possessesdcdh migher permeability, alveolar
epithelial cells and their tight junctions form ghemary barrier for solutes and electrolytes in
the lung (Taylor and Gaar 1970).

1.4  Molecular mechanisms of protein clearance

Processes that have been associated with protamnacice from the distal air space involve
mucociliary clearance, alveolar degradation andomdt®n of low molecular weight
fragments by pneumocytes, endocytosis by alveolacrophages and absorption by the
alveolar and bronchial epithelium (Folkesson, Maytkt al. 1996).

Mucociliary clearance could move excess gnofrom the alveolar space up to the
bronchial tree. This mechanism takes several dagdaes probably not play a major role in

protein removal from the distal airspace, sincéas been described that protein removal
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takes place much faster (Berthiaume, Albertinel.e1289). However, intratracheal instilled
radio-labeled albumin has been detected in thengipgays, presenting evidence for protein
movement via mucociliary clearance (Meyer, Ottagiah al. 1977; Meyer, Ottaviano et al.
1978), even though it does barely contribute tealar protein clearance.

Alveolar macrophages degrade exogenousipsotad peptides (Steinman, Brodie et al.
1976), also they hold a higher endocytic capaaiygared to type Il pneumocytes (Hastings,
Folkesson et al. 1995). Experiments have been ateduwhere autologous serum was
instilled into sheep lungs which resulted in arréased macrophage number in the air spaces
while protein clearance remained unaffected (MattiBerthiaume et al. 1985) in short-term
experiments (1 — 2 days). In long-term studies @ days) alveolar flood of macrophages
increased massively and was linked to an increasedmulation of protein tracer in the
macrophages (Berthiaume, Albertine et al. 1989\eXbeless, the amount &¥1-albumin
found in the phagocytic cells was less than 1 %heftotal instilled*I-albumin (Berthiaume,
Albertine et al. 1989). It has been described ghouthat macrophages contribute to
surfactant apoprotein clearance as well as to kharance of surfactant protein A (Ueda,
Ikegami et al. 1995). Still, their role in albunslearance from the alveolar space is probably
insignificant.

Another consideration regarding protein realavas protein degradation in the epithelial
lining fluid (ELF) and subsequent absorption of lawolecular weight fragments by
pneumocytes. The most important proteases in thé &ie metallo and serine proteases
(Gross 1995; Greenlee, Werb et al. 2007). Inhibiti@f metalloproteases by
ethylenediaminetetraacetic acid (EDTA) (Chiancortaylin et al. 1986) and serine proteases
by 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSEunn and Sansone 1994) could be
used to investigate the involvement of albumin ddgtion. But a number of studies have
indicated that larger proteins, such as albumig, rapst likely transported intact from the
alveolar space to the vasculature. This was showmldiermining intactness of alveolar
instilled radio-labeled protein in the perfusione(Biaume, Albertine et al. 1989; Folkesson,
Westrom et al. 1990; Folkesson, Westrom et al. 1988&tillation of EDTA and AEBSF into
the isolated, ventilated and perfused rabbit luad ho effect orf?3-albumin clearance from
the alveolar space, as previously reported by eaug (Rummel 2007). Thus, albumin is
most likely transported across the alveolar epitinelwithout undergoing degradation.

The alveolo-capillary barrier is impermeabdelarger solutes, the epithelial monolayer
features a reflection coefficient for proteins of0:95 whereas the much more permeable
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capillary endothelium has a reflection coefficieht- 0.7 (Gorin and Stewart 1979). Alveolar
epithelial type | and type Il cells are linked bpiaal intercellular junctions, the apical
junctional complex, consisting of tight junctionsdaadherens junctions (Gumbiner 1987).
The semipermeable tight junctions control passaeagellular movement of fluid and small
solutes, which in conjunction with transcellularcigial transport creates distinct milieus in
the alternate compartments. Therefore, tight jomstiare important to maintain existing
concentration gradients between the alveolar amdvidiscular compartment (Laukoetter,
Bruewer et al. 2006). Adherens junctions basicedlgsist of cadherins and catenins and are
essential for intercellular adhesion (Mehta andik2006). Consequently there is only minor

paracellular movement of albumin across the alvesp#helium in a healthy alveolus.

1.5 Protein uptake by alveolar epithelial cells

Active albumin transport has been described inhepdl cells of the proximal tubule of the
kidney (Caruso-Neves, Kwon et al. 2005) and alsthenmammary gland of lactating mice
(Monks and Neville 2004). Albumin uptake by endosys has been well described in
endothelial cells (Mehta and Malik 2006). In costrahe mechanisms of albumin uptake by
alveolar epithelial cells are incompletely compreded, even though endocytosis is
presumed to be the major process involved.

A non-specific fluid-phase uptake (macropytosis) can mediate endocytosis of
macromolecules. The degree of uptake is propoitidoathe molecule concentration.
Internalization of small extracellular fluid dropdeby endocytic vesicles is extremely slow.
Also, this process is neither saturable nor caheitaffected by competitive inhibition in
presence of other macromolecules (Conner and ScB0608). Horseradish peroxidase has
been described to be taken up by alveolar epithediés through fluid-phase transport, but at
a much lower rate as albumin (John, Vogel et 8012&im and Malik 2003). A much higher
endocytosis efficiency can be obtained by receptediated endocytosis involving specific
high-affinity receptors (Conner and Schmid 2003koTmajor receptor-mediated pathways
have been established to this day, namely the taemoediated and the clathrin-dependent
pathway.
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1.6 Caveolae-mediated endocytosis

In the endothelium, endocytosis is primarily meeliaby caveolae. These 50-1fM small
organelles form about 15 % of the total cell volufdehansson 1979). Even though their
structure is independent of the cell type, theia@gement and function may differ. They can
either pass through current cycles of fission arsiioh with the cell membrane or they can be
statically stored in multi-caveolar structures WPehns and Zerial 2005). The formation of
caveolae requires caveolin-1, an integral membpaotein (Drab and Verkade et al. 2001).
The involvement of another protein, caveolin-2, vilplicated by Das and Lewis et al.
(1999) but is controversial (Razani, Wang et al.020 Regulation of caveolin-1
oligomerisation, intracellular localization, as e its sequestration to the plasma membrane
is probably facilitated by several chemical reatsiosuch as phosphorylation, palmitoylation
and contact with cellular cholesterol, which sustastructural integrity of caveolae vesicles
(Sharma, Brown et al. 2004). Filipin, a cholestéswiding agent, removes cholesterol from
the vesicles, thereby leading to their disassertttpnitzer, Oh et al. 1994). Previous studies
in isolated rabbit lungs have demonstrated thapiriil significantly impairs**1-albumin
clearance from the distal airspace (Rummel 20@@plicating the involvement of caveolae-
mediated endocytosis in protein transport acroesatieolo-capillary barrier. In the context
of caveolae-mediated endocytosis, gp60 has beatifidd as an albumin binding protein on
the surface of endothelial cells (Tiruppathi, Figae et al. 1996; Tiruppathi, Song et al. 1997)
and also in ATIl cells (Hastings, Folkesson et 2004). In endothelial cells binding of
albumin to gp60 activates specific kinases, condgcphosphorylation of caveolin-1 and
inducing fission of the caveolae vesicle from thenmbrane. Subsequent transcytosis of
albumin requires the solubM-ethylmaleimide-sensitive factor attachment proteineptor
(SNARE) machinery (Gerst 2003). SNARE enables fusibthe free vesicle with the target

membrane and thus, facilitates exocytosis of albuidinshall, Tiruppathi et al. 2002).

1.7 Clathrin-dependent endocytosis

Clathrin-dependent endocytosis is induced by dlattwat assembly on the plasma membrane
followed by invagination and fission (Pearse 19/i&; and Garbern et al. 1982Figure 1).

Several adaptor proteins like adaptor protein 2-PA\Pepsin and amphiphysin facilitate the

6
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vesicles fission from the membrane (Wakeham, Ybeale2000). Clathrin coats are the
primary molecules of fluid-phase and receptor-miedigendocytosis from the membrane to
early endosomes (Conner and Schmid 2003) and meme@articipate in transport
mechanisms from the trans-Golgi network to lateosothes (Marsh and McMahon 1999).
The formation of clathrin-coated vesicles can bertad by phenylarsine oxide, a membrane-
permeable phosphotyrosine phosphatase inhibitorss@rj Stevanovic et al. 2004).
Chlorpromazine modulates AP-2 binding to the plasneanbrane resulting in the loss of
coated pits from the surface (Wang, Rothberg etl@03) and thus, just as phenylarsine
oxide, impedes clathrin-dependent endocytosis.

Binding of albumin to the gp60 receptbarges the conformation of the receptor. This
conformational change facilitates binding of AP-2daclathrin to the receptor. Prior to
binding to gp60, clathrin is recruited by the assnprotein AP180, epsin and amphiphysin
(Marsh and McMahon 1999) as well as by epsin anghgphysin.

Albumin transport across the endotheliismmainly induced by caveolae-mediated
endocytosis (Mehta and Malik 2006). However, alburaptake and transport across the
alveolar epithelium is still under investigationutBorecisely this transport mechanism is of
high importance since any cumulating protein in dhesolar compartment has to transit the
epithelium at first before it can trespass the #melaum. In isolated rat lungs clearance of
albumin from the distal airspace was in part blackg the caveolae-dissociating substance
filipin (John, Vogel et al. 2001). On the contramgice lacking the caveolin-1 gene did not
exhibit any dysfunctions in albumin transport (Dratd Verkade et al. 2001) even though
there were no caveolae detectable. Clathrin has lzen proposed to be involved in the
uptake of albumin by cultured rat lung epitheliakiitigen negative (RLE-6TN) cells
(Yumoto, Nishikawa et al. 2006). This cell line derived from rat alveolar type Il cells
transfected with SV40 (pRSV-T DNA) by lipofectin iBcoll, Carter et al. 1995) and
displays similar attributes as ATII cells.

Even though caveolae-mediated endocytosis seemBetanvolved in epithelial
albumin uptake it does not appear to be the keyhamsm. Therefore, the underlying
mechanism for protein uptake by the alveolar epitherequires further clarification.
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receptor formation of
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early endosomes

Figure 1. Clathrin-dependent endocytosis.

Clathrin and target molecules are assembled ina&thih-coated pits on the plasma
membrane. An adaptor complex called AP-2 linkshelat to transmembrane receptors,
resulting in the formation of mature clathrin-cahteesicles which are then actively uncoated
and transported to early endosomes. (Barth D. GuadhtMiyuki Sato, 2006)

1.8 The tandem endocytic receptors megalin and cubilin

Megalin, a 600 kD glycoprotein, is a member of kbne-density lipoprotein (LDL)-receptor
family. It holds a single transmembrane domain art@rge N-terminal extracellular domain.
The extracellular domain is dominated by four a@ustof low-density lipoprotein-receptor
type A repeats that compose ligand binding regi@msto, Pietromonaco, Loo et al. 1994).
The sequences in the cytoplasmatic tail are predumenediate the receptors endocytosis by
interaction with adaptor proteins such as ARH, Da?l GIPC (Saito and Sato, 2010).
Additionally, the cytoplasmic tail may be involvéd apical assembly of megalin and even

provide signal transduction when disassociated ftsenmembrane by-secretase (Willnow,
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Nykjaer, Herz 1999). Megalin also interacts witkracellular adaptor proteins such as ARH,
Dab2, and GIPC. Dab2 binds to motor proteins, myadi, and NMHC IIA, which may
mediate endocytic trafficking of the molecular cdexes through actin filaments. The
cytoplasmic tail of megalin is released from themmbeane byy-secretase and is involved in
intracellular signal transduction (Saito and Safi,0) Eigure 2).

Cubilin, is a 460 kD glycoprotein which is identida the intestinal intrinsic factor
receptor. It holds no transmembrane domain (Mopstkozyraki, Kristiansen et al. 1998).
Regarding its structure it has only minimal confaynto other known endocytic receptors. In
addition, cubilin does not comprise any observaiies for interaction with mediators (e.g.
adaptor proteins) of clathrin-dependent endocyto$tse extracellular domain is mostly
determined by 27 complement subcomponents, theCT4rMJegf, and by bone morphogenic
protein-1 (CUB) domains, which are assumed to ¢oriigand binding domains. The amino
terminal region appears to facilitate attachmerduitilin to the membrane.

In the kidney, megalin and cubilin are almost egilaly expressed in the proximal
tubules (Farquhar et al. 1995). But the two reaspto-localize in other tissues as well, in
particular in absorptive epitheliums, as the efitine of the small intestine (Birn et al. 2000),
the visceral yolk sac as well as the placenta. BM@e megalin is expressed in ependymal
cells, epididymis, oviduct, the choroid plexus,yabthic cells (inner ear), alveolar type II
cells, thyroid cells, the parathyroid hormone (PTddkcreting cells, the endometrium, the
ciliary epithelium (eye), and embryonic tissues €@ty et al. 1994). In comparison, the
distribution of cubilin seems less extensive, etreugh it had been detected in the thymus

(Hammad, Barth, Knaak et al. 2000) as well as mesother tissues.

1.9 Regulation of megalin

Megalins cytoplasmic tail contains numerous comesiing phosphorylation sites including
four protein kinase (PK) C sites, eight casein &n&CK) Il sites and one PKA site (Saito
1994). All of these kinases are able to phosphteylae megalin tailn vitro. Recent studies
have shown that both CK Il and PKA are not ablphosphorylate the megalin taf vivo at

all and that PKC, although it was able to phospladeymegalinin vivo, does not play an
important role in the regulation of the receptagsycling and surface expression (Yuseff et

al. 2007). Those studies identified a proline-rigdgion within the cytoplasmic domain,

9



Introduction

featuring a conserved PPPSP motif. This PPPSP renifalso be found in the cytoplasmic
tails of LRP5/6 and other members of the low denigitoprotein receptor (LDL-R) family
(Tamai et al. 2004) and emerged to be the majoercheant of the megalin receptors
phosphorylation. It has been shown that this PPRS#f represents a Glycogen synthase
kinase 3 (GSK3) phosphorylation site and that &gtivof GSK3 is required for
phosphorylation of megalin. Furthermore it has beail established that inactivation of
GSK3 increases the cell surface levels of megalimbdifying its recycling efficiency and
thereby, cell surface distribution (Yuseff et 802).

- ng\N\/ %%
OO Cubilin

Amnionless

Plasma membrane

Figure 2: Megalin and its associated moleculesin PTEC.

Megalin interacts with the cubilin-amnionless coexpl(CUBAM), NHE3, and CICS5.
Megalin and CUBAM directly bind numerous ligandshexeas NHE3 and CIC5 facilitate
endosomal acidification in order to further procesglocytosed proteins (Saito and Sato,
2010, modified) J Biomed Biotechn@010;2010:403272.

10
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Glycogen synthase kinase 3 is a signaling molethde¢ participates in a variety of
signaling pathways, including those activated byt8¥/hedgehog, growth factors, cytokines
and G protein-coupled ligands (Wu and Pan 2010K¥8as first identified by Embi et al.
in 1980. Mammals express two isoforms, GSK®1 kDa) and GSKB (47 kDa) (Woodgett
1990).In the cell, GSKS is constitutively phospHatgd and thereby inactivated. In order to
get activated, the kinase must be dephosphorykt&er-21 (GSK3) or at Ser-9 (GSKB)
(Cross et al. 1995). Several studies have poirteant association of GSK3 dysregulation,
particularly hyperactivation, with various pathalog conditions, including diabetes mellitus,
obesity, inflammation, neurological disorders anchor development (Wada 2009; Rayasam
2009; Woodgett 2003). Thus, GSK3 inhibitors comgran interesting group of potential
therapeutics for human disease.

1.10 Albumin transcytosis throughout the alveolo-ca pillary barrier

After being taken up by the cell, proteins can aithe transported across the cell without
undergoing modifications (transcytosis) (Mehta Mmalik 2006) or they can be degraded by
lysosomes or proteasomes (Rivett 1990). Transeytissan actin-dependent process which
allows the cell to move selected substances betiveicompartments without affecting their
different compositions (Tuma and Hubbard 2003).effective inhibitor of vesicle movement
during endocytosis and transcytosis is phalloidieate, a membrane-permeable peptide
which binds polymeric F-actin, stabilizes it andugh impairs the function of actin-rich
structures (Stenbeck and Horton 2004; Vadasz, Mettyal. 2005). In a polarized cell
monolayer the molecule movement can occur from Isatbs (apical to basolateral or vice
versa) depending on the molecule and the spedfielation of the transport process. A well
established instance of transcytosis in epithekdls is the clathrin-dependent movement of
secretory immunoglobulin A (IgA) and its receptgAlR. IgA and IgA-R are conveyed from
the basolateral to the apical cell surface (Mostogt Deitcher 1986). Comprehensive studies
have been performed in Madine Darby canine kidM®CK) cells, describing particpation
of a minimum of three cell compartments for thisAdB transcytosis pathway. Those
compartments imply basolateral early endosomesreguént endosome and an apical
recycling endosome (Wang, Brown et al. 2000).
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Another compelling inhibitor of transcytosis is nemsin, an ionophore which
interrupts the structure of the Golgi apparatus #ns, inhibits vesicle-mediated transport
(Sakagami, Byron et al. 2002). Moreover, monensljuss the vesicle pH, disabling the
vesicle recycling to the cell surface (Hastingsightr et al. 1994). Albumin transcytosis has
been well documented in endothelial cells. Theaggolae seem to be the determining vesicle
carriers that are accountable for the transpomliofimin across the cell (Mehta and Malik
2006). In contrast, it remains uncertain whethéuadin transport across the epithelium is
facilitated by transcytosis or if aloumin is suligetto degradation.

