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SIMMARY

SUMMARY

Hepatocytein vitro systems represent a wediccepted tool in many fields of research
Despite their widespread use, research with primary hepatocytes nesnehallenging. Relevant
for the field of in vitro studies, isolation and cultivation of hepatocytes induces massive
transcriptional responses. To date, great efforts have been spent to control or attenuate
alteration of hepatocytesn vitro. However, expession levels or activities comparable to the
liver in vivo have rarely been achieved anthe precise mechanisms controlling -de
differentiation are still poorly understood.

To oldain a comprehensive overview tifie expression alterationsausedby variols
culture conditions and after radically different interventions, a timesolved gene array
analysis of mouse hepatocytes in sandwich and monolayer cultures was carrietheutesults
were compared to liversin vivo after treatment with carbon tetrachloide (CdCl),
lipopolysaccharid€LPSpr partial hepatectomyPHx) Global gene expression profiling exposed
profound alterations within the first 24 hours that orchestratee cellular response of primary
mouse hepatocytesn vitro. Timeresolved analysisevealed astrong and rapid expressional
responses with the lowest total number of differentially expressed gemesndwich cultures
(n = 3296 compared tanonolayer confluenand subconfluent culturegn = 4002 and n = 4287
respectively. All cultivaton systems- sandwich, monolayer confluent and subconfluent
expressed similar pattern of aggulation forlipocalin2 (Lcn2) metallothionein2 (Mt2) and
serum amyloid A3Saa3)and downregulation ofthe bile salt export ump (Bsep) multidrug
resistance-associated protein AMrp2) and cholesterol 7 alphéhydroxylase(Cyp7al) The
sandwich system offers clear advantages over monolayers by maintaining a more stable profile
of expressional changes and preserving morthefin vivelike features.

Bio-statistical analysis identified a stereotypic gene expressesponse, whichwas
similar for all the different types of stresstested isolation by collagenase perfusion,
intoxication with CGlor lipopolysaccharide as wedls after partial hepatectomy nanely an
upregulation of inflammation and proliferation as well as a downregulation of metabelism
associated genes. Additionally, gene expression profilsgpwed that comparison of
deregulated genes between all three vitro and threein vivomodels revead a largeoverlap
in their expression profiles, witlipocalin2 beingamong the most ugegulated genes in all
systems.The CClmodel shareghe highest overlap with cultivation systems when comparing
the total number of deregulated genek addition genesin vivothat responded after one day
of exposure toCCJ, lipopolysaccharide or partial hepatectonshow a relatively large (<60%)
overlap within vitroderegulated genes at dayne.

Metagene analysisf highly correlated genelustersbetween thein vitro and in vivo
modelsresulted in threebiological motifs:proliferation, metabolism and inflammationrhe
WAY Tl O¥abgydza Of dzisticBgidupregdared pehed @ciuding dne well
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known acute phase response genasP andSaa3 which were more than 4@old up-regulated

FFGSNI FEf AyidSNIORyAESKHEARzZAC KOS dersinghnddwngadyikaddd dzR S &4 H
genes withBsepas a welknown lead gene. Transcription Factor Binding Site analysis of the
promoter regions of deregutad transcripts identifiechepatocyte nuclear factodo and -1lo

amongthe overrepresented transcription factefor the metabolismassociated genes arfsp1,

Elk1, ETF for the inflammation and proliferation gene clusters.

Luminex screening showed rapid asttong activation of stresassociated signaling
kinases during isolation of hepatocytes suggesting a new fiiaree for possible interventions.

An inhibitor screening demonstrated a prominent rolecefun Nterminal kinasesvhich when
inhibited during Iver perfusionor subsequent cultivatiorresulted in astrongly repressed
inflammation response In contrast, none of the tested inhibitors was able to rescue the
profound repression of metabolisiassociated genes, indicating that yet undiscovered
pathwayscontrol this response.

Other interventions, such as the further purification of hepatocyeesiched fraction
from non parenchymal cell remnants or ceculture, use of different matrixes or the
KSLI G208i38Qa 26y YI GNRE A yverallgens ékpréssich EespehseR v 2 i
However,the spheroid culture slightly improved the metabolism gene cluster compared to
sandwichcultures which may represent an advantage of sgheroid system

A remarkable feature of the described stereotypical expi@s response is that its basic
features were conserved across species including human. My study demonstrates that both
human and rodent hepatocytesespond tothe isolation procedure with a consezd stress
response that includes features of inflammatiand a decline in expression of metabolism
associated genes. However, there is a majoantitative difference and some alterations in
human hepatocytes are only transient. This illustrates the need of a similarly comprehensive
human study comprising isokd hepatocytes and liver tissubpth healthy and inflamedex
VIVO.

Elucidation of the molecular anatomy of gene expression patterns in stressed
hepatocytes presented in my thesis suggests that the broadly applied hepatocytéro
systemsdo not repreent amodel system othe healthy liver but rathei critically inflamed
state. In line with this knowledgeaynveiling the molecular anatomy of gene expression also
demonstrates that cultivated hepatocytes may be used to study pathological situatimrs
example, the gene expression changes obsemeshndwich culture resembl#hose observed
in inflamed liver tissugsuch as after hepatectomy or in response to,@Clipopolysaccharide
In conclusionmy work identifies remarkablesimilarities between inflamed liversin vivo and
cultivated hepatocytes, which opens new paths for mechanistic studies on liver inflammation
and a moreaccurateuse of hepatocyten vitro systems.

VI
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ZUSAMMENFASSUNG

Obgleichkultivierte Hepatozyten bereits in vielen Forschungsgédm Einsatz finden,
stellt die Forschunguber primare humane Hepatozyten nach wie vor eine grof3e
Herausforderung dar. Be vitro Studien gilt zu berlickshtigen, dass sowohl die Issiungals
auch die Kultivierung von Hepatozyten bereits massive Venamden auf Transkriptionsebene
induzieren. Bis heutést unmdoglichVeranderungen von Hepatozyten vitro zu kontrollieren
bzw. mdglichst gering zu haltenabBeisind Proteinexpression odeEnzymativitaten mit derin
vivo Situation in der Leber selten rgeichbar und prazise Mechanismen, welche die
Dedifferenzierung kontrollieren, nur wenig verstanden.

Um einen umfassenden Uberblick tiber Expressionsveranderungen zu erhalten, welche
durch diverse Kultivierungsbedingungen und durch grundlegende Eingnifééeben, wurden
zeitaufgeloste Gene Array Analyseon primaren Mauddepatozyten in Collagen Sandwich
bzw. Collagen Monolayer Kultur durchgefiihrt. $&i&rgebnisse wurden verglichen nit vivo
Daten nach Tetrachlorkohlenstoff (Cgl bzw. Lipopolysacchari (LPS) Behandlung
beziehungsweise nacpartieller Hepatektomie (PHx VollstandigeGenexpressionsofile in
primaren MausHepatozyten zeigen, dass innerhalb der ersten 24 Stunden umfangreiche
Verdnderungen auf zellularer Ebene Hepatozyten induziert welen. Zeitreihen von
Hepatozyten in vitro zeigen eine starke und schnelle Expressionsantwodch dem
Ausplatieren Dabei wurdenin der Collagen Sandwich Kulteme kleinere Zahl an exprimierten
Genen beobachtet (3296 Gendm Vergleich zuCollagen Monalyer konfluent(4002 Gene)
bzw. Qubkonfluent (4287 Gene)Alle Kultivierungssysteme Collagen Sandwich, Monolayer
konfluent und subkonfluent zeigen ahnliche Expressionsmuster beztiglich der Induktion von
Lipocalin2 (Lcn2), Metallothion#2 (Mt2) und Seum Amyloid A3 (SAA3)sowie die
Herabregulation von Bsep (Bile salt export pump), Mrp2 (Multidrug resistasseciated
protein 2) und der Cholesterol 7 alpidydroxylase (Cyp7al). Die Sandwkahtur bietet
gegenuber der Kultivierungni Monolayer klare Wrteile. Se ist deutlich stabiler gegentber
expressionellen Veranderungen und bewahrt zudem nielwivedhnliche Eigenschaften.