The exact mechanisms of protein clearance fromalheolar space are incompletely
understood, though removal of excess protein fiogredveolar compartment is crucial for the
resolution of ALI/ARDS. Determining the pathways pfotein transport across alveolar
epithelia cells and the alveolo-capillary barrieaymeventually lead to novel therapeutic

approaches and contribute to an improved outcome.

1.11 Transforming growth factor- B as mediator of ARDS

Transforming growth factor (TGH)-is a cytokine, belonging to a family of growth and
differentiation factors and holding multiple furamts in a diversity of different organs
(Bartram and Speer 2004). T@Hs known for its capacity to modulate an arraycefiular
processes, among cell proliferation, differentiatiand apoptosis (Grande 1997). Three
isoforms of TGF3 are expressed, of which TGH-is most abundant in general as well as
most upregulated in response to tissue injury, ianehost involved in the development of
fibrosis (Singer and Clark 1999). Multiple celloduce TGF$1, including epithelial cells. It
is located at the cell surface as an inactive pescuActivation can be triggered by a number
of stimuli, such as plasmin, metalloproteinases @002), reactive oxygen species, radiation
and thrombospondin (Murphy-Ullrich 2000). Thesenstii facilitate the binding of TGF31
to the integrinuvp6, which is normally expressed at low levels butegplated in response to
injury and inflammation (Breuss 1995).

ARDS can be classified into three phasésaf early exudative phase of featuring
edema and inflammationii) a proliferative phase presenting with pneumodyperplasia
and proliferation of myofibroblasts; andiiiY a fibrotic phase implying collagen

agglomeration, progressive lung fibrosis and ofdiien of pulmonary microvasculature
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(Tomashefski 2000). In cases of persistent inflatrona fibroproliferation proceeds
continuously (Pugin et al. 1999). It has recentgem established that increased collagen
turnover and fibroproliferation occur within 24 hewf acute lung injury (Marshall 2000).
Since it is known for inducing procollagen generesgion (Kaminski 2000; Ghosh 2001) it
has been proposed that TGH-is a key molecule not only in the late fibropiedative phase
but also early acute injury (Fahy et al. 2003). Tgresence of active TGH1 in the
bronchoalveolar lavage (BAL) fluid of patients wiglarly ARDS (Fahy et al. 2003) implies
that activation of latent TGH1 induces the early increase in collagen turnovea murine
model of acute lung injury it has been demonstr#tatl activated TGPBL affected epithelial
permeability and promoted pulmonary edema (Pittetl.e2001), similar findings have been
described in human ARDS patients (Fahy et al. 2003)

The role of TGF-f as a mediator of ARDS and fibrosis is well dessibA
correlation between pulmonary fibrosis and fatalitystablished cases of ARDS has already
been determined (Martin et al. 1995). In fatal sdsag collagen content can increase 2- to 3-
fold (Fukuda et al. 1987). The mechanism by whi@FT affects protein clearance, thereby
impairing edema resolution and recovery, remaircdean.

1.12 State of the art

Previous studies performed by our group have detraied that aloumin clearance from the
alveolar space is an active process (Rummel 2007gse studies were performed in the
isolated, ventilated and perfused rabbit lung modelvell established model to investigate
epithelial transport and alveolo-capillary barrfanction, which has been used by several
groups in the past two decades (Seeger, Walmradh €094). The isolated rabbit lung is a
physiological model which enables to directly invgaste alveolo-capillary barrier function in
an intact ex vivo organ. Atrtificial ventilation and blood-free perfas allow stable
experimental conditions for several hours. This et@llows to precisely analyze changes in
alveolo-capillary barrier function in the absendeany input from the rest of the organism.
Vadasz et al. (2005) employed this model to ingesti the effect of thrombin on epithelial
barrier function. Since involvement of the coagolatpathway was excluded due to blood-
free perfusion, it has been demonstrated that thiordirectly leads to endocytosis of the

Na',K*-ATPase and thus, impairs edema resolution in ARID'S.
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To investigate protein transport across the atveabillary barrier*J-albumin was
deposited to the alveolar space by ultrasonic aérasion and tracer kinetics have been
detected by real-time measuremeiat y-detectors placed around the lungs and the pedusat
reservoir. Under physiological conditions (37 °@pout 30 % of-*1-albumin was cleared
from the lungs by the end of the experiment. By duamting experiments at different
temperatures, we established that movemehteéilbumin from the alveolar to the vascular
space is a temperature-dependent prodagar(e 3). At 4 °C the albumin transport rate has to
be facilitated by passive movement, since activegsses are shut down at this temperature
(Rutschman, Olivera et al. 1993). Passive epithptieacellular transport of small solutes was
assessed byH]mannitol clearance from the lung and was notciéfe by low temperature.
These previous data established that the main piopf **3-albumin transport was active
(~88 %).

To further elucidate the characteristics of protelearance, FITC-albumin was
administered to the vasculature and the flux ofG=Albumin into the alveolar space was
measured (Rummel 2007). Only 6 % of the appliedC-&lbumin was detectable in the
alveolar compartment of the lung. Furthermore, ghme transport rate was detected when
experiments were conducted at 4 °C, indicating Ha&C-albumin movement was facilitated
by passive paracellular transport. These data dstrad@ a uni-directional transport of
albumin from the alveolar space to the vasculature.

To prevent albumin from undergoing degradatiootgase inhibitors were nebulized
into the isolated rabbit lung. Inhibition of metalland serine-proteases by administration of
EDTA (Chiancone, Thulin et al. 1986) and AEBSF (huand Sansone 1994) had no effect
on *#-albumin transport across the alveolo-capillaryriea (Rummel 2007), suggesting that
albumin is taken up intact by the alveolar epitinali
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Figure 3: I-albumin clearance from isolated, ventilated and perfused rabbit lungs is
inhibited by low temperature.

100 Lungs were maintained either

95 - at 37 °C (ed), 22 °C freen)
8~ g or 4°C plue) and A-
S 2 g5 albumin was deposited into
© £ the alveolar space.
£ 8 807 Elimination of the tracer was
2% 751 monitored over 120 minutes.
T8 701 22 T Counts were set at 100%
= 65 ~37C immediately after

60 l l l l l . nebulization of **3-albumin

0O 20 40 60 80 100 120 tracer.

. _ (Rumel 2007).
time (min)

To determine the mechanisms by which albumin whkerntaup by the alveolar epithelium,
further experiments were performed in cultured ntayers of human epithelial cells A549
(ATCC-No.: CCL-185). This cell-line is of human amearcinoma origin and represents a
well-characterized and excellent model system fonary alveolar epithelial type Il cells.
A549 monolayers were first treated with a 1000-fmidlar excess of unlabeled albumin and
subsequently incubated witf1-albumin to assess the effect of competition. i&ag@lbumin
significantly inhibited the uptake of the radio-#éddéd tracer, indicating a competitive
antagonistic effectHigure 4). The y-radiation that occurred in presence of native raliou
was considered as binding 6fl-albumin to the cell surface and therefore represbaseline

condition.

Figure 4: Uptake of **°I-albumin by human epithelial A549 cells was blocked by excess
native albumin.
Subconfluent monolayers of A549
were pre-incubated for 30 min in
2.07-= control absence or presence of excess native
-=- Native albumin albumin. **¥-albumin was applied to
the cells and uptake of the radio-
labeled protein was terminated after
2.5, 5, 10, 30 or 60 minutes from
cellular lysates by gamma-emission
counting. (n=4) **p<0.001, as
compared to control.
T T T T T T (Rummel 2007)
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These previous studies established that albumtiakiesn up intact by alveolar epithelial cells
and transported across the alveolo-capillary barfoie an active process. However, the
mechanisms by which albumin transport is undertdiare not been identified. Thus, we set
out to investigate the role of clathrin-dependemiiceytosis and the multi-ligand receptor
megalin in the physiological significance of albumransport. Moreover, we sought to
determine the mechanisms of albumin transport enpithophysiology of acute lung injury
with regard to the role of TGB1.

1.13 Aims of the study

In the present study we set out to answer theviatig questions:

- What are the mechanisms of albumin transport under physiological

conditions?

» Is albumin transport across the alveolo-capillaayrier mediated by the multi-

ligand receptor megalivia clathrin-dependent endocytosis?

- What are the mechanisms of impaired albumin transport in the
pathophysiology of ALI/ARDS?

* Does TGFB1, a mediator of ALI/ARDS, affect albumin transpaxtross the
alveolo-capillary barrier?

o If albumin transport is dysregulated by T@E; what are the underlying
mechanisms?

* How can one interfere with the effect of TGE-on albumin transport in the

lung?
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2. Material and Methods

2.1 Cellular experiments

To understand the mechanisms by which albuminkisntaip by alveolar epithelial cells and
transported across the alveolar epithelial monolaye conducted cellular transport studies.
We isolated primary alveolar type Il cells fromgand employed cultured rat lung epithelial
cells (RLE-6TN; ATCC-No.: CRL-2300). The RLE-6TNafr lung epithelial-T-antigen
negative) cell line is derived from rat alveolapayll cells which were isolated from a 56 day
old male F344 rat by using airway perfusion withranase solution. At passage 5, alveolar
type Il cells were transfected with SV40 (pRSV-T BNby lipofection. Expression of the
SV40-T antigen was negative by nuclear immunostgiind by PCR, indicating these cells
were derived by a spontaneous immortalization. €ak line exhibits characteristics of
alveolar type Il cells such as lipid-containing lirson bodies (phosphine 3R staining and
electron microscopy) and expression of cytoker@tamd 19. The cells do not express alkaline
phosphatase activity. Also, expression of sevenahwtactic cytokines by RLE-6TN cells
was reported to be similar to that of primary crdtuof alveolar Type Il cells (Driscoll et al.
1995).

2.1.1 Isolation of alveolar epithelial type Il cells from rat lungs

The lungs from male Sprague Dawley (SD) rats (260-¢) were perfused at 37 °C with

* Solution A: 0.9 % NaCl
0.1 % glucose
30 mM HEPES
6 mM KCI
0.1 mg/ml streptomycin sulfate, 0.07 mg/ml penigcilb
0.07 mg/ml EGTA
3 MM NaHPO,
3 mM NaHPO,, pH 7.4
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The lungs underwent lavage 8 to 10 times at 37siGgu

e Solution B: Solution A
3 mM MgSQ
1.5 mM CaC}

The lungs were digested by instilling 7 — 8 ml &ae (3 U/ml in solution A) at 37 °C and
incubating for 12 — 14 min. This process was reggbat/o times. After chopping with scissors
for several times, the cell suspension was mixeti W00 mg/ml DNase |, incubated for 5
min at 37 °C with gentle rotation, and filteredatigh 160 and 37 mm nylon mesh once, and
15 mm nylon mesh twice. The cells were incubatedwo rat IgG-coated polystyrene
bacteriological 100 mm Petri dishes (1.5mg rat &) sequentially at 37 °C, 30 min each.
The unattached cells were centrifuged at 250 @ fmin and resuspended with 10 ml

e Solution C: RPMI 1640 Medium containing
25 mM HEPES
1% FBS
100 mg/ml DNase |

at a concentration of 10 ~ 20 ®1¢ells/ml. To remove the remaining macrophagesgétis
were incubated with rat IgG (40 mg/ml) at room temgpure for 15 min with gentle rotation.
After being washed twice with solution C, the cellsre incubated with sheep anti-rat 1gG
magnetic beads (100 ml/rat) for 15 min at 41 °Ce Beads were removed by a magnetic
device. To remove leukocyte and AEC | contaminatjdhe cells were incubated with anti-
LC (40 mg/ml) and rabbit anti-rat Tla (40 mg/ml) 4t °C for 40 min, followed by
incubation with goat anti-mouse IgG Dynabeads (bhOrat) and goat anti-rabbit IgG
BioMags beads (500 ml/rat). After removing the lsedte resultant cells were used for the
evaluation of cell yield. Subsequently, primary Agells were plated on permeable supports
(Figureb).
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Figure5: Rat primary ATII cellson permeable supports.
After isolation, rat primary alveolar epithelialpy 1l cells were plated on permeable supports
and allowed to form tight monolayers.

2.1.2 Cell culture

Cells were incubated in a Haereus cell culture hator (Haereus Instruments, Hanau,
Germany) at a temperature of 37 °C, 80 — 90 %iveldtumidity and 5 % carbon dioxide in
air atmosphere. Primary rat alveolar type |l celéxe cultured on permeable supports with a
pore size of 0.4um (BD Falcon cell culture inserts; Fisher scienti@mbH) for six well
tissue culture plates (Cellstar; Greiner Bio-Ongckenhausen, Germany) in RPMI 1640
Medium containing 25 mM HEPES, 1 % FBS and 100 m@hase |, medium was changed
every other day and cells were used for experimentgay four and day seven. RLE-6TN

cells were cultured in

* Culture medium: Dulbecco’s modified Eagle’s medidami's F12 medium (
(DMEM/F12; GIBCO, Invitrogen, Karlsruhe, Germany
1 % [vol/vol] glutamine
1 % [vol/vol] penicillin/streptomycin (both from M Biotech,
Aidenbach, Germany)
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10 % [vol/vol] fetal calf serum (FCS; PAA Laborats,
Egelsbach, Germany)

in a 75 cMtissue culture flasks (Cellstar; Greiner Bio-Onéclkenhausen, Germany). For
subculturing, culture medium was removed and cekse rinsed in DPBS twice before
adding 2ml of 0.25 % trypsin-EDTA (PAN-Biotech, Aidbach, Germany) and incubating the
cells for another 5 min to enhance cell detachmBmachieve full cell detachment, cells were
resuspended in medium containing 1.5 ml fetal sattm (FCS) and 5 ml DMEM/F12 and
the suspended cells were transferred to a 15 el (BD Bioscience, Heidelberg, Germany)
and centrifuged in a Rotina 46 R centrifuge (HéttiKirchlengern, Germany) at 1200
revolution per minute at 15 °C for 10 min. The suma¢ant was discarded and the cell pellet
was resuspended in culture medium and cells werdeskein a ratio 1:10 in 75 értissue
culture flasks for further subculturing. For expeents cells of passage 5 to 12 were
employed and plated on permeable supports or &, cells used for experiments at day

two.

2.1.3 Protocol of cellular experiments

Primary rat alveolar epithelial cells were eitheed on day three as alveolar epithelial type I
cells (ATII cells) or on day seven as alveolar legiial type I-like cells (ATI-like cells). To
assess the tightness of the cell monolayer on énegable support transepithelial electrical
resistance was measured and only monolayers pirgerith a resistance of > 150% cn?

were used for experiments.
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Figure 6: Transepithelial electrical resistance measurement.

Tightness of the cell monolayers was assessed #&ysdpithelial electrical resistance
measurement. Only monolayers presenting with atasie of > 1500/ cnt were used for
experiments.

Media was removed from the cell culture plates @énedpermeable supports. Then cell layers

were rinsed briefly with

» DPBS-G: Dulbecco’s phosphate buffered saline (DFB&N Biotech,
Aidenbach, Germany)
0.1 mM CaC} dihydrate (Calbiochem, San Diego, USA)
0.5 mM MgChL 6H,0O (Sigma, St. Louis, USA)
5mM glucose (Sigma, St. Louis, USA)

Cells were then pre-incubated for 10 min with 1.4 oh DPBS-G followed by a pre-
incubation with pharmacological agents or their igigls. Applied agents and details of
treatments are describedTiable . After treatment of the cells with these substan@é@0ul

of DPBS-G containing®J-albumin was applied to the cells in presence lwseace of the
prior mentioned agents. To assess transepithetiasport of**@-albumin buffer samples
were taken from the basolateral side of the perteeaipport after 30 min. Then experiments

were terminated by aspiration of the medium andtiahdof ice-cold DPBS. The cell layers
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were washed thoroughly with ice-cold DPBS to remang residual tracer from the surface.

Afterwards cells were incubated with a

* Solution X: DPBS-G
0.5 mg/ml trypsin
0.5 mg/ml proteinase K
0.5 mM ethylenediaminetetraacetic acid (EDTA)

In order to lift them from the permeable suppoBBTA-trypsin) and to dissolvEl-albumin
bound to the cell surface (proteinase K). This samtuwas spun down in a centrifuge to
separate surface bourf®-albumin from **1-albumin which was taken up by the cells.
Samples were collected to asses binding, uptakerandepithelial transport df1-albumin
and quantified by-emission counting in a Packaratounter (Packard, Dreieich, Germany).

Tablel: Chemical agentsapplied in cellular experiments.

Application Agent Vehicle Concentration
Competitor BSA PBS 20 mg/ml
Competitor RAP H20 1uM
Transforming Growth Factorrecombinant human 4mM HCL 1pg/ml
TGF-p1 1mg/ml BSA
Inhibitor SB 216763 DMSO 30uM
serine protease Proteinase K PBS 0,5 mg/ml
serine protease Trypsin 0,5 mg/ml
metallo proteinase EDTA 0,5 mM
inhibitor
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2.1.4 Assessment of cell viability

Cell viability was assessed by the Trypan Blue @sioh dye method (Perry, Epstein et al.
1979). Cells were plated on permeable supportsesasritbed before and viability of control
cells and those exposed to drugs or their vehisi@s assessed by adding @0of Trypan
Blue solution (0.4 % [mass/vol] Trypan Blue in PBS)the culture medium. After 1-2 min
the number of dead cells, retaining in the dye, e@spared to the total number to calculate

mortality percentage.

2.1.5 Western blot analysis

Cells were cultured in six well tissue culture pitand treated with the drug or reagent at the
concentrations and time courses stated. At the adnleatment, cells were washed with
phosphate-buffered saline (PBS) and treated with an

* Cell lysis buffer: 50 mM Tris-HCI, pH 7.4
1 % Nonidet P-40
0.25 % sodium deoxycholate
150 mM NacCl
1 mMEDTA
1 mM phenylmethanesulfonyl fluoride
1 mM sodium orthovanadate (NéD,)
0.1 mM dithiothreitol
0.4 g/ml leupeptin and pepstatin.

After incubating the cells in lysis buffer for 10mates they were scraped from the plates and
the cell extract was stored at -20 °C until reqilir@rotein samples were subjected to
electrophoresis in 10 % SDS-polyacrylamide gel.aajed proteins were electroblotted to
PVDF membranes and the blot was blocked for 1rba@h temperature with

* Blocking solution: 0.1 % TBST

5 % fat-free dried milk powder.
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The blot was then incubated with a primary antib@d000 dilution) at 4 °C overnight. The
blot was washed three times for 10 minutes with @1TBST and incubated with a
horseradish peroxidase-conjugated (HPR-conjugaseddndary antibody (1:2000 dilution
with 5% fat-free dried milk in 0.1 % TBST, blockirsglution) for 1 h. The blot was washed
again three times for 10 minutes and then incubaiti¢idl ECL Western blotting detection
reagent (GE Healthcare). If stripping was requitleel following procedure was carried out;

the membrane was incubated in

e Stripping buffer: 100 mM 2-mercaptoethanol
2 % SDS
62.5 mM Tris-HCI, pH 6.8

at 50 °C for 30 min with occasional agitation, éolled by washing the membrane in a large
volume of 0.1 % TBST and blocking of the membrame I h in blocking solution at room
temperature. The antibodies used were as folloaisbit polyclonal anti-rat p-GSKa&#3,
S21/9 (catalog number 9331; Cell Signaling Techgiel®; rabbit polyclonal anti-rat GSK-
a/p (catalog number 5676; Cell Signaling Technologieabbit polyclonal anti-rat megalin
(H-245) (catalog number 25470; Santa Cruz bioteldgyy); goat anti rabbit IgG (catalog
number 7074; Cell Signaling TechnologieS)able 11). Bands were analized by density

measurement in ImageJ.

2.1.6 Fluorescence microscopy

Cells were plated on cover slips and preparedifimréscence microscopy at day three or day
seven. Medium was aspirated and replaced with DB8B&fter 10 min of pre-incubation,
pharmacological agents were applied and subseguéitil ug/ml albumin-fluorescein
isothiocyanate conjugate (FITC-albumin) (catalognber 9771; Sigma Aldrich) was added
to the cells. After 30 min, cover slips were washigaroughly with ice-cold PBS for several
times and cells were fixed by adding a 1:1 mixtofracetone/methanol for 10 min at -20 °C.
After washing the cover slips three times they waoeked in Tris-buffered Saline containing
0.1 % of Tween 20 (TBST washing buffer) and 4 %ibewserum albumin (BSA) for 30 min
at room temperature. Cover slips were then incubaternight at 4 °C in rabbit polyclonal
anti-rat megalin (H-245) (catalog number 25470;t&&ruz biotechnology) in a 1:10 dilution
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in blocking solution. The next day cover slips werashed with 0.1 % TBST and incubated
in polyclonal donkey anti-rabbit cy3-conjugate setary antibody (catalog number AP182C;
Millipore) in a 1:100 dilution in blocking solutiofT able 11). Nuclei were stained with 4',6-
diamidino-2-phenylindol€DAPI) ( catalog number D21490; invitrogen), a miclacid stain,
and cover slips were plated on glass slides wittoréiscent mounting medium (catalog
number 3023; Dako). Analysis was undertaken bygusirfluorescence microscope (Leica
DMLA Q550/W; Leica Microsystems), a digital camd2C 300 FX; Leica Microsystems)
and software (Q-Win; Leica Microsystems). Uptakdé-tfC-albumin was detected by density

measurementia microscopic software (Q-Win; Leica Microsystems).

Tablell: Antibodies used for western blot analysis and fluor escence microscopy

Antibodies Sour ce Application Dilution
megalin (H-245) rabbit polyclonal IgG WB, IF 1: 100
Phospho-GSK-& rabbit polyclonal IgG WB 1:2000

(Ser21/9)
GSK-3u/p rabbit monoclonal 1IgG WB 1:2000

(D75D3) XP™

anti-rabbit 1gG goat polyclonal IgG WB 1:1000
HRP-conjugated

anti-rabbit 1gG donkey polyclonal IgG IF 1:100
(cy3-conjugate)

2.1.7 RNA interference of megalin

RLE-6TN cells were plated on permeable supportsower slips and cultured until they were
40 — 60 % confluent. Medium was removed and cedisevincubated in 2 ml of DMEM/F12

without any supplements. Rat megalin siRNA (catalmgmber 108041, Santa Cruz
Biotechnology) consisted of three target-specifle tb 25-nt SIRNAs and the siRNA negative
control contained a scrambled sequence (siRNA-Aaleg number 37007; Santa Cruz

Biotechnology) and a cy3 labeled negative contraswsed as transfection control (Silencer
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cy3 labeled negative control, catalog number AM J462@mbion). The siRNA-transfection
reagent complexes, consisting ofubRat megalin siRNA (catalog number 108041, Santa
Cruz Biotechnology) and Al RNAiI max lipofectamine (catalog number 56531;iirogen)

in DMEM/F12 were incubated for 30 min at room temgpere and subsequently added to the
washed cells. Cells were incubated in normal agliuce conditions for 6 h, and then fresh
normal growth medium containing 10 % FCS but nabéstics was added to maximize cell
growth and prevent potential cytotoxicity. After B4f transfection cells were used to assess

albumin uptake.

2.2 Theisolated, ventilated and perfused rabbit lung model

For physiological trials the isolated, ventilatedlgerfused rabbit lung model was used. This
model is well established for pulmonary researath fzals been expansively used by our group
and others in the past twenty years (Seeger, Wdlnetaal. 1994). This model permitted us to
explore alveolar epithelial barrier function in a@mact ex vivo organ. Due to artificial
ventilation and blood-free perfusion experimentaldde performed under stable conditions
for several hours which enabled us to directly nwnchanges in alveolo-capillary barrier
function lacking any contribution from the resttbé organism. A graphic description of the

isolated, ventilated and perfused rabbit lung maglélustrated inFigure 7.
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Figure 7: Schematic depicture of theisolated, ventilated and perfused rabbit lung model

This scheme shows the isolated lung on a forcesdiaaer. Artificial respiration is illustrated
by a schematic assembly of the ventilation cir¢intluding ventilator, nebulizer and air
reservoir). The perfusion of the organ is drivenabperistaltic pump. Lungs and perfusate
reservoir are surrounded by gamma detectors. Datgp@cessed by a personal computer
while the high voltage supply is delivered from eparate personal computer with an
integrated power support.
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2.2.1 Isolation of the rabbit lung and incorporation into perfusate and

ventilation circuit

Lungs were isolated from adult male rabbits (NevalZed White, Charles River, Sulzfeld,
Germany) weighing 3.0 £ 0.5 kg. An initial bolusagproximately 0.3 — 0.5 ml of a mixture
of xylazine (Rompun 20 mg/ml; Bayer) and ketamikketavet 100 mg/ml; Pfizer) in a ratio
of 3:2 was administered intravenously. Also 1000k8Jheparin (Sodium heparin-25,000-
ratiopharm, Ratiopharm) was applied for anticoatyoma Another 1 ml of anesthetics was
administered progressively during a period of thm@autes to ensure adequate anesthesia
while still allowing spontaneous breathing. Animadsre brought in a supine position. About
8 — 10 ml lidocaine (Xylocain 2 %, 20 mg/ml; Asteaeca) were applied subcutaneously into
the ventral area of the neck for local anesthekiskim and tissue. After a median incision
from chin to cranial thorax the trachea was uncedeby blunt dissection and partially
transected, and a tracheal cannula with an inreenetier of 2 mm was inserted. Thereafter,
animals were artificially ventilated with room a#&nother median incision from the cranial
thorax to the caudal end of the thorax includirgyrall part of the upper abdomen and a mid-
sternal thoracotomy were performed after the xygphmwbdcess was fixed by a clamp and the
diaphragm was dissected. To expose the heart andstendant aorta and the pulmonary
trunk, parts of the parietal pleura, the thymus anart of the pericardium were removed and
the apex of the heart was clamped. A movable thveasl placed around the aorta and the
pulmonary artery; a bolus of 3 ml ketamine/xylazwas applied intravenously and an
incision in the upper right ventricle was performes fluid-filled catheter of an inner
diameter of 3 mm was inserted into the pulmonatgrgrthrough the opening in the upper
right ventricle and fixed with a thread loop. Tled latrium was opened by removing the apex
of the heart and the descendent aorta was ligatedugh the pulmonary artery catheter, the
lungs were perfused with a blood-free buffer whingld a temperature of 4 °C at a perfusion
rate of 15 ml/min. The lungs, trachea and hearevexciseden blocfrom the thorax. The
mitral valves and thehordae tendinaevere removed from the heart and another perfusion
catheter with an inner diameter of 4 mm was plangeulthe left atrium via the left ventricle.
The second catheter was fixed by using a tobacoolpsuture (Mersilene; Ethicon) in a way
that allowed no leakage from the catheterizatid@ssand no obstruction of the pulmonary
circulation. At least 1 | of buffer was perfusedaigh the lungs to remove blood from the
system. After closure of the perfusion circuit fecirculation the perfusion rate was slowly
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increased from 15 to 100 ml/h. At the same timeperature was increased from 4 °C to 37
°C.

2.2.2 Artificial ventilation

After intratracheal intubation of the rabbit, spmm#ous respiration was replaced with
artificial ventilation with room air. A Harvard deabbit ventilator (Hugo Sachs Elektronik)
was used to facilitate steady gas exchange undep deesthesia. After the lungs were
isolated from the organism, room-air was suppleeemith 4.5 % C@to preserve the pH of
the recirculating buffer among 7.37 — 7.37. Téve vivo lungs were ventilated with a
ventilation rate of 30 breaths/minute, plateau gues was set at 7.5 mmHg (0 mmHg was
referenced at the hilum of the lungs) and a ratid:d referring to the ratio of inspiration to
expiration was used to hold up regular ventilatiGurthermore, positive end-expiratory
pressure (PEEP) was set at 2 mmHg to avoid atslsctdtogether resulting in a tidal volume
of about 6 ml/kg body weight which is consideredd protective (ARDSNet 2000).

2.2.3 Perfusion of the isolated lungs

A Krebs-Henseleit buffer (Elektrolytldsung 1IN; $grWiessner, Naila, Germany) containing
120 mM NacCl, 4.3 mKCl, 1.1 mM kRO, 2.4 mM Ca(l, 1.3 mM magnesium phosphate,
0.24 % [mass/vol] glucose and 5 % [mass/vol] hygiedtrylamylopectin (for plasma
expandation) was used to perfuse the lungs. AbBuhi2NaHCQ (Nabic 8.4 %, Braun) was
added to the buffer to preserve a pH of 7.35 —.7T8i& use of two independent reservoirs
allowed a perfusate change from one reservoir ® akher without interrupting the
circulation. The flow of the perfusate was provided a pump (Masterflex 7518-10; Cole
Parmer) at a flow rate of 200 ml/min. After crogsihe pulmonary artery and perfusing the
lungs, the perfusate departed through a cathedeeglin the left atrium to the “venous” part
of the circulation. To attune the left atrial press (LAP) a catheter was positioned in the
venous part of the system above the lung hilumk@ep the temperature of the perfusate at
37 °C, a thermostat-controlled water bath (Thermgdmix Braun) and a tube coil dipped
into an additional 37 °C water bath were installEol.monitor the pulmonary arterial pressure

(PAP), a pressure sensor was situated into thegmam artery, and an additional pressure
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sensor into the left atrium to measure LAP. As wallfilter of 0.2um mesh size (Pall
Cardioplegia; Terumo) was positioned into the datian system to elute residual cells or
pyrogenic aggregates. After the desired flow ratel@0 mil/min was reached and the
temperature was increased up to 37 °C, the filgstesn was detached and the buffer was
recirculated to perfuse the lungs and heart. Theawating buffer had a volume of 300 ml.
After the preparation was completed and the lungsewreely balanced from a force
transducer LAP was set at 2 mmHg. All through tkpeeiment, a bubble trap was installed

into the perfusion system to avoid air embolismghacirculation.

2.2.4 Nebulization

To deliver Substances to the alveolar compartménthe lung an ultrasonic nebulizer
(Optineb, NEBU-TEC) was incorporated into the imapon loop of the ventilator. To avoid
any contamination of the environment filters (Isar@ Filter S; Hudson) were installed in the
outlet of the inspiration and expiration loop. Ma@snents of the mass median aerodynamic
diameter assessed an average particle size ph8f2r aerosolized substances. Throughout a
10 minute aerosolization period an amount of 156.8-ml of aerosol was produced, and a
fraction (~ 60 %) of this aerosol (~ 1 ml) was deiped into the alveolar compartment of the

lung.

2.2.5 Radio-labeled Tracers

129-povine serum albumin (Perkin EImer) was appliediétect protein transport in the lungs.
The specific activity of the radio-labeled albumias 3uCi/ug protein and abouty€i (~
2ug) of albumin was deposited into the alveolar spdceing 10 min of ultrasonic
nebulization. And about 12Ci of [*H]mannitol (Perkin Elmer) was nebulized to detect

paracellular transport of small solutes.
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2.2.6 Measurement of Tracer Exchange

Four Gamma-detectors (Target System Electronia),dafivthem placed around the lungs and
two around the perfusate reservoir, were used tectfé-albumin. They were linked to an
automated high-voltage power supply which was ipomated into a personal computer
system with data processing. This system alloweditming of **3-albumin movement in
real-time. The JH]mannitol tracer kinetics were determined by samptirculating perfusate
at 0, 5, 10, 20, 40, 80, 120 min after nebulizateod was subsequently quantified by
scintillation counting in a Canberpacounter (Packard).