Biostatistischer Analyserzeigten einestereotypische Genexpressionsantwort, welche
fur alle getesteten Arten von Zelldress dnlich war: Isolaerung durch Perfusion mit
KollagenaseVergiftungmit CQ, und LPS als auch partieller Hepatektondesonders auffallig
waren die Induktion von Entziindungsmarkern und Proliferatiais auchdie Herabregulierung
von metabolismuassoziiten Genen. Weiterhin zeigte ire Vergleich (ber alle
herunteregulierten Gene der dren vitround dreiin vivoModelle eine groRe Uberlappung der
Genepressionsprofile, wobei Lipocalihdas am starksten induzierte Gen in allen Systemen
war. Im Vergleiclder Gesamtzahl der differenziert exprimierten Gene zeidas CG Modell
die gl ten Gemeinsamkeitemit den Kultivieungssystemen. Weiterhin iesen Genein vivq
welche nach einem Tag Ik@der LPS Exposition bzw. partieller Hepatektomie detektiert
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wurden, eine recht groRe (>60%) Uberlapgmit denin vitro deregulierten Genemacheinem
Tag in Kultuauf.

Metagenanalysen vorstark korrelierenden Gemgppierungen zwischen den vitround
in vivo Modellen ergaben drei biologische Motive: Proliferation, Metabolismus und
Entzindung. Die GeNXzLJLIA S NMzyR3zy 8 @ v (diYNEtaria Betwufregulierte Gene,
darunter bekannte Entziindungsmarker wie Lcn2 und SAA3, welche nach allen Interventionen
mehr als 40F  OK Ay RdZ ASNI 4 NBy ® 5 SNibeirh&tét 28stark A a Y dza
herunterregulierte Gene wie z.B. Bsep. Eine @ der Tanskriptionsfaktobindestellen
innerhalb der Promotoegionen herunterregulierter Transkripteidentifizierte hepatocyte
nuclear factor 4 und -1lo. (HNF4 bzw. HNF&) als Uberreprasentiert@ ranskriptionsfaktogn
fur die metabolismusassoziierteGene und g1, Elk1 und ETF fir die Gene detzéndungs
und Proliferationskusters.

Mittels Luminex Screening wurde eine starke und rasche vidkiing von
stressassoziierten Signataskaden wahrend der Isaérung der Hepatozyten beobachtet,
wodurch nur ein kurzes #eenster fur mdogliche Interventionen apnal erscheint. Ein
Inhibitorscreening hat ergeben, dass in diesem ZusammenhahmadNterminale Kinase eine
prominente Rolle spielen.i® Inhibierung von -dun Kinasen wahrend der Leberperfusion bzw.
wéahrend der anschlieBenden Kultivierung ergab eine stark unterdrickte Antwort der
Entzindungsmarker. Dennoch konnte kein getesteter Inhibitor die massive Herabraggl
von metabolismuassoziierten Genen abschwéchen, was darauf hindedeets diese Antwort
von bisler nicht bekannten Signalwegen kontrolliert wird.

Weitere Eingriffe, wie z.B. die weitere Aufreinigung Yepatozytemeichen Fraktionen
von den restlichen nichparenchymalen Zellen oder &alturen, die Verwendung
unterschiedlicher Matrizes oder auchedultivierung von Hepatozyten vharoidkonnten die
allgemeine Genexpressionsantwort nicht verbessern. Dennoch konnt&pimioiden im
+ SNHf SAOK TdzNJ / 2t t+3Sy { I yYRgAOK YdzZ (idzNJ SAy S f
Clusters beobachtet werde was einen Vorteil des Sgroid-Systems reprasentiert.

Eine bemerkenswerte Eigenschaft  der beschriebenen stereotypischen
Expressionsantwort ist, dass grundlegende Eigenschaften zwischen den einzelnen Spezies,
inklusive Mensch, konserviert sinBiese Stdie zeige, dassHepatozyten vonMenschen als
auch von Nagetieren auf den Isolierungezess mit einer konservierten Stressantwort
reagieren, welche Eigenschaften von Entzindungsprozessen wiederspiegelt uvem zial
Absinken der Expression metabolisms®ziierter Gene mit sich bringt. Dennoch bestehen
guantitativ enorme Unterschiede und manche Veranderungen in den menschlichen
Expressionsprofilen sind nurvorriibergehend Das veranschaulicht den Bedarf fir
gleichermalRen umfassende Studien fir den Menschemelche sowohl isolierte Hepatozyten
als auch Lebenaterial ausgesunden als auch entziindeta Gewebeex vivomit einbezogen
werden sollten.

Vil
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Die Darlegung der molekularen Anatomie von Genexpressionsmustern in gestressten
Hepatozyten, welche irdieser Arbeit hier erlautert wird, zeigt deutlich, dassiedgangig
angewandte Hepatozytenin vitro Systene keine Modellsystene einer gesunden Leber
reprasentieen, sondern vielmeheineskritisch entziindeterzustands Unter Bertcksichtigung
dieses Wissens uber di@etailsder Genexpression kénnten die kultivierten Hepatozytks
weiteren auch zur Untersuchung v@athologischen Situationen herangezogen werden. Zum
Beispiel ahneln die Genexpressionsveranderungen, welche im Sandwich System beobachtet
werden, denen, @ in entzindetem Gewebe auftreten, wie es z.B. nach partieller
Hepatektomie oderausgeldstdurch CGlund LPS der Fall ist. Zusammengefadshtifiziert
diese Arbeit bemerkenswerte Ahnlichkeiten zwischen entziindeten Lebigrnvivo und
kultivierten Hepatayten, was zum einen neue Wege fur mechanistische Studien in entziindeter
Leber, zum anderen aber auch eine prazisiere Verwendung von Hepataaytiro Systemen
eroffnet.
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INTRODUCTION

1. INTRODUCTION

1.1 LIVER

Theliver is the largest visceral organ of thedy andplays a central role imetabolism
Over 500 metabolic functionsave been described, including thptake of nutrients absorbed
from the digestive tract,and the metabolismof lipids carbohydrates and pteins. A critical
role of the liver is the production of bile, which is needed to support digestion. In addition, the
liver synthetizes a large number of plasma proteins, including albumin and immune factors,
such as acutphase proteins. As the main deifping organ of the body, the liver inactivates
toxins and xenobiotics by converting them from hydrophobic compounds into veatieble
products that can be more readily eliminatg2t5].

With two major sources of the blood, the liver has a blood supply network that is unique
among other organs. LILINR EA Y St & tpr 2F (KS tABSNN&a of 2:
that provides venous blood rich in nutrients frothe digestive system. The hepatic artery
provides the liver with oxygenated blood from the heart. In most mammadaciesthe liver
is multiHlobed, with eachobe composed of architectural, microcirculatory and ftinoal units
that are rexagonallgshged, the sa@calledhepatic lobule(Figurel). Portal triadsconsistingof
a bile duct,a hepatic artery anda portal vein arelocatedat the periphery of a lobule. Lobules
consist of plates of liver celtshepatocytes- radiatingoutward from the portal triads to meet
the central veinHepatocytesthe parenchymal cell component of the livesrm tubular, apical
spaces called bile canaliculi between adjacent cells along the hepatic plate. Hepatocytes secrete
the bile into the bie canaliculi that run pallel to the sinusoids, buipposite in direction to the
blood flow. The bile from the bile canaliculus drains into the bile ducts of the Tiver.rtal
vein and hepatic artery empty togethethus mixingvenous and oxygerich blood as it
entersspecialized capillaries, callgtie liver sinusoids. The sinusoids are porous vascular
channels lined with fenestrated endothelial cels blood flows through the sinusoids, a rapid
exchange of oxygen and nutrients occurs between shisiods and the adjacent liver cells.

The sinusoids converge into the central vein, which then drains in the hepatifly&jrv].
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Hepatic lobule

Central vein

Sinusoidal
capillary

Bile
canaliculi

Hepat es
Portal vein Bile duct HERREG
FIGURH: BASIC STRUCTURE A HEPATIC LOBULE

Threedimensional architecture of the liver between a portal triad and the central vein. Figure adapted

modified from:http://illuminationstudios.com/archives/150/structuref-a-hepaticlobule

The drectionality ofthe blood flow through the lobular units frorthe portal triad tothe
central veincreatesvarious chemical gradients (oxygen and nutrients) and microenvironments
[8]. In order to perform several metabolic functions simultaneousig, liver tissue exhibits a
y2U0AOSIofS KSGUSNRASYySA(GEe |yR Fdzy OlAPyhé LI I &
regional compartmentalization of metabolcapacities is characterized by the microcirculatory
functional unit c#led the hepatic acinusnd can belivided into three zonesa periportal zone
1; a transitional zone 2 ané pericentral zone 3Kigure?2) [6, 10]. Such characteristic cyto
architecture of the liveisupportsdiverse metabolic pathwaywithin the different zones. The
hepatocellular zonation iregulatedby chemical gradients of oxygen, hormones, growth factors
and metabolites, which are genert and maintained as a result of the specific characteristics
of the extracellular matrix ECM and of the distribution ofliver cells[8, 11]. Additionally,a
biochemical gradienpresentin all three zones influences not ortlye metabolism but alsdhe
gene expression patterref the liver tissug12-14].


http://illuminationstudios.com/archives/150/structure-of-a-hepatic-lobule
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Periportal Transitional Pericentral
Zone 1 Zone 2 Zone 3
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Portal triad ~ Oxygen Metabolism Central vein

FIGURER: STRUCTURAL ANDNCTIONAL ZONATION DHE LIVER
Discrete zones of the liver between the portal vein and central vein illustrating the differences in cell size,
phenotype and gradients in oxygen tension and metabolism. Figure adaptddnodifiedfrom [15].

1.2LIVER ELLIYPES

The liver is comprised of several diverse cell typéguie3 and Figure4). Hepatocytes
the liver parenchymal cells, account for 80% of liver m@hks. other 20% comprises the non
parenchymal cells, including thieer sinusoidal endothelial celliupffer cells, hepatic stellate
cells (caled also Ito or fasstoring cells),cholangiocytes (biliary epithelial cells)hepatic
progenitor cells (bi-potential stem cells also known as oval cellgmphocytes of various
phenotypes (e.g. natural killer lymphocytes also called Pit cells)namtiophils. All of the NPC
are arranged in a matrix that facilitates their cooperative interacfiyr6, 17].

Hepatocyte

Hepatic stellate cell

Sinusoidal
endothelial cell

Kupffer cell

Sinusoid lumen

FIGURB: MAJOR CELL TYPESIBE LIVER

The liver is comprised of several diverse cell types: hepatocytes, liver sinusoidal endothelial cells, Kupffer cells,
hepatic stellate cellsgholangiocytes, hepatic progenitor cells, lymphocytes and neutropfidgire adapted and
modified from[18].

The space of Disse located letween the hepatocytes and the sinuseidt separates
the hepatic epithelium from the sinusoidal endothelium. It is a thin reticular basement
membrane, composed & variety of extracellular matrix proteirsuchas fbronectin, laminin,
proteoglycan, collagen 1V, and collagen |. Hepatic architecture and sinusoj@alization are
essential for proper and differentiated function of all resident liver da@s21].
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The parenchymal cells tiepatocytesare highly specialized epithelial cells that line the
sinusoids in the liver. They are cuboidal in shape20 >Y A Y wiihAtwoYdsting N
surfacesand possess one or memuclei[1]. Hepatocytes perform most of the synthetic and
metabolic functions of the liverThey are rich in various organelles: mitocharal (D1700 per
cell on average), peroxisome370 per cell), lysosomeB250 per cell), Golgi complexd350
per cell), and aggregates of rough and smooth endoplasmic reticUDit§% of cell volume)
[22].

Theliver sinusoidalendothelial cells(LSEQ)ne the walls of the hepatic sinusoids of the
liver and contain numerous open pores in their membrane, called fenestra, which provide a
large surface area for nutrient absorptiaf large macromoleculefl]. The Kupffer cells(KC)
are the liverQ &pecialized macrophageesiding in the sinusoids and are essential fioe
effective phagocytosis of old erythrocytes, foreign particles and infecting organisms from the
circulation. The Kupffer cellsproduce cytokines uponstimulation e.g. duringtissue injury
A0AYdzZ FGS GKS | OGAGI GA2Y and codrdinGtethie kegpSnvdd &f | O dzi !
other liver cell typeq1]. The hepatic stellate cells(tHSCare vitamin Astoring perivascular
mesenchymal dés of the liver (previously called Ito cglbr fatstoring celk). Hepatic stellate
cells synthesize, secrete, and degrade components of thespaisoidal extracellular matrix.
Through inflammatory processesiring tissue injurystellate cells becomactivated acquiring a
myofibroblastlike phenotype, which allows them to becomecapable of both incresing
collagen and DNA synthegis 19, 23, 24]. Lymphocytesof various phenotypes arthe liver-
centered innate immune system to help resist infecgohhe cholangiocytesare epithelial cells
that line the bile duct[1, 2, 7, 25]. Hepatic progenitor cell§short HPCalso known as liver stem
cells or oval cel)s are bipotential stem cells capable of differentiation towardsoth
hepatocytes anccholangiocytes. The KPresidewithin the most peripheral branches of the
biliary tree, the sacalled canals of Herir[@6, 27].

FIGURE: MORPHOLOGY OIONPARENCHYMAIELL TYPES OF TNMERIN VITRO

(A) Liver Sinusoidal Epithelial Cells (LSEC) showing typical morpholitgy: (B) Isolated quiescent HSC showing
aG2Nr3S 2F QAU YEYy OSaKhOf SARNAKIKEAFE aKSEAPREt o062Red | LRy
extensive morphological and biochemical changes, which include the synthesis, secretion and restructuring of ECM
molecules. (C) Kupffer cells showing their dynamic morphology.aellsaded with vesicles containing cytokines

and other secretory factors. Figure adapted and modified ffaB).
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1.3 LIVEREXTRACELLULKMRTRIX

The peculiar composition of the extracellular matr{fiEECM) directs and maintairtbe
architecture and differentiated phenotype of liver cel®0, 28]. The ECM is distributed in the
Space of Dissand consists otollagen (typesclV), laminins, fibronectin, glycosaminoglycans
and proteoglycansamong many other§20, 28, 29] (Figure5). Hepatocytes are in close contact
with severa extracellular matrix proteis. The ECM composition typically follows a pattern of
gradients from the periportal zone 1 to pericentral zonég&yure2). The zonal composition of
the ECM between the portal triad artle central vein is determined by multiplctors, e.qg.
the influence of other cell types, the gradient of oxygen anttients[27, 30].
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FIGURBE: DISTRIBUTION QHEEXTRACEULAR MATRIX (ECM)THE LIVER

The composition of the different ECM zones between the portal triad and central vein is partially determined by
factors in the microenvironment, such as other cell types,gexy nutrients, and endogenous/endogenous
substrates. Figure adapted and modified fr¢hd).
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1.4 HEPATOCYTES AND RHAETABOLIGQNCTION

The wique vascular organizatiasf the liver exposes hepatocytés a lobular gradient b
oxygen, nutrients, toxins and other biologically active molectlesensurghe f A Ge&dddne,
endocrine and blood filterinfunctions the hepatocytes asighly specialized epithelial celise
characterized by distinct polarity [1].