2.2.7 Calculation of Tracer kinetics

Gamma emission df3-albumin was recorded by gamma-detectors every 8@er the entire
time-course of the experiment. The starting pofrd tracer clearance measurement was set at
the end of tracer nebulization. At this time padiné amount of radiation in the lungs was
referenced to 100 % whereas the amount of radiatitime perfusate reservoir was referenced
to 0 %. Measurement of the area above the curveCjA#as used to calculate the clearance
rate from the lungs and transit into the perfubgtéhe following equation:

AAC =[(100-A) x T] - {[- (100-A) /e] x [1 —exp € x T)]}

2.2.8 Monitoring parameters

Catheters placed in the expiration loop of the iatior, the left atrium and the pulmonary

artery were used to detect ventilation pressure),(\&h atrial pressure (LAP) and pulmonary
artery pressure (PAP). To digitalize this signats edectromechanical pressure converter
(Combitrans, Braun) was installed. The weight of #x vivoorgan was measured and

monitored by a force transducer. Analog signalsewamplified and converted to digital

signals and the PlotIT 3.1 software (Scientific gdfaanming Enterprises, SPE, USA) allowed
an on-line graphical demonstration of LAP, PAP, &ffél weight on a personal computer.
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2.2.9 Experimental protocol in the isolated lung

After the perfusion rate was set to its final floate of 100 ml/min and the temperature
reached the physiological condition of 37 °C, wetech30 minutes to establish a steady state
condition. When all monitoring parameters remainedstant, we nebulized either 0.5 ml of
NaCl (vehicle) or 10ng of TGF$1 (diluted in NaCl) into the lung which resulted an
transient weight gain. After 30 minutes, when hasetonditions were re-established, we
aerosolized radiolabeled albumin to the alveolangartment. About 1 ml of fluid containing
129.albumin was deposited to the alveolar space,ltieguin a weight gain of ~ 1 g. The
movement of the radio-labeled albumin from the alaeto the vascular compartment was

detected by-counters for 120 minutes.

2.3 Statistical analysis of data

Numerical are given as meanstandard deviation (SD). Comparisons between twooigs

were made using an unpaired, two tailed Studertest Intergroup differences of three or
more experimental groups were assessed by using-avay analysis of variance (ANOVA)
with post hocNewman-Keuls multiple comparison test or Dunnett;t when values were
only compared to controls. Statistical significamaes defined ap < 0.05. GraphPad Prism 5
for Windows software (GraphPad Software; San Diég6A) was used for data plotting and

statistical analysis.
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3. Results

3.1 Mechanisms of albumin transport in physiology

3.1.1 Transport of albumin across the alveolar epit  helium is an active

process

In our studies we were employing primary rat aleedype Il and type I-like cells. From our
previous studies, which were conducted in the tsedlaabbit lung and in A549 cells, we
know that a 1000fold molar excess of native albufBSA) almost completely blocked
labeled albumin uptakgia competitive inhibition. To ensure same baselineddans in
primary epithelial cells, we used fluorescence nscopy to detect FITC-albumin uptake by
density measurement. We employed both ATIl and KKH- cells to investigate their
contribution to albumin uptake separately. Afteability of the epithelial cells was assessed
by phase-contrast microscopy (data not shown), gtected fluorescence in the cell. Pre-
incubation of the primary cells with native albumesulted in significant inhibition of FITC-
albumin uptake in ATII cells (decreased by 72.44.56 %) Figure 8) and in ATI-like cells
(decreased by 74.02 + 3.50 %)dure 9). These data not only demonstrate an active uptake
of albumin in alveolar epithelial cells, but an ahwement of both major cell types in the

alveolar epithelium.
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Figure 8. Uptake of FITC-albumin by primary rat alveolar epithelial type Il (ATII) cellsis
blocked by excess native albumin.

ATII cells were plated on cover slips and used dgperiments on day 3. Cells were pre-
incubated for 30 min in absence (A) or presencedBa 1000fold molar excess of native
albumin prior to incubation with p@/ml of FITC-albumin. FITC-albumin uptake was
assesseda density measurement. % 0.01; n=3.
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Figure 9: Uptake of FITC-albumin by primary rat alveolar epithelial type I-like (ATI) cells

is blocked by excess native albumin.

ATI cells were plated on cover slips and used fgpegiments on day 7. Cells were pre-
incubated for 30 min in absence (A) or presence dBexcess native albumin prior to
incubation with 50ug/ml of FITC-albumin for another 30 min. FITC-albumuptake was
assessed by density measurementp%9.001; n=3.

Former studies in the isolated rabbit lung (Rumg@d7), in which the membrane-
permeable inhibitor of actin cytoskeletal rearrangat and thus transcytosis, phalloidin
oleate (Stenbeck and Horton 2004) was pre-nebuliziedthe alveolar compartment, have
shown significant inhibition of the active transpoate of **1-albumin. Another potent
inhibitor of transcytosis, monensin (Sakagami, Byed al. 2002) had the same effect'oh
albumin transport across the alveolo-capillary iearsuggesting that transcellular trafficking
is involved in albumin clearance from the distal apaces (Rummel 2007). Since
fluorescence microscopy is not completapjective we additionally employed cellular
transport studies, which is a more reliable qugimif method due to detection piradiation.
Thus, we set out to investigate the specific meisinas of albumin clearance by conducting
cellular transport studies. Cells were plated amgable supports and allowed to form a tight
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monolayer as described in “Material and Methodsjaif, cells were used for experiments
either on day 3 (ATIl) or day 7 (ATI) after isolati. After pre-treatment with a 1000-fold
molar excess of unlabeled albumin for 30 minuté¥;albumin was applied to the cells for
antother 30 minutes. In detail, we sought to ingest the effect of excess native albumin on
129-albumin cell surface binding®3-albumin uptake by epithelial cells and transeglitd
transport across the epithelial monolayer. A mixtaf proteinase K and trypsin/EDTA was
used for detachment of the cells from the permesipbgports and to dissolve labeled albumin
which was bound to the cell surface of ATII and Aike cells. By centrifugation we
separated surface bound albumin from albumin whiak taken up by the cells. In presence
of a 100fold molar excess native albumin the bigdirf **3-albumin to the epithelial cell
surface was decreased by 71.4 £ 11.2 % in ATIbkcatid by similar amount in ATI-like cells

(Figure 10).
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Figure 10: Binding of **°I-albumin to primary rat alveolar epithelial typel (ATII) and type
I-like (ATI) cellswas strongly inhibited by excess native albumin.

ATII cells were used for experiments on day 3 (ATék day 7 (ATI). Cells were pre-
incubated in presence of excess native albuminsabdequently incubated witf1-albumin
for another 30 min. The amount of surface botfAdalbumin was assessed by detectiony-of
radiation. ***p<0.001; ** p<0.01; n=4.

After treatment of the epithelial cell monolayerghaexcess unlabeled albumin, uptake of
129.albumin by the cells was impaired by 92.8 + 2.4rATII cells and by 91.8 + 2.0 % in

ATl-like cells (Figure 11).
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Figure 11: Uptake of *°I-albumin by primary rat alveolar epithelial type Il (ATII) and type
I-like (ATI) cellsis blocked by excess native albumin.

Uptake of**I-albumin in absence or presence of excess unidlzbeimin was detected by
radiation. ***p<0.001; n=4.

Transepithelial transport df3-albumin, as assessed by taken samples from theldtaral

side of the permeable supports, was significandgrelased after pre-incubation with an
excess amount of cold albumin. Transepithelial momet was decelerated by 77.6 £ 4.8 % in
ATII cells and by 67.5 £ 15.2 % in ATI-like cell§igure 12). These data demonstrate that
albumin uptake by alveolar epithelial cells as wael transepithelial transport across the

alveolar epithelium is an active process which sagkace in both alveolar epithelial cell

types

1501 150~

Juny
o
o
1
=
o
<

o
?

o
<

(rel. values)

1251_albumin transport ATII
(rel. values)
1251_albumin transport ATI

0 T T 0 T T
3
(,\\J}O\ @6?“ (\\\0 6?‘
O O
O @)

Figure 12: Transepithelial transport of *®|-albumin across monolayers of primary rat
alveolar epithelial type Il (ATII) and type I-like (ATI) cells is blocked by excess native
albumin.

ATII cells were used on day 3 (ATII) or day 7 (ATThe amount of?3-albumin which was
transported across the epithelial monolayer (ireabs or presence of an excess amount of
BSA) was assessed by measurementrafiation. ***p<0.001; **p<0.01; n=4.
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3.1.2 Albumin uptake in the alveolar epithelium is mediated by megalin

via clathrin-dependent endocytosis

Endocytosis of albumin by alveolar epithelial cellas been proposed as a possible
mechanism for protein clearance from the alvegbace (Kim and Malik 2003). In former
studies of our group A549 cells were pre-treatetth wie two clathrin-dependent endocytosis
inhibitors phenylarsine oxide (Visser, Stevanovicak 2004) and chlorpromazine (Wang,
Rothberg et al.1993) which markedly inhibit&dl-albumin uptake (Rummel 2007). These
findings strongly suggest that clathrin-dependertoeytosis is required for albumin uptake
in Ab549 cells. In isolated rabbit lungs inhibitioof clathrin-dependent endocytosis by
application of aerosolized phenylarsine oxide ahtbrpromazine resulted in a significant
decrease in activé®l-albumin transit from the alveolar epithelium tdet vascular
compartment (Rummel 2007). These data accordedfarther studies which had shown that
FITC-albumin uptake requires clathrin-dependentoegtbsis in RLE-6TN cells (Yumoto et
al. 2006). Clathrin-dependent endocytosis is aptecenediated process. In the last years the
two endocytic receptors megalin and cubilin emerggede most important for the binding
and uptake of albumin in the kidney's eptheliallscelf the proximal tubules (Birn and
Christensen 2006). Megalin and cubilin are dependsn each other regarding their
expression on the cell surface as well as theictfan. However, megalin seems to be the one
responsible for albumin uptake, since only megdadia a transmembrane domain (Verrroust et
al. 2002). It has already been proposed that thetiion of megalin and cubilin is required for
FITC-albumin uptake in RLE-6TN cells (Yumoto et 2006).

We were using primary ATIl and ATI-like cells tovestigate the involvement of
megalin in the binding, uptake and transepithefiahsport of albumin. Thus, we were
applying receptor associated protein (RAP) to s qrior to incubation with either FITC-
albumin or*?3-albumin. RAP is one of megalins many ligands whitinds megalin with
high affinity and therefore, by competition, palitieblocks albumin binding (Verroust et al.
2002). In our cellular transport studies RAP intgti**I-albumin binding by 50.1 + 4.5 % in
ATII cells and by 39.2 £ 11.8 % in ATI-like cell&igure 13).

Furthermore, RAP treatment inhibited the uptake F6TC-albumin by primary
alveolar epithelial cells by 54.8 + 9.8 % in ATRIts and by 64.2 £ 11.7 % in ATlI-like cells,
as assessed by fluorescence microscbmu(es 14 and 15).
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Figure 13: Binding of **I-albumin to primary rat alveolar epithelial typel (ATII) and type
I-like (ATI) cellsisinhibited by receptor associated protein (RAP).

ATII cells were used for experiments on day 3 (ATek day 7 (ATI). Cells were pre-
incubated with 1M RAP prior to incubation with®1-albumin. ***p<0.001; *p<0.05; n=3
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Figure 14: Uptake of FITC-albumin by primary rat alveolar epithelial typell (ATII) céellsis
impaired by Receptor associated protein (RAP).

ATII cells were pre-incubated in absence (A) orserece (B) of M RAP prior to incubation
with 50ug/ml of FITC-albumin. FITC-albumin uptake was asses by fluorescence
microscopy. p<0.05; n=3.
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Figure 15: Uptake of FITC-albumin by primary rat alveolar epithelial type I-like (ATI)

cellsisinhibited by Receptor associated protein (RAP).

ATI cells were pre-incubated for 30 min in abse(&gor presence (B) of M RAP prior to
incubation with 5Qg/ml of FITC-albumin. FITC-albumin uptake was as®&es by
fluorescence microscopyp0.05; n=3.

The uptake of**1-albumin was also assessed by conducting cellursport studies in
primary ATIl and ATI-like cells. After pre-treatmenvith RAP, the cell monolayers were
incubated with**1-albumin for 30 minutes. Application of RAP inhied the uptake of3-
albumin by 55.4 £ 7.7 % in ATII cells and by 36.5 % in ATI-like cells Figure 16).
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Figure 16: Uptake of *°I-albumin by primary rat alveolar epithelial type Il (ATII) and type
I-like (ATI) cellswas partially blocked by RAP.

ATII cells were plated on permeable supports aretldsr experiments on day 3 (ATII) or
day 7 (ATI). Cells were pre-incubated in absencpresence of @M RAP prior to incubation
with *#3-albumin. Uptake of*?3-albumin was assessed by detection yefadiation.
*** p<0.001;*p<0.05; n=4.

Pre-incubation of the cells withul RAP prior to the application df?-albumin resulted in
decelerated transepithelial transport rates. Trtisdial movement slowed down by 55.02 +
4.987 % in ATII cells and by 37.18 + 1.769 % in Allde cells Figure 17). Altogether these
data suggest that albumin uptake by alveolar epatieells as well as transepithelial transport
across the alveolar epithelium is a receptor-mediarocess which involves the multi-ligand

endocytic receptors megalin and cublin.
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Figure 17: Transepithelial transport of **|-albumin across monolayers of primary rat
alveolar epithelial typell (ATII) and type|-like (ATI) cellsis partially blocked by RAP.

ATIlI and ATI-like cells were pre-incubated witlul! RAP and subsequently incubated with
129_albumin. The amount of*1-albumin which was transported across the epiheli
monolayer was assessed by measurementadiation. ***p<0.001; n=4.
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To further elucidate the role of megalin as a pidéneceptor for aloumin endocytosis in the
alveolar epithelium, we evaluated the effect oérsiing the megalin gene. We employed a
cell line with high transfection efficiency, compdrto that of primary alveolar epithelial type
Il cells, the RLE-6TN cell line. This cultured cdihe was already evaluated as ianvitro
model system for alveolar epithelial cells (Yumetoal. 2006). RLE-6TN cells were shown
to have some characteristic features of alveolpe tif epithelial cells, such as alkaline
phosphatase activity and the expression of cyttiket® mRNA. To ensure we see the same
base-line conditions in RLE-6TN cells as we sawoum primary alveolar epithelial cells, we
evaluated the effect of an excess amount of nalivemin on the uptake of labeled albumin.
When cells were pre-incubated with a 1000-fold mebcess of cold albumin, the binding of
129-albumin to the cell surface was inhibited by $9483.53 % Eigure 18).
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Figure 18: Binding of **°I-albumin to RLE-6TN cellsis blocked by excess native albumin.

RLE-6TN cells were plated on permeable supportsumed for experiments on day 7. Cells
were pre-incubated in absence or presence of a-fbldGnolar excess of native albumin
prior to incubation with?3-albumin. The amount of surface boufid-albumin was assessed

by detection of-radiation. ***p<0.001; n=4.

The effect of excess native albumin on uptake lo¢lied albumin by RLE-6TN cells was also
assessed by using fluorescence microscopy additiorallular transport studies. The uptake
of FITC-albumin by RLE-6TN cells was decreased By6&8 + 5.53 % when cells were pre-

incubated with excess native albumiigure 19).
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Figure 19: Uptake of FI TC-albumin by RLE-6TN cellsis blocked by excess native albumin.
RLE-6TN cells were plated on cover slips and usedkperiments on day 7. Cells were pre-
incubated for 30 min in absence (A) or presence dBexcess native albumin prior to
incubation with 50ug/ml of FITC-albumin. FITC-albumin uptake was assesby density
measurement. ¥<0.01; n=3.

In cellular transport studies we assessed theteffeexcess native albumin on the uptake of
129.albumin by RLE-6TN cells. As expected, a 100Gdfaoholar excess of cold albumin
strongly inhibited the uptake 6f3-albumin, namely by 92.0 + 2.4 %igure 20). The effect

of excess native albumin on transepithelial trantspi*>-albumin across the cell monolayer
was also similar to our findings in primary alvao&pithelial cells. In RLE-6TN cells the
transport rate was slowed down by 43.8 £ 5.9 %r aftmtment with excess native albumin
(Figure 21). These data suggest that the RLE-6TN cell linanisappropriate model for our
studies. Since their behavior is similar to that Afll cells, we can assume the same

underlying mechanisms for albumin endocytosis amalstytosis.
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Figure 20: Uptake of **°|-albumin by RLE-6TN cells.

RLE-6TN cells were pre-incubated for 30 min in alzseor presence of a 1000-fold molar
excess of unlabeled albumin prior to incubatiorhvffl-albumin. **3-albumin uptake was
assessed by measuremeng-oddiation. ***p<0.001; n=4.
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Figure 21: Transepithelial transport of **|-albumin across monolayers of RLE-6TN cells.
RLE-6TN cells on permeable supports and used fgreements on day 7. Cells were
incubated in absence or presence of a 1000-folcarmekcess of cold albumin prior to
incubation with**1-albumin. The amount of*-albumin which was transported across the
epithelial monolayer was assessed by measuremesadfation. ***p<0.001; n=4.