The hepatocyted pblarity representsa unique and complex cytarchitecture compared
with the polarity of most epithelial cell81] (Figure6). Typically, an epithali cellexhibits one
apical and one basolateral s&d on opposing surfaces of an epithelial sheet. In contrast,
hepatocytes possess two basolateral (sinusoidal) domains that interface with the space of Disse
on opposite sides othe cell plates and an apial (canalicular) domain between adjacent
hepatocyteq10]. The basolateral sg of hepatocytes are in contact with the bthavhere the
uptake of recycled bile salts and secretion of various components into the circulatian dte
neighboring hepatocytes secretbe bile into a beltlike stucture formed at the apical s
called bile canaliculi @. These tubular compartments of ~Qs ® n indidmeter constitutea
continuous network throughout the cell plates of the liver lobule. Btik apical andthe
basolateral sids are separatetby tight junctionsand desmosomes that seal off the border of
bile canaliculi at apical s8d. The networks of BC from a liver lobule terminate at the portal
triad and merge via the canals of Hering with the bile dufitslly leadinginto the common
bile duct and the gall bladd¢t0, 15, 32].

Epithelium Hepatocyte

Apical site Space of Disse

,xwwvm Basolateral site
N ——

Basolateral site Basolateral site

Apical site

Space of Disse

FIGURB: THE SRUCTURE OF EPITHEIAND HEPATO®YCELL POLARITY

Epithelial cells exhibit anapical and one basolateral si®n opposing surfaces of an epithelial sheet. In contrast,
hepatocytes possess two basolateral domains that interface with the space of Disse on opposite sides of cell
plates. Theapical si@ (surface marked in green) in hepatocytes is separated from the basolateral pole by tight
junctions (orange marks). BC (bile canaliculi), N (nucleus). Figure adapted and modifig&Pfrom
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The gical and basolateral sud@ membranes of hepatocytes are polarized by special
membrane protein distribution includingreceptors, pumps, transport channels, and carrier
proteins [33] (Figure7). The drectional transport ofthe bile acids from the blood through
hepatocytes into the bile canaliculi is a multispeprocesq1]. Mainly, NTCP (Na+ /taurocholate
co-transporting polypeptide) anthe family of organic anioftransporting polypeptide proteis
(OATPSs) together witthe organic anion transporter (OATS) atieé organic cation transporter
(OCTs) families mediatae uptake of the bile acids from the portal circulatiofihe uptakas
driven as a result of electrical and ionic gradients generatgdth®e Na+/K+ ATPase and
diffusion of K+ ions through potassium chanri@4]. The hle, which plays an essential role in
the digestion of lipids from the diet, is a complex aqueous secretion composeieofdits,
organic anions, phospholipids, cholesterol and bilirufdB]. In the classic pathwayhe bile
acids can be syhesizedde novofrom OK 2 f S& G SNR f  ( K |-Hydrokyghol€3@rgl @S NIi S F
via the microsomal cytochrome P450 gmme, OK 2 £ S & {hy@IB1ase@YP7A1), belonging
to the P450 superfamily of monroxidases metabolizing organic compounds of endnd
exogeous origin[36]. The ®cretion of de novosynthetized bile acids into bile canaliculi is
mediated by several apical Abihding cassette (ABC) transport proteimprimarily via Bsep
(bile-saltexport pump) but also byMrp2 (multidrugresistanceassociated protein 2), Mdrl
and -3 (multidrugresistance protein 1 and 2). Bsep is the main transporter ensuring bile
secretion [37, 38]. Cholestatic conditions activate compensatory mechanism of basolateral
efflux of bile salts and organic anions from hepates into blood byMrp3 and Mrp4[39, 40].

A A A Blood

- 7/ \\'/
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Sterols Xenobiotics
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CYP7A1 \NF: f
‘R \

Blood
FIGURE: SCHEMATIC BILE AMBTABOLISM ANELIMINATION INHE HEPATOCYTE
Uptake of bile acids fronthe portal circulation is mediated mainly by NTCP and OATP family. Additionally,
cholesterol is converted into bile acids by CYP7Al and eliminatedthetdile canaliculi by Bsepnd dher
canalicular transporterssuch asvirp2 which mediates excretion of bilirubilABCB4, which exporfghosphatid/l-
choling and the multidrug transporters Mdrl gether with ABCG2 which mediate excretion of a wide variety of
xenobiotics. During cholestasis bile acids can also lbeeted back into the circulation via Mrp3 and 4. Figure
adapted from[41].
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The liver metabolizes various endogenous and exogenous substances by a series of
complex, chemical reactions called biotransformati®dhe botransformation process can lead
to detoxiication, and excretion, or to bioactivation of the chemical compoup®], which is
achieved in three metabat phases: phases | and Il, and transport phase ThHe ase |
reactions alterthe basic structure of a compound to a more polar metabolite by means of
oxidation, reduction or hydrolysis. The main enzymes responsible for metabolism of phase | are
members of the cytochrome P450 (CYPs) superfanalitochrome P45@nzymes, located in
the smooth endoplasmic reticulum, function as memwygenases that insert one atom of
oxygen into the substrate molecu[d3]. Products of phase | metabolism that anrgfiently
water soluble are eliminated by biliaoy renalexcretion orthey may form substrates for phase
Il enzymesPhase Il metabolism involves the conjugation of a wateluble chemical moiety to
a phase | metabolite by transferasgs}, 45]. The poducts of phase Il reactions are generally
detoxifying However, some conjugates can cause adverse effejet6]. Phase Il involves bile
secretion throu@p active membrane transporterd-igure7) such as ABC transporter proteins
and families of OATs, OCTs and OA4R4].

1.5 IN VITRGULTURE SYSTEMS ROVEMENTS

The liver plays a major role in metabolism and clearance of digested compounds, but is
however susceptible to toxicity that may arise from the biotransformationhef tompounds
[1]. Exogenous compounds such as medicinal drugs may affect the liver in various ways.
Compounds causing liver injuaye geneally termed hepatotoxicarst More than 900 drugs are
known to cause liver injurf49]. Moreover, drugnduced liver injury (DILI) is responsible for 50
% of all acute liver failurd$0]. DILI is not only an important cause of niidity and mortality
but also is the most common reason for withdrawing newly tested diféds$ giving liver a
unique and central role in toxicological stadi

The purpose of modern toxicology is to investigate and evaluate toxic effects of chemicals
and drugs. The standard approach to fully understand potential hepatotoxic effects involves the
use of complex and costlin vivo models based ormanimal testing [52]. This approach
contradicts the simultaneous effort of reducing the number of animals used in experiments for
ethical and cost reasons based the principle of thethree éR€ [53]. The3 €R<€ refers to the
improvement of ethical standards by reducing the number of tests and animal used (use of
vitro, ex vivaandin silicoapproactes), the refinement of existing procedures to reduce animal
testsor replace them entirelyDue to concerns abouhe animal welfare and concerns about
the predictive accuracy of rodenn vivo testing for human adverse health effects, a large
number ofin vitro systems were developed as an alternativertaovivomodels and are currently
applied innot only toxicological, but also in pharmacological studies together with basic and
applied research. The use iof vitro systems has many advantages includieduced numbes
of animal and costsshorteningthe time neededfor analysis as well aonduction of analyses
under welldefined conditions[54]. Wellestablishedin vitrosystems includethe isolated
perfused liver,precisionrcut liver slices3D bioreactorsand organoids (spheroids)rimary
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hepatocyte culture from various specjeso-cultures, suspension cultures, immortalized cell
lines andsub-cellular fractionsHowever, each model has advantages and limitat{@igure).