After we established that RLE-6TN cells presentwgiédme characteristics as primary alveolar
epithelial cells we transfected them with rat megaiRNA (Santa Cruz Biotechnology),
which consisted of three target-specific 19- ton25siRNAs to silence megalin gene
expression. In addition we transfected a scrambtaurol siRNA (siRNA-A, Santa Cruz
Biotechnology) or cy3 labeled negative control siR{Gilencer cy3 labeled negative control
siRNA, Ambion). We were plating RLE-6TN cells onveo slips and used them for

transfection on day 6. Using fluorescence microgomp established transfection efficiency,
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eight out of ten cells were successfully transiéatith cy3 labeled negative control siRNA
after 24 h of transfectiorF{gure 22). In addition, we harvested the cells and perfalgel
electrophoresis and western blot analysis, usiraphit polyclonal anti-rat megalin antibody
(H-245, santa cruz biotechnology) and goat antiitabgG (catalog number 7074; Cell
Signaling Technologies) detect protein expressioRigur 22).
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Figure 22: RNA interference of megalin in RLE-6TN cells.

The upper panel illustrates efficiency of transfacivith cy3 labeled negative control siRNA.
Transfection with 5¢M rat megalin siRNA (lower panel) resulted in desed expression of
megalin (600 kDa) after 24 hours as assessed bgmddot analysisa = 3.

After 24 hours of transfection we applied FITC-atbo to the megalin knockdown cells.
After fixation the cells were incubated with rabpitlyclonal anti-rat megalin antibody (H-
245, santa cruz biotechnology) and used a donkbglpoal anti-rabbit antibody which was
cy3-conjugated (AP182C; Millipore) for detection bynmunofluorescence. Megalin
expression was reduced by 76.5 + 4.8 % after gieecsig by RNA interferenceF{gure
23). The uptake rate of FITC-albumin was reduced by & 5.2 % after gene silencing of
megalin Figure 24). Cells transfected with scrambled siRNA did nbbbw any significant

difference to controls, neither in megalin expressior in FITC-albumin uptake.
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Figure 23: Megalin expression in RLE-6TN cells 24 hours after gene silencing with
megalin SIRNA.

Megalin expression was detected by immunofluoreszefA) Untransfected control, (B)
transfected with 59M scrambled siRNA, (C) transfected with pl rat megalin siRNA, (D)
50 pM cy3-control siRNA. **p<0.001; n=3.

46



Results

= -
i«—) 150 n.s.
: —_—
)
i
c 7 1004 —F—
%S
5
22
§ g, 501 *kk
8 —F—
1)
e o -
N & &
oy & 2
N
S
&
L
90

Figure 24: FITC-albumin uptake by RLE-6TN cells 24 hours after gene silencing with
megalin SIRNA.

After transfection with rat megalin siRNA, cells mancubated with FITC-albumin. Uptake
of FITC-albumin was detected by fluorescence mmopy. (A) Untransfected control, (B)
transfected with 5¢M scrambled siRNA, (C) transfected with p¥ rat megalin siRNA.
*** n<0.001; n=3.

We also knocked down megalin in RLE-6TN cells whieére plated on permeable supports
to conduct cellular transport studies and assesing, uptake and transepithelial transport of
129.albumin. Cells were transfected with rat megaiRNA on day 6 and experiments were
conducted on day 7. Albumin binding was blocked8By7 + 2.8 % after gene silencing of

megalin Figure 25).
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Figure 25: Binding of *®I-albumin to RLE-6TN cells was blocked by gene silencing of
megalin.

RLE-6TN cells were plated on permeable supporsistiected with megalin sSiRNA on day 6
and used for experiments on day 7. Binding’afalbumin to the cell surface was assessed by
measuring-radiation, 30 minutes after administration. p&0.001; n=3.

129-albumin uptake by RLE-6TN cells was impaired t8/8+ 3.2 % after RNA interference
of megalin Figure 26).
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Figure 26: Uptake of **°I-albumin by RLE-6TN cells was significantly impaired by gene
silencing of megalin.

Uptake of **1-albumin was assessed by measuring thradiation of the cell lysate, 30
minutes after administration of labeled albumir 3% 0.001; n=3.
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Transepithelial transport across the RLE-6TN moyeravas decreased by 85.4 + 2.7 %
when megalin gene expression was silenced by Riekferenceigure 27).
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Figure 27: Transepithelial transport of **I-albumin across monolayers of RLE-6TN cells
after gene silencing of megalin.

RLE-6TN cells were plated on permeable supports wsetl for experiments on day 7. 30
minutes after administration df-albumin samples were taken from the basolatéda ef
the monolayer and the amount 6fl-albumin which was transported across the epitheli
monolayer was assessed by measurementadiation. ***p<0.001; n=3.

Silencing megalin gene expression by short interfee RNA resulted in significantly
reduced FITC-albumin uptake in RLE-6TN cells. Oeliar transport studies confirmed that
binding, uptake and transepithelial transport'tf-albumin was strongly decelerated in
megalin knockdown cells. Transfecting the cellshwda siRNA negative control, that
contained a scrambled sequence had no signifidéatdt en albumin transport. Altogether
these data suggest that the multi-ligand endocygimeptor megalin facilitates albumin

transport across the alveolar epithelium.
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3.2 Mechanisms of impaired albumin transport in the pathophysiology

of acute lung injury and the acute respiratory dist ress syndrome

3.2.1 TGF-B1 impairs uptake and transepithelial transport of a lbumin

across the alveolar epithelium

TGF{ was identified a key mediator for ARDS and thenpotion of end-stage fibrosis (Fahy
et al. 2003). The initial step of fibrogenesis ®tpin-precipitation, which is unavoidable
linked to acute lung injury, since there the comidion of albumin increases up to 75-95 %
of the plasma level when it comes to pulmonary eddéhiagawa et al. 2008). A correlation
between pulmonary fibrosis and fatality in estdidi$ cases of ARDS has already been
described (Martin et al. 1995). However, whetheT & impairs protein clearance from the
alveolar space remains unclear.

We aerosolized a pathologically relevant conceiotnabf human recombinant TGF-
Bl (R&D systems) into the isolated, ventilated amulfysed rabbit lung. Subsequently we
deposited*®I-albumin to the alveolar space by ultrasonic nization. We detected®3-
albumin clearance from the alveolar compartmentdal-time measurement gfradiation.
When physiological saline was instilled into theduprior to*#3-albumin deposition, 29.8 +
2.1 % of radio-labeled albumin was cleared fromlthrey by the end of the experiment (120
min). Instillation of TGF-1 resulted in significantly decreasta-albumin clearance (15.3 +
0.7 %) Figure 28). As previously established by our group approxetya88 % of albumin
clearance is facilitated by active transport preessin conclusion, TGBL blocks 48.1 £ 0.4
% of total active transport capacity, as assesgeddasuring the difference between the areas
above the curve.

In cellular experiments we employed three differkmd of alveolar epithelial cell
monolayers and incubated them with a pathologia&lgvant concentration of TGB4 for
30 minutes. Afterwards we incubated them withi-albumin for another 30 minutes and
subsequently assessed binding, uptake and tramskgdittransport of the radio-labeled
albumin by measuring-radiation. In the rat alveolar epithelial celldirRLE-6TN, TGFS
reduced*®3-albumin binding to the cell surface by 73.9 606 , by 50.5 + 4.0 % in rat
alveolar type Il cells and by 61.3 + 8.6 % in ritealar type I-like cells compared to control

conditions Figure 29).
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Figure 28: *I-albumin clearance from isolated, ventilated and perfused rabbit lungs is
impaired by TGF- 1.

After establishing steady-state equilibrium (30 MINGF-B1 was applied to the lungs. After
another 30 min,**¥-albumin was deposited into the alveolar space aleyosolization.
Clearance of radio-labeled albumin was monitorad1f20 minvia y-detectors. The upper
panel illustrates relative values of activa-albumin transport, controls are set at 100 %. The
lower panel represents the original graph as obthinom real-time measurement of tracer

kinetics. ***p<0,001; n=6.
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Figure 29: Binding of **I-albumin to the cell surface of RLE-6TN, ATII and ATI-like cells
was impaired by TGF-p1.

Cells were plated on permeable supports, usedxfzeranents on day 3 (ATII) or day 7 (ATI
and RLE-6TN) and pre-treated withmg of TGF1 for 30 minutes prior to incubation with
129.albumin. Binding was assessedybsadiation. ***p<0,001;**p<0,01; n=3.

The effect of TGH1 on albumin uptake by alveolar epithelial cellsswassessed by
measuring the uptake 6f7-albumin byy-radiation. In RLE-6TN cells albumin uptake was
decreased by 47.4 £ 1.7 % after T@Ftreatment, in ATIl cells uptake was inhibited 4.6

+ 4.5 % and in ATI-like cells uptake was impaired $0.4 + 2.6 % compared to control

conditions Figure 30).
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Figure 30: Uptake of **I-albumin by RLE-6TN, ATIIl and ATI-like cells was impaired by
TGF-A1.

Cells were plated on permeable supports and useekferiments on day 3 (ATII) or day 7
(ATl and RLE-6TN). Cells were pre-treated with TGE-prior to incubation with'*3-
albumin. Uptake was assessedybadiation. ***p<0,001; n=3.

To assess the effect of TGH- on transepithelial aloumin transport, buffer skspwvere
taken from the basolateral side of the cell moneisyand the amount ¢f3-albumin was
detected. TGB1 reduced?-albumin transport rates in RLE-6TN cells by 66.6.8 % , by
68.7 + 3.0 % in rat alveolar type Il cells and &%+ 5.6 % in rat alveolar type I-like cells
(Figure 31) These data strongly suggest that the presende&s6f31 significantly inhibits

binding, uptake and transepithelial transport btiadin in the alveolar epithelium
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Figure 31: Transepithelial transport of **|-albumin across monolayers of RLE-6TN, ATI|
and ATI-like cells was significantly decreased by TGF-#1.

Cells on permeable supports were used for expetsramday 3 (ATIl) or day 7 (ATI and
RLE-6TN). Cells were pre-treated with T@®HE-for 30 minutes prior to incubation witfi-
albumin. Transepithelial transport was assessedrhgliation. ***p<0,001;**p<0,01; n=3.

Our cellular transport studies demonstrated thibitie effect of TGFB1 on binding, uptake
and transepithelial transport &¥1-albumin in alveolar epithelial cells. This effestas not

only visible in type Il cells but also in type |lewhich display 50 % of the alveolar
epithelium. These data suggest a direct involvensémGF{$1 in the decelerated albumin

clearance in ARDS patients
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3.2.2 TGF-B1 decreases megalin surface distribution

After treatment with a pathological relevant cortcation of TGFB1 for 30 minutes, we
detected megalin membrane distribution by immurastacence. In presence of TGE-
membrane abundance of megalin was significantlyeged compared to control conditions.
In RLE-6TN cells we saw a reduction by 43.1 + 6.9en cells were challenged with TGF-
Bl (Figure 32). In primary ATII cells megalin abundance was restliby 72.3 + 6.3 % after
TGF{1 treatment Kigure 33) and in ATl-like cells we saw a decrease by 82.2.9 %
compared to control conditionBigur e 34).
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Figure 32: Reduced megalin membrane abundance after TGF-£1 treatment in RLE-6TN
cells.

After treatment with 23 TGFf$1, megalin membrane abundance was detected by
immunofluorescence. (A) Control; (B) TGR; **p<0,01; n=3.
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Figure 33: Megalin membrane abundance after TGF-£1 stimulation in primary ATII cells.
After treatment with TGHB1 primary ATII cells were incubated with rabbit ardgt megalin
and cy3-conjugated donkey anti-rabbit IgG. Megatiembrane abundance was detected by
immunofluorescence. (A) Control; (B) TGR;; **p<0,01; n=3
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Figure 34: Decreased megalin membrane abundance after TGF-g1 challenge in primary
ATl -like cdlls.

After treatment of ATI-like cells with iy TGF{1, megalin membrane abundance was
detected by fluorescence microscopy. (A) Conti®); {GF{$1; **p<0,01; n=3
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3.2.3 TGF-B1 activates glycogen synthase kinase 3 (GSK3) in a time-

dependent manner

It has been well documented that glycogen syntkimsse 3 (GSK3) is the major regulator of
megalins’ surface expression in the cell (TamaileR004). Active GSK3 phosphorylates the
cytoplasmic region of megalin at a PPPSP motifralye modifies megalin’s recycling
efficiency and thus, decreases surface expresdidheoreceptor. GSK3 is constitutively
phosphorylated in the cell, representing the inacfiorm of the kinase. In order to get
activated, GSK3 needs to get dephosphorylated threreSer 21 -subunit) or Ser 9f¢
subunit). The more dephosphorylated the kinase tietsmore activated it will be. To assess
the effect of ARDS mediator TGFt on GSKS3 activity and thus, megalin cell surface
distribution, we challenged primary rat ATIl cellsith TGF$1 and detected GSKS3
phosphorylation over a time-course of 45 minutedsl I§sates were prepared for western blot
analysis at different time points (0, 1, 5, 10, 8, minutes after application of TGH,).
Blots were probed against rabbit polyclonal antipadospho-GSK3/3 (catalog number
9331; Cell Signaling Technologieand rabbit polyclonal anti-rat GSK#p (catalog number
5676; Cell Signaling TechnologiesOur blots clearly demonstrated a time-dependent
dephosphorylation of both GSK3 subunits under T@EFstimulation leading to activation of

the kinaseKigure 35).

a . 8 ‘ t‘ tj Phospho -GSK-3a (Ser 21)
R '} ¢ 'R T Phospho-GSK-3 B (Ser 9)
“ 5 u_B u t GSK-3a
~ - - - - GSK-3B

0O 1 5 10 20 45 Time (min)

Figure 35: TGF-f1 dephosphorylates GSK3- a/f in a time-dependent manner.

Primary rat alveolar epithelial type Il cells wereated withTGH31 over a time-course of 45
minutes. Cells were lysed at different time pomatsl GSK3 phosphorylation was detected by
gel electrophoresis and western blot analysiS
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3.2.4 Reduced megalin membrane abundance by TGF- B1-mediated GSK3

activation results in partially blocked albumin upt ake

To further elucidate the correlation between megatiembrane abundance and albumin
uptake we applied FITC-albumin to the cells betbry were fixed and incubated with rabbit
anti-megalin and a cy3-conjugated donkey anti-fialgié. By fluorescence microscopy we
detected FITC-albumin uptake and megalin membréo@aance in presence or absence of
TGF$1. In RLE-6TN cells, after TGB4 treatment, the membrane abundance of megalin
was reduced by 43.1 + 6.9 %, at the same time RIBOmMin uptake was inhibited by 60 +
6.2 % compared to control conditionSigure 36). In primary ATII cells the presence of
TGF{1 reduced megalin surface expression by 72.3 #/4.2nd therefore blocked FITC-
albumin uptake by 72.2 + 2.1 %iQure 37). Similar results were obtained from primary
ATlI-like cells, were we saw a reduction of megaiembrane abundance by 82.2 + 4.9 %
and an inhibition of FITC-albumin uptake by 62.B.6 % Eigure 38).

These data suggest a direct correlation betweehR-pfllGnediated GSK3 activation
and megalin membrane distribution. Activated GSK®gphorylates megalin, leading to

endocytosis of the receptor and to an impairedkeptd albumin.
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Figure 36. TGF-p1 mediated downregulation of megalin membrane abundance and
impaired FITC-albumin uptakein RLE-6TN cells.

Megalin membrane distribution in absence (A) ospree (B) of TGHB1 and FITC-albumin
uptake in absence (C) or presence (D) of B&F+**p<0,01; n=3
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Figure 37: TGF-p1 mediated downregulation of megalin cell surface expression and
reduced FITC-albumin uptakein primary ATII cells.

Megalin membrane distribution in absence (A) ospreee (B) of TGB1 and FITC-albumin
uptake in absence (C) or presence (D) of B&F-+*** p<0,001; n=3
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Figure 38: TGF-#1 induced downregulation of megalin membrane abundance and
decreased FI TC-albumin uptake in primary ATI-like cells.

Megalin membrane distribution in absence (A) ospreee (B) of TGB1 and FITC-albumin
uptake in absence (C) or presence (D) of B&F+**p<0,01; n=3
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3.2.5 Inhibition of GSK3 activity prevents the effe  ct of TGF- 1 on

albumin uptake and transport

SB 216763 (Sigma Aldrich) is a maleimide which lits GSK-31 and GSK-B in vitro.
Inhibition is facilitated by ATP competition (Cross et al. 2001; Smith et al0POand
selectivity of the inhibitor was established bytitgg it against 26 different kinases, none of
which were affected at concentrations where GSKS8 aleady significantly inhibited.

We plated alveolar epithelial cells on cover slipsated them with SB 216763 for 30
minutes and subsequently challenged them with BGFer another 30 minutes. By using a
rabbit anti-rat megalin antibody and a cy3-conjedailonkey anti-rabbit secondary antibody
we assessed megalin cell surface abundance by ioflnarescence. FITC-albumin was
administered to the cells for 30 minutes afterttremnt with the inhibitor and TGB1, uptake
of FITC-albumin by the cells was assess& density measurement. In RLE-6TN cells a
megalin surface abundance of 96.3 + 3.2 % and RIBOmIn uptake of 97 = 1.6 %-igure
39 and 40) was detectable when SB 216763 was applied gidFS1. In rat primary ATII
cells, pretreatment with SB 216763 restored a niregalface abundance of 98.5 £+ 8 % and a
FITC-albumin uptake of 97.9 £ 9.7 %iQure 41 and 42) after TGFB1 challenge. In primary
ATl-like cells, the inhibitor prevented the effeot TGF{f§1 and elevated megalin surface
expression to 95.8 + 24.6 % while .FITC-albuminalkgt was increased by 2.3 + 12.6 %
(Figure 43 and 44). The inhibitor alone had no significant effeciither on megalin

membrane abundance nor on FITC-albumin uptake.
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Figure 39: Inhibition of GSK3 prevents the effect of TGF-#1 on megalin surface

expression in RLE-6TN cells.

Megalin surface distribution in absence (A) or pre (C) of TGHB1, 3QuM SB 216763 (B)
and pretreatment with 38 SB 216763 before TGB1 challenge (D). **H<0,001; n=3
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Figure 40: Inhibition of GSK3 prevents the effect of TGF-#1 on FI TC-albumin uptake in
RLE-6TN cells.

FITC-albumin uptake in absence (A) or presenceof)GF{31, SB 216763 alone (B) and in
combination with TGH1 (D). *** p<0,001; n=3
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Figure 41: Inhibition of GSK3 prevents the effect of TGF-f1 on megalin surface
distribution in primary rat ATII cells.

Megalin surface distribution in absence (A) or pre (C) of TGHB1, SB 216763 (B) and
SB 216763 in combination with TG (D). *** p<0,001; n=3
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Figure 42: Inhibition of GSK3 prevents the effect of TGF-#1 on FI TC-albumin uptake in
primary rat ATl cells.

FITC-albumin uptake in absence (A) or presenceof)GF{$1, SB 216763 alone (B) and
combined with TGR1 (D). *** p<0,001; n=3
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Figure 43: Inhibition of GSK3 prevents the effect of TGF-#1 on megalin surface

abundancein primary rat ATI-like cells.
Megalin surface distribution in absence (A) or pre (C) of TGHB1, SB 216763 (B) and

SB 216763 with TG (D). *** p<0,00L; n=3
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Figure 44: Inhibition of GSK3 prevents the effect of TGF-#1 on FI TC-albumin uptake in

primary rat ATI-like cells.
FITC-albumin uptake in absence (A) or presenceof)GF{$1, SB 216763 (B) and
combined with TGR1 (D). *** p<0,001; n=3
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To confirm these findings we performed cellulangjport studies on permeable supports. We
pre-incubated our cells with the GSKS3 inhibitor 3B6763 before we challenged them with
TGF- 1, each for 30 minutes, and measured its effediioging, uptake and transepithelial
transport of**J-albumin. For these experiments, once again, RLE-@ells, primary ATII|
cells and primary ATI-like cells were employed.

In presence of TGFB1 only 27.9 + 3.8 % of?3-albumin was bound to the cell
surface in RLE-6TN cells; 47.4 £ 5,3 % in primaryIAcells and 38.3 + 7.0 % in primary
ATI-like cells, when compared to vehicle contraléhen GSK3 was blocked before TER-
application, 93.5 + 5.1 % df-albumin was bound to RLE-6TN cells; 90.1 + 5.5®%ATII
cells and 94.9 £ 5.7 % in ATI-like cell&igure 45).

Uptake of'*I-albumin by the cells was decreased to 51.7 #%4.8 RLE-6TN cells;
to 48.8 + 8.0 % in ATII cells and to 50.2 + 2.4 % ATI-like cells when TGF$1 was
applied. Inhibition of GSK3 prevented the effectT@dF- B1, uptake was elevated to 98.1 +
9.8 % in RLE-6TN cells; to 92.8 £ 5.3 % in ATIl telnd to 97.0 + 5.8 % in ATI-like cells.
(Figure 46).

Transepithelial transport df3-albumin after TGF1 challenge was decelerated to
35+ 5.4 % in RLE-6TN cells; to 28.5 + 2.5 % in ATklls and to 36.3 £ 5.9 % in ATI-like
cells. Inhibition of GSK3 abolished this effectansport rates were at 96.7 = 8.6 % in RLE-
6TN cells; at 94.8 +6.3 % in ATIl cells and at 9£6.8 % in ATI-like cells. Eigure 47).

The inhibitor, when applied alone, did not have awyeworthy effect on albumin
binding, uptake or transepithelial transport intlaitke cell lines.

These data are in line with our results from imnfluewescence and FITC-albumin
uptake, showing that the effect of TGF: on albumin uptake by alveolar epithelial cellsl an

albumin transport across the alveolar epitheliuquires activity of GSK3.
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Figure 45: Binding of **°I-albumin to RLE-6TN cells, primary rat alveolar epithelial typel|
(ATII) and type I -like (ATI) cells.

Cells were pre-incubated in absence or presencg0qfM SB 216763 prior to TGRBL
challenge. The amount of surface bouffd-albumin was assessed byradiation.
*** n<0.001; n=4
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Figure 46: Uptake of *°I-albumin by RLE-6TN cells, primary rat alveolar epithelial typel|
(ATII) and type I -like (ATI) cells.

Cells were pre-incubated for 30 min in absenceresgnce of SB 216763 and subsequently
challenged with TGHB1. **3-albumin uptake was assessedybpdiation. ***p<0.001; n=4
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Figure 47: Transepithelial transport of **°|-albumin across monolayers of RLE-6TN cells,
primary rat alveolar epithelial typell (ATII) and typeI-like (ATI) cells

The amount of?@-albumin which was transported across the epithetionolayer, with or
without pre-treatment with SB 216763, was assebgeeradiation. ***p<0.001; n=4
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3.2.6 Inhibition of GSK3 as a therapeutic approach

There are several pathways using GSK3 as a regukdme of them have been linked to
human disease. As a component of the Wnt and ttigeheg pathway, it is involved in cell
fate determination and morphology and thus, playsl@in several forms of cancer (Doble
and Woodgett 2003). Lithium, an unspecific inhibitd GSK3 (Stambolic et al. 1996), has
been used as a therapy for bipolar disorders foadkes. GSK3 has also been shown to play a
role in non-insulin-dependent diabetes mellitus @sdinhibition has ben discussed as a
therapeutic tool (Kaidanovic and Eldar-Finkelma®2)0

We have already established that GSK3 is involvethé mechanism by which TGF-
B1 impairs alveolar protein clearance in ARDS. WIBESK3 was inhibited by application of
the specific GSK3 inhibitor, SB 216763, the pregent TGF$1 had almost no impact on
albumin uptake and transport. To explore the useBP16763 as a therapeutic instrument in
ARDS, we applied the GSK3 inhibitor to epithelialls after TGF81 challenge and detected
its effect on megalin surface distribution and HalBumin uptake by immunofluorescence.

Treatment of RLE-6TN cells with SB 216763 aft€H- 1 stimulation resulted in an
elevated megalin surface expression of 99.0 £ 2dn8oFITC-albumin uptake of 90.9 £ 12.4
% (Figures 48 and 49).

We found similar results in primary ATII cells. \Wih SB 216763 was applied after
TGF{1 challenge, megalin abundance went up to 88.924%.and FITC-albumin uptake
elevated to 92.0 + 3.6 %-igures 50 and 51).

In ATI-like cells, megalin surface expression wastored to 93.4 = 5.4 % and FITC-
albumin uptake increased to 94.6 + 1.3 % aftertitneat with SB 216763Higures 52 and
53).
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Figure 48: Treatment with SB 216763 restores megalin surface distribution in RLE-6TN
cells.

RLE-6TN cells were treated with SB 216763 afterlleimge with TGFB1. Megalin
membrane abundance was assessed by immunofluoresd&p<0,001; n=3.
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Figure 49: Treatment with SB 216763 reverses the effect of TGF-#1 on FI TC-albumin
uptakein RLE-6TN cells.

RLE-6TN cells were first challenged with TGH-and subsequently treated with SB 216763.
FITC-albumin uptake was detected by fluorescen¢@<£0,001; n=3.
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Figure 50: Treatment with SB 216763 reverses the effect of TGF-£1 on megalin surface
distribution in primary ATII cells.

ATII cells were challenged with TGB% and treated with SB 216763, megalin membrane
distribution was assessed by immunofluorescencp<®001;n=3.
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Figure 51: Treatment with SB 216763 restores physiological FITC-albumin uptakein
primary ATII cells.

ATII cells were treated with SB 216763 after T@EFchallenge and FITC-albumin uptake
was detected by fluorescence microscopyp&®,001; n=3.
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Figure 52: Treatment with SB 216763 restores megalin surface expression in primary ATI -
like céells.

ATI-like cells were challenged with TGt and subsequently treated with SB 216763, we
assessed megalin membrane expression by immunedicemce. **p<0,001; n=3.
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Figure 53: Treatment with SB 216763 restores FI TC-albumin uptakein primary ATI-like
cells.

ATI-like cells were first challenged with TGFL and treated with SB 216763. FITC-albumin
uptake was detected by fluorescence microcopys &:01;n=3.
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To confirm these findings we plated our alveolaittegial cells on permeable supports and
conducted cellular transport studies to assesdrigndptake and transepithelial transport of
12y_albumin when cells were treated with SB 2167@8raf GF$1 challenge.

In RLE-6TN cells*®1-albumin surface binding was increased to 93.7.3:%
after SB 216763 treatment. In ATII cells the inkdbiincreased®I-albumin surface binding
from 52.2 £ 7.1 % (with TGIB1) to 92.6 £ 2.7 %. And in ATI-like cells the amauof
surface bound®-albumin went back to 93.9 + 1.3 % after applicatdf SB 216763Figure
54).

Uptake of'*1-albumin by RLE-6TN cells increased to 99.1 + 8t2after SB 216763
treatment. ATII cells presented with a decelerdf@dalbumin uptake of 57.3 + 6.6 % after
TGF$1 application and with an increased uptake rateB®b6 = 2.5 % after inhibitor
treatment. In ATl-like cells, SB 216763 restor&dl-albumin uptake to 92.3 + 4.3 %,
compared to controld={gure 55).

Transepithelial transporft3-albumin across the cell monolayer displayed aayksd
transport rate in RLE-6TN cells after TBE-challenge and was increased to 99.5 + 7.7 %
after inhibitor treatment. In ATII cells, transpevas elevated to 97.9 + 8.7 % when cells were
treated with SB 216763 after TGH- application. In ATI-like cells, treatment with eth
inhibitor increased transepithelial transport ta9805.2 % Figure 56).

The results of the cellular transport studies aréne with our microscopic findings
and may suggest a potential role for the specif8BK& inhibitor SB 2167663 as a novel
therapeutic substance in the therapy of acuteiljngy and ARDS.
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Figure 54: SB 216763 treatment after TGF-£1 challenge and its effect on *°I-albumin
binding to alveolar epithelial cells.

RLE-6TN cells, ATIl and ATI-like cells were treatedth SB 216763 after challenge with
TGF1. The amount of surface boutfd-albumin was assessed pyadiation. ***p<0,001;
n=4.
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Figure 55: SB 216763 treatment after TGF-£1 challenge and its effect on ?°I-albumin
uptake by alveolar epithelial cells.

Epithelial cells were challenged with TG#-and treated with SB 216763. Uptake BF-
albumin was assessed pyadiation.***p<0,001;**p<0,01;*p<0,05; n=4.
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Figure 56: SB 216763 treatment after TGF-£1 challengerestores transepithelial transport
rates of %I -albumin across monolayers of alveolar epithelial cells.

RLE-6TN cells, ATIl and ATlI-like cells were firsthallenged with TGB1 and subsequently
treated with SB 216763 before transepithelial fpansof **3-albumin was assessed by
radiation. ***p<0,001;* p<0,05; n=4.
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4. Discussion

4.1 The importance of protein clearance in ARDS

The acute respiratory distress syndrome (ARDS)layspmortality rates of up to 40 % in

approximately 200,000 critically ill patients inethUnited States annually. The clinical

disorders that can cause the development of ARREIde sepsis, pneumonia and major
trauma. ARDS is characterized by accumulation otgn-rich edema in the alveolar space,
which causes severe hypoxemia and impaired carlmadd excretion. The lung injury is

primarily caused by neutrophil-dependent and peit@épendent damage to the endothelial
and epithelial barriers of the lung. Resolutiondedayed because of the epithelial injury,
which prevents removal of alveolar edema fluid #metefore deprives the lung of adequate
guantities of surfactant (Matthay and Zemans 2001 )great importance is the clearance of
plasma proteins from the alveolar space. Sodiumfand is cleared from the lung quite

rapidly via active transport processes, leadingineased protein concentration in the
alveolar compartment. This increased concentratioprotein creates an oncotic gradient
which leads to a re-entry of fluid, thereby prewegt edema resolution. Moreover,

precipitates of excess protein can accumulate m dlveolar space and it has been
demonstrated that non-survivors of ARDS exhibitedfiold higher levels of precipitated

protein in their edema fluid than survivors of tiisease (Bachofen and Weibel 1977). In
addition, excess protein in the alveolar compartmmeay contribute to hyaline membrane
formation and promote lung fibrosis (Kobashi andnistae 1993; Tomashefski 1990). Thus,
resolution of alveolar edema is crucial for theigrats survival and better understanding of
the mechanisms by which proteins are cleared fioendistal air spaces may contribute to

find new therapeutic approaches and to improveaméc
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4.2 Albumin transport in primary alveolar epithelial cells is an active

process

Whether albumin transport across the alveolo-capilbarrier is an active process remains
controversial. Fluid-filled lungs have been useddecades to investigate transport properties
of the lung. Transport rates of albumin, which wassessed through this experimental model
vary from 0.06 %/min in sheep (Peterson, Dickersbral. 1989), 0.02 %/min in rabbits
(Hastings, Grady et al. 1992) and 0.007 %/min ta (dayr, Garat et al. 1994). These data led
to the conclusion that albumin transport is extdgnstow. The intactness of the alveolo-
capillary barrier has been accounted for the l@mgport rate of albumin (Hastings, Grady et
al. 1992; Hastings, Wright et al. 1994; Wangenst&artlett et al. 1996). In addition, the
protein which was instilled into the lungs compdsa high quantity of plasma proteins,
including native albumin (Hastings, Wright et a@9%; Wangensteen, Bartlett et al. 1996).
Thus, it is likely that these studies assessediygaggansport of albumin whereas active
transport was competitive inhibited by native alllumPrevious studies by our group
established &3-albumin transport rate of 0.25 %/min in the iseth ventilated and perfused
rabbit lung (Rummel 2007). Albumin clearance frome isolated lung was a temperature-
sensitive process and was nearly completely shuindat 4 °C (Rummel 2007). At this
temperature all active transport properties areptetaly inhibited (Rutschman, Olivera et al.
1993) and albumin transport can only oceia passive transepithelial movement. Another
attribute of active transport, besides temperaserssitivity, is that it can be saturated. Recent
studies in our lab in cultured A549 cells demoristtaalmost complete blockage Bfl-
albumin uptake in presence of a 1000fold molar exa# native albumin (Rummel 2007).
Although A549 cells are a widely acceptedvitro model of type Il pneumocytes (Foster,
Oster et al. 1998), these cells are lacking import@atures of primary epithelial cells. A549
cells do not polarize and are unable to form cotepledeveloped intercellular junctions.
Thus, these cells are not capable of forming edetiysiologically tight monolayers (Foster,
Oster et al. 1998) and therefore can not be emgléyenvestigate transepithelial transport.
A549 cells only represent type Il pneumocytes ame tl cells are found in similar numbers
in the alveolar epithelium (Mutlu and Sznajder 200Burthermore, type | cells represent
more than 95 % of the alveolar surface area (Matld Sznajder 2005) and are known to
regulate fluid balance in the lunta epithelial sodium channels and aquaporin water rodlan
(Johnson et al. 2002; Matthay et al. 2002). Moreowexhibiting high abundance of

microvessicles, ATI cells may also contribute tansport of macromolecules (Gumbleton et
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al. 2003), such as proteins. Considering compartablesport rates in both cell types, the
contribution of ATI cells to the transport of macrolecules would be highly relevant.
Additionally, one may speculate that because af fite shape, passage of macromolecules
across type | cells might be more rapid. Thus, wgleyed both cell types of the alveolar
epithelium as primary isolated rat ATl and ATl4dilcells to investigate the mechanisms of
protein transport in the lung. Since it is techhycdifficult to isolate and culture alveolar
epithelial type | cells, many investigators haveleied the transformation of isolated AT I
cells to AT I-like cells in vitro (Borok et al.199&€ampbell et al. 1999). We and others have
previously demonstrated that ATIl cells at day setransform into ATI-like cells (Ridge et
al. 1997). Therefore, we used primary cells forazkpents at day three (ATII) and day seven
(ATI-like).