The currentlyavailablein vitro tests are not entirely adequate to replace animal testing. In
order to fully elucidate the mechanisms of héptoxicity of substances and drugs, a
combination of variougn vitromodels should be used for a thorough validation of a chemical.

Model system

Advantages

Disadvantages

Lwer Slices

Immortalized Hepatic Cell
Lines

Primary Hepalocyte
Suspensions

Primary Hepalocvte
Cultures

Primary Hepatocyte Cultures -
Sandwich

Fairly high throughput
Retain liver structure; contain all cell types
Functional bile canaliculi

Good in vitro/in vivo correlation of xenobiotic
metabolism

Maintain zone-specific CYP activity; maintain toxicity
mechanisms

Stability of phase I enzymes, albumin production,
gluconeogenesis for 20-96 hours

Throughput depends on application

Unlimited amount of cells available

Some cell lines retain expression of many liver-specific
functions

Fairly high throughput

Better estimate of internal clearance than monolayer
cultures

Retain high level of enzyme functionality (close to

in vivo)

Throughput depends on the application

Cells can re-establish cell-cell interactions and polarity
Cells retain some morphology and liver-specific
functionality in short-term cultures (2-4 days)
Induction/inhibition of the metabolizing enzymes can
be studied

Throughput depends on the application

Restores in vivo polygonal morphology

Better maintains liver-specific functionality

Prevents loss of viability
Functional bile canaliculi

FIGURB: OVERIEW OF LIVEHR VITRGYSTEMS
Well-establishedin vitro systems includehe isolated perfused liverprecisionrcut liver slices3D bioreactorsand
organoids (spheroids)primary hepatocyte cultures from various spegieso>-cultures, suspension cultures,
immortalized cell lines and stdellular fractions However, each model possessadvantages and liations
making availablén vitro tests not entirely adequate to replace animal testifkigure adapted and modified from

[52.

Cellular necrosis after 48-72 hours

CYP levels quickly decrease (6-72 hours)

Poor concordance with liver for intrinsic
clearance rates and K., values
Diffusion-limited gradient of the exposure to a
compound across the slice

Lacking most phenotypic and functional
characteristics of the liver tissue

Loss of cell-cell interactions
Loss of cell-matrix interactions

Limited viability allows short-term use only
(=4 hours)
Loss of cellular polarity

No bile canaliculi

Inability to maintain in vivo liver-specific
functionality for long-term culture

Quick reduction in functionality and phenotype
(24-48 hours)

May not develop functional bile canaliculi

Loss of liver-specific functionality, morphology
and phenotype in long-term cultures

Decline in metabolic enzyme activity in long-term
culture

Primary hepatocytes cultures from various species continue to be the most rel@vant
vitro tool to assess liver functions as well as transport, metabobshtoxicity of drugs[55,
56]. However,the limited life span andhe rapid decreasean liverspecific functionality over
culture timein vitro are common shortcomings for primary culturgs?]. The mprovement of
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primary cultures of hepatocytes regarding celbensity, the composition of the culture medium
or the use of different matrixes on which to seed hepatocytes are continuously developed to
foster retention of hepatocyte function.

Traditional primaryhepatocyte culture involve the method of plating callas a
monolayeron surfaces coated with extracellular matrix proteiesg(collagens type I, Ill or IV,
fibronectin and laminin) as substrata. Isuch culture systemprimary hepatocytegapidly
undergo changes in cell morphology, polarity, geseresson, and liverspecific function$58-
61] in aprocesseferred as dedifferentiation.

Remarkably, primary hepatocytes cultured between two layers of gelldldgem! or
other extracellular matrix such as Matri§8(basement membrane preparation extracted from
the EngelbretiHolmSwarm mouse sarcoma, a tumor rich in extracellutatrix) in so called
3D sandwich configuration, restore functional polarity, main differentiated morphology,
liver-specific metabolic activity and longevity in cultuf62-68]. Despite the significant
improvements attributed to the sandwichulture method, expression of many livepecific
functions decreases over time in cultyi@9).

In order to provide a more physiological environment for cultuliedr cells, ceculture
conformation and other forms of organotypic microenvironments were further incorporated to
preserve liverspecific morphology and functionality beyond those provided by standard
cultures. The o-culture configurationsupports the naintenance ofnormal hepatic structure
and function[70, 71]. Similarly, primary hepatocytes cultudes spheroid aggregateforming
sphered K| LISR @& a LIKSNR A Ra&[§2 73] @it idpbodes Nl figvivael laBda
prolonged maintenance of differentiated functiorig4, 75]. Additional examples of methods
aiming d in vitro culture improvement include generation of transplantable liver grafts using
de-cellularized liver matrix76] and culture with improved oxygen supdly7]. Although some
advancement has been achieved by all mentioned techniques, they were in most cases limited
to a small number of readouts and usually did not teséunctions to the level of hepatocytes
in viva
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1.6 DEDIFFERENATIONIN CULTURE

The dfferentiation statusof a cellcan be evaluated by its genome wide gene expression
pattern. Cultivationcausesmajor alterations in gene expression of primary hepatesyduring
the first 24 h of culture when compared to thiger in vivo[78]. The d-differentiation process
that is triggeredin cultures ofprimary hepatocytedeads toa rapid changan mRNA and
protein levels of phase | and phase Il bamisformation enzymes (e.g. CYPs 45zymes)
together withthe down-regulation in expression of bile acid transporters (e.g. Bsep and Mrp2)
that taken together resemblethe features of cholestasi61, 79].

The etracellular environment has been shown to play a critical role in réiggldoth
liver-specific function in culture and activation of liver transcription factors maintaining
differentiation [58, 64, 80]. Such alteratios can be partly explainetdy adrastic decrease in
expression of hepatic master regulators, such as-#reiched transcription factors (LET &),

81] or nuclear receptor§82, 83] (Figure9).

The Iver-enriched transcription factors (LETEQnsistof six families of evolutionary
conserved transcription factors: HNE HNF3, HNF4, HNF6, CEBP, and dbinding protein
(DBP)[84]. The C/EBPfamily of transcription factors is known to regulate not only hepatic
functions but alsothe inflammatory respnse of the liver{85, 86]. The HNFs belong tdhe
nuclear hormone receptor family and are required for delfudifferentiation and metabolism
[87]. HNF1 has been shown to be one of the transactivators of ilgm@ecific albumin
transcription [88] and CYP7al89]. HNF4 regulates diverse metabolic pathways and
developmental processes determining the hepatic phepet90, 91].

Nuclear receptors (NR) are a large family of ligde@endent trarscription factors that
regulate many hepatic functionsincluding toxicologic processes and metabolic homeostasis
[92]. The key nuclear receptors include farnesoid X receptor (FXR), short hHetermdpartner
(SHP), pregnane X receptor (PXR), liver X receptor (LXR), peroxisome prohfeizaded
receptor alpha (PPARa), and constitutive androstane receptor (CAR). These nuclear receptors
are controlled by the action of small moleculsch as teroid hormones, bile acids, fatty acids,
thyroid hormones, certain vitamins and prostaglandiAstivated by small moelculespuclear
receptors in the form ofa heterodimer with retinoid X receptor (R}3], bind their DNA
responseSt SYSy Gt a € 2 Ol ( PrEBmotérxegiéhiaydredulat@gdngé &xpré@ssion of
their targets,e.g. the superfamily of CYP150 enzymeg83]. Additionally, miclear receptors
cause adaptive changes of hepatiansporter expressiomt a transcriptional leveih response
to bile acids and proinflammatory cytoking3]. For examplethe transcriptional control of the
Bsep and Mrp2 gendsas been shown to beediated ly a group of nuclear hormone receptors
including FXR, RAR, PXR, and [@AR7]. Overall the transcriptional regulation of hepatic
transporters comprises a compléxeracting network of nuclear receptors and LESA, 99].
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FIGURB: REGULATKDOF TRANSCRIPTIONTRRANSPORTHRRATLIVER

NR togetherwith RXR as obligaty partner and LETFmediate the transcriptional regulation of hepatobiliary

GNF yaLR2NISN acgaiSyad IbCmhz gKAOK A& dzyRSNI LRAAGAGS TS
basolateral Ntcp an@atpl, 2 and 4FXR positively regulates the canalicular bile teigsporters Bsep and Mrp2.

¢KS w!whyY w-wh KSGSNBRAYSNI I 3| A yAdapiedantl inddifieSfford [94N5 3 dzf | G Sa |

1.7 STRESS RESPONSE WGRIOLATION AND QUIRE

During the isolation procedure, hepatocytes lose their normal microenvironment and cell
to-cell interactions thus undergoing ischenparfusion inyry that together trigger responses in
gene expressiorA possible cause fahe dramatic decrease in expression of LEFTs and nuclear
receptors might come fromthe activation of various stressignalingpathways during the
isolation procedurd99]. Indeed, 1 has been shown thasolationinduced stressnitiates rapid
activation of signaling cascades leading pwliferative and inflammatoryresponse that
contributes to thede-differentiated cell phenotypé¢61, 100, 101].

Amongthe signaling pathways contributing tilve altered gene expression of primary
hepatocytes arethe mitogenactivated protein kinases (MAPK) transduction pathways
comprisingthe Extracellular SgnatRegulated Kinases (ERKs) 1 and 2 (ERK1Re Stress
Activated Protein Kinases/eJun amineerminal kinases $APKINKs) 1, 2, and; 3he p38
Ad2F2N)a hsix 1+ 3 |yR + ihe NuylehfFactor-Kdppa BNRKBILI (G K & |
Janus KinaseMSgnal Transducers and Activators of Transcription (JK/STAT,) the
phosphatidylinositol &inase (PI3K)/Akind protein kinase @PK(gsignalingpathway:.

The MAPK signal transduction pathwais a highly conserved and widespread
mechanism of eukaryotic cell regulation involved in various cellular functsons ascell
proliferation, differentiation andnigration(Figurel0). TheMAPKSs are serine/threonine kinases
that mediate intracellular phosphorylation evenis response toa wide variety of different
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stimuli such as growth facter hormones and environmental stresses acting through diverse
receptor tyrosine kinase familig$02, 103).

ERK12 is preferentially activated in response to growth factors, while the JNK and p38
are activated in response to stress stimuli: heat and osmotic shock, ionizing radiation,
endotoxin encounterand cytokine stimulation104, 105. However,ischemiaand reperfusion
activate JNK and p38 in various ways. Inactive @NKng ischemiagets activatedduring
reperfusion, whereas the p38s are activated during ischemia and remain active during
reperfusion[106, 107).

Recognition of extracellular stimulctivates a kinase cascaaensisting of a MAPK
kinase kinase (also known as MAP3K or MAPKKK) which phosphorylates and activates a MAPK
kinase (also known as MAP2K, MEK, or MKK) which then phosphorylates sea$ascthe
activity of one or more MAPKS$his cascade is common to all MAPXGiivated MAPKSs further
phosphorylate an array of targets including transcription factors, nuclear pore proteins,
membrane transporters, cytoskeletal elements, and other proteimases[103]. A dynamic
balance between theERK1&/INK/p38 pathways is vital to determining the fate of the cell
(Figurel0) [108].

The INKmembers (JNK 1, 2, and 3) aswongly activated by all the inflammatory
cytokines of the TNF family such tasnor necrosis factorTNBF, interleukin (L, Fas ligand,
recepbr activator of NFkB [109]. Activation of JNK requires dual phosphorylation on tyrosine
and threonine residues within a conserved -Hro-Tyr (TPY) motif caeged by MEK4 and
MEK7, which are themselves phosphorylated and activated by several MAPKKKS, including
MEKK14, MLK2 and3, TAO1 and2, TAK1, and ASK1 afitl In turn,these are activated by
GTPbinding proteins ofthe Rho family. Ativated JNK Iposphoglates c-Jun leading to an
activation of the activator proteii (AR1), as well aseveral other transcription factors, such
asElkl, ATR2, , NAT, and STAT303, 11(0. It has beemlsosuggested thathe activation of
JNK duringhe isolation proedureinhibits liverspecific gene transcription through inactivation
of HNFn h £ S+ RAY 3 (it cytochhind U0 erizgrdsil]. 2 ¥ U

The ativation of the p38 members f £ | Zand1p38-2) has been observed in
response to various physical and chemical sdes, such as oxidative stress, UV irradiation,
hypoxia, ischemia, and cytokines, includlid and TNH112]. Activation of p38 requires dual
phosphorylation on tyrosine and threonine rdses within a conserved T@lyTyr (TGY) dual
phosphorylation maf catalyzed by MEK3 and MEK®6 tleaie themselves phosphorylated and
activated bya plethora ofMAPKKKsancludingTAK1 and ASK1. In turn, these are activated by
GTPbinding proteins othe Rho family. Ativated p38 phosphorylateseveral cellular targets,
includingtranscription &ctors ATF1 ané, MEF2EIk1, andNF kB[103, 113].

The ERK members (ERK1 and ERK2) are strongly activated by mitogenic and growth
factors. Activation of ERKs requires phosphorylation on tyrosine and threonine residues within
a conserved ThGIuTyr (TEY) motif calyzed by activated MEK1 and MEK2, which are
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themselves phosphorylated and activated by Raf and Mos. In turn, these are activatee by
induction of the small GTPase Ras. Activated ERK1/2 phosphorylates a vast array of substrates
localized in all cellulacompartments including signaling effectors, receptors, cytoskeletal
proteins and nuclear transcriptional regulators transcription factors, such as Elk1-llyd, c

and protein kinases, such as ribosomal S6 kinase (RBK) ERK1/2 signaling has been shown

to be strongly activated duringhe isolation procedure[100, 115. Moreover, primary
hepatocytes in monolayer cultures acquaededifferentiated and proliferative phenotype via
activation of ERKZ2 signaling[78, 115]. ERK1/2 activation has beemditionally shown to
downregulatethe HNFn b SELINB&&aA2Y Y&EBRI & FR &Ra& a NBzIa A 2 F
enhancerpromoter complex[116]. All these data suggestspivotal role of ERK signaling in
determining the fate of the cell.