We conducted cellular transport studies in which detected the transport of
radiolabeled albumin'fl-albumin) across tight monolayers of primary akeecepithelial
cells. We set out to determine whether albuminsjpant across primary ATIl and ATI-like
cells is facilitated by an active process. One dgpicharacteristic of an active transport
process is that it can be competed out by an exuesise substrate. Thus, we applied a
1000fold molar excess of unlabeled native alburaithe cell monolayers before incubation
of '*¥-albumin. We assessed binding'61-albumin to the cell surface of ATIl and ATI-like
cells, as well as®3-albumin uptake by the cells. Since cells weretgrlaon permeable
supports measurement of transepithelial transpag @also possible. Binding, uptake and
transepithelial transport df3-albumin were almost completely blocked by comjmti with
unlabeled albumin, in both alveolar epithelial delles. In addition, we used fluorescence
microscopy to detect uptake of FITC-albumin in pree of excess native albumin and
obtained similar results. These data indicate tA%talbumin uptake by primary alveolar
epithelial cells and its subsequent transcytosesfacilitated by an active transport process
which can be competitively inhibited. Furthermaifegse data implicate a receptor-mediated
endocytic process since non-specific fluid-phasikeg (macropinocytosis) is a much slower
process (John, Vogel et al. 2001; Kim and Malik 208nd can not be competed out by the

presence of other macromolecules (Conner and Schd@d).
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4.3 Albumin uptake in the alveolar epithelium is mediated by megalin

via clathrin-dependent endocytosis

A high efficiency of endocytosis is achieved by a@pe high-affinity receptors (receptor-
mediated endocytosis) (Conner and Schmid 2003). mbhin receptor-mediated endocytic
pathways include caveolae-mediated and clathrirenl@gnt endocytosis. Caveolin-coated
vesicles (caveolae) and clathrin-coated pits atk paesent in alveolar type | and type 1l cells
(Mostov and Cardone et al. 1995; Kasper, Reimamh é998; Campbell, Hollins et al. 1999;
John, Vogel et al. 2001). A ~ 60 kDa plasma menmdraialoglycoprotein (gp 60) was
identified as an endothelial albumin receptor tfeatilitates protein uptake&ia caveolae-
mediated endocytosis (Schnitzer and Ulmer et &0L9IThis receptor has also been proposed
to play a role in epithelial aloumin uptake (Jokwmgel et al. 2001; Kim and Malik 2003).
Previous studies by our group have demonstratet itifabition of caveolae-mediated
endocytosis resulted in a partial inhibition*61-albumin clearance from the alveolar space in
isolated rabbit lungs (Rummel 2007). Interestinglyo recent sudies have documented that
the involvement of caveolae-mediated endocytosamiminvia gp 60 in alveolar epithelial
cells played only a minor role compared to clatft@pendent processes (Yumoto et al. 2006;
Ikehata and Yumoto et al. 2008). Since applicatibmdomethacin (Visser, stevanovic et al.
2004), methylB-cyclodextrin and nystatin (Kim et al. 2007) , ibitors of cavelolae-mediated
endocytosis, in cultured RLE-6TN cells (Yumoto Et2006) and in rat primary type Il and
type I-like cells (lkehata and Yumoto et al. 20083ulted in a non-significant reduction of
FITC-aloumin uptake by these cells. Additionalljhese studies reported a very low
expression otaveolin-1 mRNA andcaveolin-1 protein in type Il cells. The role of clathrin-
dependent endocytosis was also investigated byasmpgl chlorpromazine (Wang, Rothberg
et al. 1993) and phenylarsine oxide (Visser, Stevanet al. 2004), two known inhibitors of
this endocytic pathway. Application of these intobs significantly decreased FITC-albumin
uptake in type Il and type I-like cells. Furthermprthese reports documented a high
expression of clathrin heavy chain mRNA in bothl dgpes, suggesting that clathrin-
dependent endocytosis is the key mediator of albunptake in alveolar epithelial cells.
These findings are in line with several studies #sdablished clathrin-dependent endocytosis
as the predominant pathway for macromolecule uptikag epithelia (Mukherjee et al.
1997; Schmid 1997; Christensen and Birn 2002).

Potential receptors for clathrin-dependent endaigt@f albumin in the alveolar

epithelium are the tandem endocytic receptors megald cubilin. These receptors are
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known to play an important role in clathrin-medditendocytosis of proteins including
albumin, in the kidney (Christensen and Birn, 20(R¢gnal proximal tubular epithelial cells
reabsorb and subsequently metabolize proteinsomejular filtrates. Disruption of clathrin-
dependent and megalin-mediated endocytosis of atbhoam induce cell damage, proteinuria
and promote the development of chronic kidney dise¢Saito et al. 2009). Moreover,
megalin deficient mice present with severe forebedinormalities and lung defects (Willnow
et al. 1996) and usually die perinatally. Surviveesve as an animal model for low molecular
weight proteinuria (LeHeste et al. 1999).

Megalin, a member of the low-density lipoproteinceptor gene family, is a
multiligand endocytic receptor and is abundantlgressed and located in clathrin-coated pits
in the apical membrane of renal proximal tubulaitheghal cells (Farquhar et al. 1995).
Cubilin, another multi-ligand endocytic receptos, ¢o-expressed with megalin in renal
proximal tubules. Since cubilin, in contrast to @y has no transmembrane domain,
megalin is assumed to mediate endocytosis of cuhbilid its ligands (Christensen and Birn
2001). The two receptors co-localize in severalugs that include absorptive epithelia, such
as the alveolar epithelium. Moreover, expressiomefalin and cubilin has been shown in
alveolar type Il and type I-like cells (Kolleck @&t 2002; Ikehata et al. 2008).

Although megalin and cubilin are expressed in dbueepithelial cells, involvement of
the receptors in albumin uptake by ATIl and ATlIdikells has not yet been reported. To
investigate whether megalin and cubilin mediateiain uptake in a certain cell type, one can
employ receptor associated protein (RAP) which ®ita both receptors with high affinity
and therefore partially blocks albumin-binding bgntetition (Verroust et al. 2002).
Adminsitration of RAP in cultured opossum kidneyximal tubule cells resulted in almost
complete inhibition of BSA-FITC uptake (Zhai et &000). Thus, we treated rat primary
ATIlI and ATI-like cells with RAP before we condudteellular transport studies and assessed
its impact on binding, uptake and transepitheliahsport of**1-albumin. Binding of*?2-
albumin to the cell surface, uptake by epitheliallsc and transepithelial transport were
significantly decreased when cells were treatetd WP in both, type Il and type I-like cells.
These findings were confirmed by fluorescence nsicopy, where we detected the effect of
RAP on FITC-albumin uptake in both cell types.

However, pharmacological inhibitors may have noeedix effects on unrelated
proteins, receptors and signaling pathways. RAP,irfstance, is also known to modulate
ligand interactions with LDL receptor-related piat@.RP), another multi-ligand receptor in

the low-density lipoprotein receptor family (Herza. 1991). Thus, to further elucidate the
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specific role of megalin and cubilin in albumin ak¢ by alveolar epithelial cells, a genetic
approach to specifically knock down megalin was leiygd. Since only megalin exhibits a
transmembrane domain and therefore is presumedcibtdte endocytosis of ligands and
cubilin, we set out to silence megalin gene expoesBy RNA interference. It is commonly
known that primary alveolar epithelial cells digplaery low transfection efficiency, therefore
we used cultured rat lung epithelial cells (RLE-§TMince this immortalized cell line
presents with several characteristics of primaryllAgells, such as alkaline phosphatase
activity and expression of cytokeratin 19 mRNA (Yatm et al. 2006), RLE-6TN cells have
been established as arvitro model system for ATl cells.

Importantly, we observed comparable albumin trartsgoetics in RLE-6TN cells as
in primary ATII and ATI-like cells. Therefore, assing that the mechanisms of albumin
transport are the same in RLE-6TN cells as in Adrid ATI-like cells, we knocked down
megalin gene expression by short interference RN @erformed cellular transport studies.
In megalin knocked down cells the uptake'&1-albumin and FITC-albumin was almost
completely blocked, as well as the binding and sepithelial transport ot*I-albumin.
Collectively, these findings indicate that megafacilitates albumin endocytosis in the

alveolar epithelium of the lung.

4.4 TGF-B impairs uptake and transepithelial transport of albumin
across the alveolar epithelium by downregulating megalin surface

abundance

Numerous cytokines are participating in the develept of ARDS (Baughman et al. 1996).
Since transforming growth factor (TGB)eontributes to cell proliferation and fibrosis,ist
considered to play a significant role in the patlggl of lung injury. The association between
mortality and pulmonary fibrosis in ARDS has beegllwlocumented (Martin, Papazian et al.
1995). Tissue injury induces upregulation of theFf§a gene, and TGB1 is directly
involved in fibrosis and wound repair (Singer andr€ 1999). Since fibroproliferative ARDS
is a pathologic type of tissue repair, TBE-might be a key molecule in the pathophysiology
of ARDS, and particularly of progressive lung fibi® (Fahy et al. 2003). In addition, several
animal models of acute lung injury implicate a réde TGF$1 in ARDS. After inducing
acute lung injury in mice by bleomycin dscherichia coli endotoxin, development of

pulmonary edema was prevented by pharmacologib@ition of TGFf by a TGFp soluble

90



Discussion

receptor (Pittet et al. 2001). The same inhibiteduced bleomycin induced fibrosis in
hamsters (Wang et al. 1999). Recent studies hamentented elevated levels of active TGF-
B1 in BAL fluids of patients with ARDS within therft 24 hours of diagnosis (Fahy et al.
2003), suggesting a critical role for T@GE-in the acute phase of ARDS. In immortalized rat
renal proximal tubule cells, TGFL reduced albumin binding to confluent cell monelsy
and therefore its subsequent uptake. This effecT@F{§1 was imputed to a decreased
megalin expression in the cells (Russo et al. 20@79ur study we sought to investigate the
effect of TGFB1 on albumin clearance from the alveolar space.aMdied TGFB1, at a
concentration that is pathophysiologically relevampatients with acute lung injury, to the
isolated, ventilated and perfused rabbit lung asgcted its effect off1-albumin clearance.
Movement of the radio-labeled tracer from the alaespace to the vasculature was measured
by y-radiation in real-time and the rate of active afiu clearance from the alveolar space
was decreased by ~ 48 % when T&Fwas applied. To further elucidate the effect GiFF

B1 on albumin transport we conducted cellular swdameprimary ATIIl, ATI-like and RLE-
6TN cells. The amount of surface boulid-albumin was significantly decreased when cells
were challenged with TGB1, and accordingly uptake and transepithelial partsof **3-
albumin were markedly reduced. Presence of PGFhas been shown to facilitate
development of pulmonary edema (Pittet et al. 2@01) promote lung fibrosis (Wang et al.
1999). In the present study, TBE-markedly impaired albumin transport across theab-
capillary barrier in an intact rabbit lung modehus, we identified a novel mechanism by
which TGF$1 may contribute to the pathogenesis of ARDS.

In the present study we have shown that protemspart in alveolar epithelial cells is
mediated by megalin. Since T@R-decreased albumin transport in our experimergsyeare
wondering if the growth factor might interfere withe receptor. In immortalized rat renal
proximal tubule cells, stimulation with TG for 24 hours reduced albumin binding to
confluent cell monolayers and its subsequent uptakes effect of TGH31 was attributed to
a decreased megalin expression in the cells (Retszlo 2007). In another study, treatment of
proximal-tubule-derived opossum kidney cells wittGH$1 for 48 hours resulted in
downregulation of megalin-cubilin-mediated endosigmf albumin. This effect was ascribed
to a reduced cubilin and megalin expression imtleenbrane fraction of the cells (Gekle et al.
2003). Since in our study, impairment of proteengport was a rapid effect, downregulation
of megalin expression by TG seems rather unlikely. Therefore, we assumed ttieat
effect of TGFB1 on megalin-mediated albumin uptake was facilitaby posttranslational

modification of the receptor. Phosphorylation ha®rb reported to play a key role in cell
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surface stability of megalin (Yuseff et al. 2007 investigate whether TGt affects
surface expression of megalin, we applied the drdattor to primary ATIl and ATlI-like
cells, as well as cultured RLE-6TN cells and anadlyznegalin membrane distribution by
immunofluorescence. We detected markedly decreaseghalin membrane abundance in
response to TGB1 in all three cell types. As assessed by fluomseanicroscopy, reduced
megalin surface distribution under TQE- stimulation directly correlated with decreased
uptake of FITC-albumin in alveolar epithelial cellthese findings support the presumption
that TGFB1 mediates endocytosis of megalin from the plasrmbrane and thereby impairs
albumin transport in the lung.

As mentioned before, endocytosis of megalin islifated by phosphorylation of the
receptor. The cytoplasmic domain of megalin cormstgimosphorylation sites for several
kinases, including PKC, CK-Il and PKA, all of whigere able to phosphorylate the receptor
in vitro but failed to phosphorylate megalin undervivo conditions.Yuseff et al. (2007)
identified a PPPSP motif in the cytoplasmic domalmch represented a phosphorylation site
for GSK3. Moreover, it has been demonstrated thawvea GSK3 was able to phosphorylate
megalinin vivo which resulted in decreased megalin membrane ssiore by promoting
endocytosis of the receptor.

Unlike most kinases, GSK3 is constitutively phosptaded in the cell, which
represents the inactive form of the kinase. In oifde GSK3 to be activated it must be
dephosphorylated at Ser-21(GS&g3or at Ser-9 (GSKB) (Cross et al. 1995). Activity of the
kinase increases proportional to the grade of dgpiarylation at the serine residues. Several
studies have indicated an association of GSK3 abn with various pathological
conditions, including diabetes mellitus, obesityflammation, neurological disorders and
tumor development (Wada 2009; Rayasam 2009; Wob@@e3). Since TGPBL has been
reported to alter GSK3 activity in human pulmonartery smooth muscle cells (Clifford et
al. 2008), we were wondering if TGR:- might affect GSK3 activity in alveolar epithelial
cells as well, thereby leading to downregulationmagalin. Stimulation of primary alveolar
type Il cells with a pathologically relevant contration of TGFB1 resulted in significant
dephosphorylation and therefore activation of B8K3 subunits. Interestingly, we observed
maximal dephosphorylation of GSK3 within minutesiieh is in line with our data that show
rapid impairment of albumin uptake in presence GFp1.

To further investigate the correlation between Tg3Fmediated GSK3 activation,
reduced megalin surface expression and impairagratbuptake, we set out to inhibit GSK3

activity in primary alveolar epithelial and RLE-6Té¢lls prior to administration of TGFL.
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The best studied inhibitor of GSK3 is lithium (Stawmlic et al. 1996) which has been used for
treatment of mental diseases since the middle @R0th century and inhibits the kinase by
Mg**-competition (Ryves and Harwood 2001). Howevehais been established that lithium
exhibits low specificity for GSK3 and affects othterzymes as well. In addition, high doses
of lithium are required to inhibit GSK3 in cell ¢ute (Stambolic et al. 1996). Still, lithium
has shown beneficial effects in the treatment pdlair disorder, indicating that GSK3 activity
plays a role in causing the disease (Detera-Wdaul@@01; Manji et al. 1999).Later on
valproatewas identified to show a similar mood stabilizirféeet by GSK3 inhibition (Chen
et al. 1999). Beside of GSK3 inhibition, lithiumcdnalproate also interfere with neuronal
inositol metabolism which, meanwhile, has been psed to be the underlying mechanism of
their mood-stabilizing efficiency (Williams 2002Jo investigate the role of GSK3 in the
pathology of different diseases, a number of nefibitors have been recently developed.
Most of them facilitate inhibition by ATP-competih and are highly specific for the kinase
(Martinez et al. 2002a; Martinez et al. 2002b). ZH763 is such an inhibitor, a maleimide
that inhibits activity of both subunits of GSK3 BYP competition (Cross et al. 2001; Smith
et al. 2001). The selectivity of SB 216763 has besiablished by testing the inhibitor against
26 kinases, none of which were affected at conatatrs were GSK3 was already
significantly inhibited (Smith et al. 2001). Thishibitor has been used in a variety of studies
to investigate involvement of GSK3 in the patholagydiseases. In one study investigating
ischemic preconditioning, perfused rat hearts hasen pretreated with SB 216763 before
ischemia was induced (Tong et al. 2002). This steslablished that inhibition of GSK3
mimics the effect of ischemic preconditioning, gnimactivation of the kinase appeared
cardioprotective by improving postischemic functiand reducing infarct size. When we
employed the specific GSK3 inhibitor SB 216763he turrent study and conducted cellular
transport studies, the effects of TGE-on albumin uptake were prevented. Bindind“3f
albumin to the cell surface as well as uptake leyddlls and transepithelial transport across
monolayers of alveolar epithelial cells were restior Furthermore, SB 216763 restored
megalins’ membrane distribution and FITC-albuminalge in ATIl, ATI-like and RLE-6TN
cells. These findings further suggest that T@Finduced activation of GSK# mediates
increased phosphorylation and decreased cell sudapression of megalin and thereby,
impairs albumin endocytosis in alveolar epithetialls.
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4.5 Inhibition of GSK3 as a therapeutic approach

Although ALI/ARDS has been described over four dissaago (Ashbaugh et al. 1967), no
suitable pharmacological therapy has been estalidh a multi-center clinical trial, patients
were mechanically ventilated with either 12 ml/kg ® ml/kg with plateaus pressure
restriction of < 30 cm KO (ARDSNet 2000). Application of a lung protectil@ver tidal
volume resulted in a reduction of mortality rate 2% % and is, up until now, the only
strategy to decrease mortality in ARDS. Tremenddifmts have been undertaken to identify
substances to treat the disease, however, nond&eof translated to a clinical benefit.
Surfactant replacement therapy, for instance, lee lshown to be beneficial in pediatric
acute lung injury, which is associated with impdirgurfactant production (Liechty et al.
1991). In adult ARDS surfactant therapy failed moprove mortality rate (Anzueto et al.
1996). In another trial, application of inhaled edi#ators that directly target pulmonary
vasculature, such as nitric oxide (NO) (Pepke-Zatbal. 1991) and prostacyclins (Walmrath
et al. 1993) resulted in temporarily improved oxyagon but failed to decrease mortality
(Troncy et al. 1998; Van Heerden et al. 1996). Mueg, glucocorticoids exhibit both, anti-
inflammatory and anti-fibrotic properties (NewtoAQ®) and therefore were proposed to be
beneficial in ARDS. Mechanical ventilated patiemtsre prophylactically treated with high-
dose methylprednisolone (Weigelt et al. 1985) Ihat development of ARDS could not be
prevented. The same strategy failed to improve aftytrate in established ARDS (Bernard
et al. 1982). Glucocorticoid treatment in the latteliferative phase of lung injury did also fall
to have a therapeutic effect (Meduri et al. 19@8gn though bleomycin-induced fibrosis in
rats was inhibited by application of dexamethad@nk 2003).

Inhibition of GSK3 as a therapeutic strategy hasnbgresumed to be beneficial for various
diseases. The best studied application of GSKJitdrs as a therapeutic agent is the
treatment of mental diseases. One example is gagntent of fragile X syndrome (FXS), a
hereditary disease, which besides mental retardatxhibits symptoms like attention
deficits, anxiety, hypersensitivity to stimuli andildhood-seizures (Baumgardner et al. 1995;
Fisch et al. 1999). Studies in a transgenic mousdemfor FXS (Bakker and Consortium
1994) established that the symptoms are triggeyeattivation of GSK3 and thus, the impact
of SB216763 on seizure sensitivity and open figigddnactivity was investigated. SB 216763
significantly decreased sensitivity to seizures aadmalized hyperactivity (Min et al. 2009).
Leroy et al. (2007) detected increased GSKS3 agtivitthe frontal cortex of patients with
Alzheimer’s disease (AD). Furthermore, it has bestablished that GSK3 enhances insoluble

94



Discussion

B-amyloid (AB) production and thereby promotes hyperphosphooyladf tau which results

in neurodegeneration by neurofibrillary tanglesriation (Hooper at al. 2008). Inhibition of
GSK3 activity by lithium treatment prevented tawgphorylation in transgenic mice which
phenotypically over-express GSKand tau (Engel et al. 2006) and inhibite@l iduced
neurodegeneration in cultured neurons (Alvarezl.e1$09). GSK3 activity is increased in
type Il diabetes (Eldar-Finkelman et al. 1999) hasy in inactivation of glycogen synthase
(Cohen et al. 1998). A new potent GSK3 inhibitoH(B 99021) has been tested in three
different rodent models of type Il diabetes. CHIR021 successfully suppressed glucose
production in the liver and increased glycogen lsgsis by activation of glycogen synthase
and therefore, normalized blood glucose levelsngét al. 2003).

In the present study we demonstrated a direceladion between TGBi-mediated
activation of GSK3 and decreased albumin clearamckthus, set out to investigate the role
of GSK3 inhibition as a therapeutic strategy. IHutar transport studies we treated primary
alveolar epithelial cells and RLE-6TN cells witretbpecific inhibitor SB 216763 after cells
were challenged with TGBL and incubated them witf-albumin or FITC-albumin.
Treatment of the cells with SB 216763 after T@F-challenge restored normal megalin
surface distribution and albumin transport. Thesdimgs may suggest a potential role for the
specific GSK3 inhibitor SB 216763 as a novel thetde agent in ALI/ARDS.

4.6 Summary

We used alveolar epithelial cells and an intacaorghodel to investigate the mechanisms of
protein clearance from the alveolar space. In tigbnholayers of ATIl and ATI-like cells,
transport of*?3- or FITC-albumin was almost completely blocked bympetition with
unlabeled albumin, indicating that albumin transperfacilitated by an active and receptor-
mediated transport process. Since several studies bstablished that clathrin-dependent
endocytosis is the major pathway for macromolecplake along epithelia (Mukherjee et al.
1997; Schmid 1997; Christensen and Birn 2002), ateosit to investigate the role of the
multi-ligand receptors megalin and cubilin whicle &nown to facilitate clathrin-dependent
endocytosis of proteins in the kidney (Christenaed Birn, 2001). Parmacological inhibition
and gene silencing of megalin resulted in signiftga decreased protein transport.
Collectively, our findings suggested that undergbipgical conditions, albumin endocytosis
in the alveolar epithelium was mediated by megdhmportantly, we detected comparable
albumin transport rates in type | and type Il geMich is of high relevance, since type | cells
represent more than 95% of the alveolar surface @detlu and Sznajder 2005).
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To determine the mechanisms of albumin transpothé pathophysiology of acute
lung injury we applied TGBL, a key mediator of ALI/ARDS, to alveolar epitlalcells and
to the isolated, ventilated and perfused rabbitglamd detected significantly impaired
albumin transport rates. Furthermore, we observadkedly decreased megalin membrane
abundance in response to a pathologically relecancentration of TGBL1. We found
evidence that TGPB4 rapidly activates both subunits of GSK3, a kints¢ phosphorylates
megalin and thereby induces endocytosis of theptece Furthermore, pharmacological
inhibition of GSK3 activity prior to TGHB1 challenge and after TG challenge completely
prevented the TGB1 induced downregulation of megalin and thus, pnoteansport. These
findings may suggest a potential role for GSK3 lnition as a novel therapeutic approach in
ALI/ARDS.
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5.  Zusammenfassung

Das Acute Respiratory Distress Syndrome (ARDS) tfijahrlich bei ungefahr 200,000
kritisch erkrankten Patienten zu einer Mortalitétsrvon bis zu 40 %, allein in den USA.
Leitsymptom ist die Anreicherung einer proteinreich Odemflissigkeit in den
Lungenalveolen. Die Lungeninsuffizienz wird durdheeSchadigung der endothelialen und
epithelialen Schranke des Lungenparenchyms vetitrsAas klinischer Sicht ist vor allem
der Abtransport von Plasmaproteinen aus dem Alvenlan von grol3er Bedeutung. Da lonen
und Flussigkeit relativ schnell tber aktive Proeeabtransportiert werden kdnnen, erhdht
sich die Proteinkonzentration in der Alveole zunehoh Es entsteht ein onkotischer Druck,
der das Lungenddem verschlimmert und eine Heiluathimdert. Der Abtransport von
Proteinen und die Auflésung des Odems sind entdehdifiir das Uberleben des Patienten,
allerdings sind die Mechanismen des Albumintranspooch weitgehend unbekannt.

In der vorliegenden Studie wurden priméare Pneurteozynd ein intaktes Organmodel
verwendet, um die Mechanismen des Proteintranspar#&lveolarraum zu untersuchen. In
dichten Monolayern aus Typ Il und Typ | Pneumozytearde der Transport voff-
Albumin fast vollstandig durch Kompetition mit unrkeertem Albumin blockiert, ahnliche
Ergebnisse lieferten mikroskopische Untersuchungeih FITC-Albumin. Diese Daten
implizieren, dass Albumin Uber einen aktiven Reaepermittelten Prozess transportiert
wird. In mehreren Studien wurde festgestellt, dasEpithelien hauptsachlich die Clathrin-
abhangige Endozytose die Aufnahme von Makromolekiikée Proteinen, bewerkstelligt. In
diesem Zusammenhang wurde auch von den MultiligamEzeptoren Megalin und Cubilin
berichtet, die die Clathrin-abhangige Endozytose »bumin in der Niere vermitteln. Um
die Bedeutung der Megalin-vermittelten und Clatlabihangigen Endozytose beim
Proteintransport in der Lunge zu untersuchen, kaditan wir Pneumozyten mit Receptor
Associated Protein (RAP), einem Inhibitor der M@gakermittelten Endozytose, was deutlich
die Aufnahme und den Transport von Albumin vermitele Da Pharmakologische
Hemmstoffe mit unspezifischen Nebenwirkungen eigbleen konnen, setzten wir einen
genetischen Ansatz ein um die Bedeutung von MegdinAlbuminrezeptor zu ermitteln.
Dazu wurde das Megalin-Gen mittels RNA Interferspezifisch ausgeschalten. Wegen ihrer
hohen Transfektioneffizienz verwendeten wir kukite RLE-6TN Zellen, ein etabliertés
vitro Model fir Typ Il Pneumozyten. Das Gen-Silencingrté in diesen Zellen zu einer fast
vollstandigen Blockierung der Albuminaufnahme. lesgmt deuten diese Ergebnisse darauf

hin, dass Megalin, unter physiologischen Bedingangke Aufnahme von Albumin durch
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das alveolare Epithel vermittelt. Interessanteravéisnnten wir vergleichbare Transportraten
in Typ | und Typ Il Zellen feststellen, was von bederer Bedeutung ist, da Typ | Zellen
mehr als 95% der alveolaren Oberflache darstellen.

Um den Albumintransport in der Pathophysiologien vARDS zu untersuchen,
applizierten wir Transforming Growth Factor (TGF); ein Schlisselmolekil in der
Entstehung von ARDS, in Pneumozyten und in derddeh, ventilierten und perfundierten
Kaninchenlunge. Eine pathologisch relevante Komagioh an TGR31 fiihrte innerhalb
kurzer Zeit zu deutlich vermindertem Albumintrangpim beiden Modellen. Des Weiteren
stellten wir eine verminderte Expression von Magali der Plasmamembran fest. Wir fanden
Hinweise auf eine Aktivierung beider Untereinheitdar Glykogen Synthase Kinase 3
(GSK3) durch TGH1l. Die GSK3 kann Megalin phosphorylieren und dadumtie
Endozytose des Rezeptors verursachen. Maximalevi@king der GSK3 zeigte sich
innerhalb weniger Minuten, was mit unseren voraagggnen Ergebnissen Ubereinstimmt,
die eine zeitlich gesehen schnelle Stoérung des rAibwansportes durch TGE:
dokumentieren. Als wir den spezifischen GSK3 InioibSB 216763 applizierten, wurde die
TGF{1-vermittelte Herabsetzung der Megalinexpressiotger Zellmembran verhindert und
der Albumintransport blieb unverandert. Diese Dalenten darauf hin, dass eine TEEF-
vermittelte Aktivierung der GSK3 zur Endozytose Wdegalin fuhrt, wodurch der alveolare
Albumintransport gestort wird.

Da die GSK3 Hemmung in verschiedenen Erkrankungdsm therapeutische
Malinahme erfolgreich eingesetzt wurde, untersuchvereine mogliche Bedeutung in der
Therapie von ARDS. Pneumozyten wurden zuerst miEB&G stimuliert und anschliel3end
mit SB 216763 behandelt. Diese Behandlung stelteispringliche Verteilung von Megalin
in der Zellmembran und den physiologischen Alburaimport wieder her. Diese Daten
kénnten auf eine mdgliche Bedeutung der GSK Hemmaisgneuartige Strategie in der

Therapie von ARDS hinweisen.
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6. Abstract

The acute respiratory distress syndrome (ARDS)layspmortality rates of up to 40 % in
approximately 200,000 critically ill patients inetHJnited States annually. The disease is
characterized by accumulation of protein-rich edeméhe alveolar space due to impaired
endothelial and epithelial barrier function in fheg. Of great importance is the clearance of
plasma proteins from the alveolar space. Sodiumfand is cleared from the lung quite
rapidly via active transport processes, leadinginieased protein concentration in the
alveolar compartment. This increased concentratibprotein creates an oncotic gradient
which further promotes alveolar edema formatioreréby preventing recovery. Albumin
clearance and edema resolution are crucial for ghgent's survival. However, the
mechanisms by which albumin transport is facildatave not been fully elucidated.

In the present study we used primary alveolarhepdl cells and an intact organ
model to investigate the mechanisms of proteinrale@e from the alveolar space. In tight
monolayers of alveolar epithelial type Il cells ayge I-like cells, transport df-albumin
was almost completely blocked by competition witliabbeled albumin. Similar results were
obtained by assessing the uptake of FITC-albumirflimyrescence microscopy, indicating
that albumin transport is facilitated by an actare receptor-mediated transport process. A
number of previous studies have reported that miattependent endocytosis is the main
pathway for protein uptake along epithelia, andrthati-ligand receptors megalin and cubilin
have been established to facilitate clathrin-depah@ndocytosis of proteins in the kidney.
To investigate the role of clathrin-dependent egtligis and megalin in the physiological
significance of albumin transport in the lung, wipléed receptor associated protein (RAP),
an inhibitor of megalin-mediated endocytosis, tor atell monolayers and detected
significantly decreased albumin transport rateac&ipharmacological inhibitors may have
non-specific effects on unrelated proteins, we eygd a genetic approach to further
elucidate the role of megalin in albumin uptake dbyeolar epithelial cells. We sought to
specifically silence the megalin gene by RNA irgeghce. Since primary ATII cells display
very low transfection efficiency, we employed cutd RLE-6TN cells, an established
vitro model system for ATII cells. In these cells, gesilencing of megalin resulted in an
almost complete block of albumin uptake. Collediryeur findings suggested that under
physiological conditions, albumin endocytosis i thlveolar epithelium was mediated by
megalin. Importantly, we observed similar proteiansport rates in both alveolar epithelial
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cell types. These findings are of high significangiace type | pneumocytes represent more
than 95% of the alveolar surface area.

To determine the mechanisms of albumin transpothé pathophysiology of acute
lung injury we applied TG, a key mediator of ALI/ARDS, to alveolar epittaticells and
to the isolated, ventilated and perfused rabbitgland detected significantly impaired
albumin transport rates (within 30 minutes in eetinolayers and within 120 minutes in the
isolated rabbit lung). Furthermore, we observed kedly decreased megalin membrane
abundance in response to a pathologically releveomcentration of TGBLl via
immunofluorescence. We found evidence that P&Factivates both subunits of glycogen
synthase kinase 3 (GSK3), a kinase that phosphesylmegalin and thereby induces
endocytosis of the receptor. Importantly, maximativation of GSK3 under TGB1
stimulation was observed within minutes, which wadine with the rapid impairment of
albumin transport we detected under T@F¢challenge in primary alveolar epithelial cells
and in the isolated rabbit lung. When GSK3 actiwitgs inhibited by administration of the
specific inhibitor SB 216763, TGF1-mediated downregulation of megalin membrane
expression was prevented and albumin transportinethainaffected. These data implied that
TGF{1-mediated activation of GSK3 induced phosphomgtatand subsequent endocytosis
of megalin, thereby disrupting albumin transporthia alveolar epithelium.

Since inhibition of GSK3 as a therapeutic stratkgy been presumed to be beneficial
for several diseases, we set out to investigatatenpal role for SB 216763 in the therapy of
acute lung injury. Treatment of alveolar epithetialls with the specific GSK3 inhibitor after
TGF{1 challenge restored normal megalin surface digioh and albumin transport. These
findings may suggest a potential role for GSK3 lnition as a novel therapeutic approach in
ALI/ARDS.
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