Cascade Mammalian
MAP3K Ri ?105 MEKK ASK TAO
| } MEK?\\
MAPK ERK1/2 JNK1 3 p380-8
Elk-1 RSK STAT3 Elk-1 Jun Elk-1 NF-kB MEF2
c-Myc NFAT4 ATF2 MAPKAP Atfl&2
Cellular proliferation, apoptosis,
Response differentiation, differentiation,
survival, metabolism,
migration, inflammation

development

FIGURHEO: FLOW CHART REPRESEGRACTIVATION ANELCULAR RESPONSESIAFK MODULES (ERKKJ

ANDP38)

Recognition ofthe extracellular stimulactivates &kinase cascade consisting of a MA##ase kinase (also known

as MAP3K or MAPKKK) which phosphorylates and activates a MAPK kinase (also known as MAP2K, MEK, or MKK)
which in turn phosphorylates and increases the activity of one or more MAPKSs. In turn, activated MAPKs can
further phosphorydte an array of targets including transcription factors, nuclear pore proteins, membrane
transporters, cytoskeletal elements, and other protein kinageslynamic balance between tHeRK1&/INK/p38

pathways is vital for determining the fate of the cell Fgure adapted and modified from:
http://www.komabiotech.co.kr/pdf/mapk_signaling_review.pdf

NFkB is a conserved transcription factor important for mediatthg inflammatory
respon® of the immune systemiNFkB regulakesthe expression of cytokines, growth factors
and inhibitors of apoptosis. The five members of thekKBFamilyare RelA (p65), RelB;Rel,
p50/p105, and p52/p100 that are maintained in the cytoplasm as dimers boorkB family
proteins [117]. In the canonical NkB pathway(Figure 11), the NFkB dimer of p50/RelA
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subunits is maintainedn the cytoplasm by interacting A G K 'y Ay RS U#yeR Sy i

Binding of the pranflammatory cytokine (e.gTNF IL-1 type preinflammatory cytokines,

bacterial products such as lipopolysaccharides, reactive oxygen species and viral products)

I OGAGIiSa GKS LYY O2YLX SE 6 &anfdivo myldcyes of th& S
regulatory scaffold protein alled NFkB essential modulateNEMO). In turn, IKK

LIK2ALIK2NEBEFGSa L. G Gog2 &aSNRAYS NBaARdzsSax

degradation by the proteasome. As a consequertbe,N~kB dimer is enabled to enter the
nucleus to activate expression of many genes involved in inflammé§tidd. NFkB hasalso
been shown to be activated within 20 min of the isolation procedure with collagenase
indicating that NFkB causeshepatocytes to undergo a primflammatory respons§l00Q].

>\\//

OF .

Proteasomal
IxB
@ degradation

Q
DO
+%ql

/ + Nucleus \

) —

IKBI |

FIGURHE1: MECHANISM OF RE-ACTIVATION

TheNFkB dimer of p50/RelA subunits is maintained in the cytoplasm by integatith the L 1 . 1 Y PfoS Odzt S ®

inflammatory signals activat¢he IKK complexthat iy { dzNJ/ LIK 2 & LIKadlinNg&d its (sdbsequént . b
ubiquitination and degradation by the proteasome. As a consequetheeNFKkB dimerenters the nucleus to
activate expression of nmy genes involved in inflammatioRigure adapte@nd modifiedfrom [118].

The Janus kinase/signal transducers and activatorsheftranscription (JAK/STAT)
pathway isthe principal signaling mechanism for a plethora of cytokines (e:§. type
cytokines) andgrowth factors. Its activation stimulates cell pfetation, differentiation, cell
migration and apoptosis and has an important role in the control of immune respgh&&k
Binding of a cytokine to its surface receptor induces receptor dimerizétigurel2), which in
turn subsequently activates two JAKrdgine kinases associated with the receptor allowing
trans-phosphorylation ofthe cytoplasmic transcription factors STAPhosphorylated STATs
dimerize and subsequently leave the receptor and translocate to the nucleus, where they bind
specific regulatorgequences leading to the activation or repression of target genes providing a
direct mechanism to translate an extracellular signal to a transcriptional resga@6p
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FIGURHE2: MECHANISM OF JAK/STACTIVATION

Binding of a cytokine to its surface receptor induces receptor dimerization, which in turn subsequently activates
two JAK tyrosine kinases associated with the receptor allowing -phosphorylation ofthe cytoplasmic
transcription factors STATs. Phosphorylated STATs dimerize and subsequently leave the receptor and translocate
to the nucleus, wher¢hey bind specific regulatory sequences to activate or repress transcription of target genes
providing a direct mech@sm to translate an extracellular signal into a transcriptional respoRggire adapted

and modified from121].

The phosphatidylinositol -Rinase (PI3K)/Aksignaling cascade plays a central role in
many physiological processes which include cell proliferation, differentiation, apoptosis,
cytoskeletal rearrangements and metaboligt®2 123]. Activation ofgrowth factor receptor
protein tyrosine kinases results in aupiosphorylation on tyrosine residues, which in turn
recruits PI3K to the membrane. PI3K belorigsa conserved family of lipid kinases that
generate the second messenger phosphatidylinosdtdl5trisphosphate (PH3) at the inner
side of the plasma membranélhe gnerated PIFB binds and activates different cellular
proteins, by targeting them tonembranes or modulating their enzyme activities. In this way,
PIR3 activates Akt that subsequently translocati® the nucleus to modulate activation of
growth, survival and proliferation signalift?4].

The protein kinase C (PKC) family of multifunctional and phospholgpdndent
protein kinases is characterized by their ability to phosphorylate serine and threonine residues
of receptors, engmes, cytoskeletal proteins, and transcription factors. Activation of G protein
coupled receptors, tyrosine kinase receptors, or #ieneptor tyrosine kinases by an array of
extracellular signals induces phospholipase C (PLC) to hydrolyze the membrdnBIHRj
producing IP3 and diacylglycerol (DAG). Subsequethity,|P3 diffuses to the ER inducing
releag of calcium stores from inside the ER into the cytoplasm. Together the interaction of
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both DAG and calcium modulates PKC kinase activity allowing lpdrysgtion of many protein
targets affecting cellular signal processing, cell proliferation, differentiation, survival and death
[125, 126

Importantly, these stress activated signaling pathways alg known to occur in
different in vivo stress conditions, such as bacteria (ilgpopolysaccharide (LRBiduced
inflammation, sterile inflammation, and surgigalsections. This suggests that metabolism may
also be severely affected in those vivo situations. Hence, it is important to gain a deeper
understanding bthe signaling processes occurrimgvivoduring stress responses.

1.8 LPSINDUCED INFLAMMATI@IND ACUTE PHASE RESPONSE

Liver inflammation results from hepatocyte damage caused by acute or chronic liver
injury orby diseases. The immune system responds to pathogens with a complex set of defense
mechanismsand isdivided into two branchesnnate first line ofthe defense against harmful
stimulus andconsistingof the innate immune cells such as monocytes, macrophages, mast
cells, naitrophils and natural killercells and dendritic cellsand the adaptive immunity
(elimination ofthe harmful stimulusandthe generation of immunological memory). The innate
immune system recognizes microbial component®$glycolipids, viral RNA and bacterial DNA
among others), known as pathogassociated molecular patterns (PAMPS) yattern-
recognition receptorsKRR) such as Talike receptors. Recognition ahe PAMPs activates
immune cells leading to intracellular signaling cascades that elicit strongnflmomatory
responseg127, 128|.

The tssue injury or infection can cause orchestrated inflammatory response of the
liver, known as the acute phase response (APR). APR leads to an altered expression of a specifi
group of plasma proteins, collectively known as acute phase proteigh attempts to
restore liver homeostasis. Acute phase proteitensistof various plasma proteins synthesized
in the liver, such as-@active protein (CRP), serum amyloid P (S#dtym amyloid A (SAA),
inhibitors of proteases, coagulation factors, transport proteins (lipoe)ifl29, 130], and
complement componentfl31]].

LPSa glycolipid locatedn the outer membrane of Gramegative bacteria, is cleared
from the circulation primarily by Kupffer cells, liver sinusoidal endothelial cetihapatocytes
[132). Recognition of LP&-curs during bacterial encounter he gastrointestinal trackcausing
dimerization of Tollike receptor4 (TLR) and myeloid differentiation factor 2 (MR) that
results inan induction of innate immunity responsgk33]. As a consequence, activated Kupffer
cells release a variety of pinflammatory messengers such @lF ILmi X  6Y184, 1B5.
Binding of TNFand I:1i to their respective receptors activates MB that promotes
transcription of acutgphase gene$l136]. Many of the acute phase genes have DNA binding
sites that are recognized by tHfamily of liver specific transcription factors CCAAT/ Enhancer
binding protein (C/EBRY37]. IL-6, Il-:1 , and TNtimuli strongly inducéwo isoforms of C/EBP
(/ k9. tic)layfiRconcurrently dowsregulate C/EBP [138]. C/EBP activity is also
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regulated by NKB, protein kinase C and MAPKs signdlit®f]. Additionally, stimulation of
macrophageswith LPS activatesther signaling pathways, such &RK members (ERK1 and
ERK2)14(], p38[141]] and both isoforms of JNJL04], indicating their importance in mediating
LPS action in macropheg)

1.9LIVER REGENERATIODIDMLS

1.9.1 Cd,INDUCED HEPATOTORCI

Carbon tetrachloride (C{Ibelongs tahe haloalkanes known to cause hepatic damage
[142]. CC}induced hepatotoxicity is the most widely studied model of liver injury. In this
model, exposure to C{tauses impairment of a number of cellular functions leading to acute
and reversible necrosis of centabular hepatocytes followed by liver regeneratidn the liver,
CdClrequires netabolic activation by P450 enzymes of the endoplasmic reticulum, printgrily
the isoform CYP2EXFigure 13). Biotransformation generates the highly reactiand
hepatocytetoxic trichloromethyl free radical (CGt) which in turn interactswith various
biologically important substances. Furthermore, the ;€Chdical can be convertedn the
presence of oxygeto a more reactive trichloromethylperoxy radical, g@D*. As a result, lipid
peroxidation andcovalent binding of C&l derived reactive metabolites affects cellular
homeostasis causing severe oxidative stress and cell damage.

Additionally, secondary liver injury following ¢G@dministration can result from
inflammatory processes mediated by aeted Kupffer cells and stellate cells. Following, CCI
exposure, Kupffer cells releagevariety of preinflammatory messengersTNFE nitric oxide,
TGH3, and ILL, IL-6, and IE10) [142] and stellate cells display a typical aeythase response
[143. The ntraperitoneal injection of Cghctivatesvariousmolecular proesses andgignaling
cascades such as ERK2 aadsesdown-regulation of liver specific genes through suppression
of LETFEsand induction of NFkB signaling144].
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FIGURE3: BIOTRANFORMATION OE€L LEADIN@GHELIVER DAMAGE

CdCJrequires netabolic activation by P450 enzymes, primathig isoform CYP2EBiotransformation generates
the highly reactiveand hepatocytetoxic trichloromethyl free radical (Cg) that can react with various biologically
important substancesThe CGF radical can be convertedn the presence of oxygeto a more reactive
trichloromethylperoxy radical, CLO*. As a result, lipid peroxidation and covaléibding of CGl derived
reactive metabolites affects cellular homeostasis causing severe oxidative stress and cell deimagadapted
and modified from142].

1.9.2 LIVER REGENERATIENER PARTIAL HEPATRLY (PK)

Liver regeneration represents an orchestrated response induced by specific external
stimuli and is associated with changes in gene expression, signaling cascades involving growth
factors, cytokines, awell as matrix remodeling, and alteration of morphologic structyfets).

The most widely used model for the study of liver neggtion is a technique known &43
partial hepatectomy (PHXL46]. In this model, three of the five liver lobes (representing 2/3 of
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the liver mass) are removedurgically without damage to he residual two lobesThe

remaining liver provides full support for body homeostasis during the entire regenerative
process of about 7 days and enlarges until the original mass is restarégde normaladult

liver, the quiescent hepatocytes rarely prolferate [147]. However, following partial
hepatectomy, all cellular populati@of the resected liver rapidly renter the cell cycle. The

first peak of DNA synthesis murine hepatocytes occurs at abou6 hours followed by a

smaller peak between 36 and 48 hours for the other cell tyjggdMoreover, PHx induces rapid

induction of more tharl00 genes not expressed in normal liy4f substituting for preparative

events for the entry of hepatocytes into the cell cyceCS . = { ¢! ¢o YR !t wmX
activated in remnant hepatocytes minutes after partial hepatectomy and may be a major part

of the intracdlular signaling cascade leading to DNA synthflig]. Similarly, intracelilar-

signalling pathways as MAPK and JNK are rapidly activated after PHx prolidmdocthe

initiating signalq4]. Smultaneously withthe induction of proliferation, hepatocytes maintain

all essential metabolic functions needed for homeostasis. Functionalihepétocytes during

liver regeneration can be partly explained the essentially unchanged levels of transcription

factors such as hepatic nuclear factor 1, 3 anfll47]. Additionally,the / Kk 9. t " A a2 ¥ 2 N
down-regulated during liver regeneration, whexgexpression ofif KS / Kk 9. t | Asa 2 F 2 NI
[148 149. Although most of the signaling responses described above take place in
hepatocytes, several ligands triggering these paiis are released by ngrarenchymal cells

such as sinusoidal endothelial cellspKer cellsandstellate cells.

1.9.3 NPC AND THEIR ROURING LIVER DAMAGE

Non-parenchymal cells (NPC) are responsible for producing a range of cytokines and
chemokines thamodulate not only liver function but also contribute to the response to acute
hepatocyte injury(Figure 14) [150]. Various types of streseduced stimuli can lehto the
activation of norparenchymal cells such as LSEC and Kupffer cells causing a release of diverse
pro-inflammatory mediators, which recruits and activas other inflammatory cells including
natural killer cells, natural killer T cells, T cells, déiedrells and macrophag¢$50, 151].

Released cytokines control cellular homeostadisther cell typedy binding to highly
specific celsurface receptors triggering differentiation, proliferation, migration, adhesion or
apoptosis processe£ytokinesconsistof a variety of interleukins, growth factors, interferons
and chemokines and are classified as-ffeog. I 1, Il:12, 1:18, TNFandinterferon~  6'L(Clb
or antrinflammatory (e.g. M4, 11:10, 1113, IFN = |y R (G NJ ya ¥ 2 NY AGKID GA N 5 (i
[152.

Activated Kupffer cells (KC) produce nitric oxide, reactive oxygen species and
inflammatory cytokines to provoke liver inflammation upon liver injury. The released cytokines
locally controlthe function of hepatocytes that bear a variety of cytokineceptors as well as
other NPQunder bothnormal and pathological conditiond53]. Activated K@ are capable of
modulating cell death by inducigp apoptosis ofaffected cell types.The interplaybetween
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actions of proeinflammatory (TNF IL:m | I y6)RandL gntiinflammatory (IL10) cytokines
produced by KC is strictly regulated and miadies response to liver injufy, 150].

Hepatic Stellate Cells

(HSC)
Liver Sinusoidal Endothelial Cells
(LSEC
PDGF CTGF,
IL6, IL10,TNFa, EGF, TGFb, HGF
waﬁv
HGF EGF, FGF,
Liver Resident Macrophages . @ < &
(Kupffer cells) r . T ‘ i ‘ '

Hepatocytes
Transdifferentiation
CTGF, EGF,
IGF, LIF, SCF

Ty (S (TR

Transdifferentiation @Q
Liver Stem Cells

Biliary epithelial cells (Oval Cells)
(Cholangiocytes)

FIGURBE4: AUTOCRINE AND PARAURSEIGNALS SECREBY NPC MODULAHEPATOCYHUNCTIOSIN
HEATHY AND DISEASELIVER TISSUE

Theactivation of norparenchymal cellsausesa release of diverspro-inflammatory mediators Figure adapted
and modified from{15].

1.9.4 CHOLESTATIS IN MGBPEE LIVER INJURY

Cholestasis or impaired bile secretion frequently result from defects in transporter
expression cased by inflammatory disorderg494, 154. LPSnduced preinflammatory
cytokines(TNF, Itm | IL¥¥)Recreted by Kupffer celld34 havebeen characterized athe
key mediatorsregulating hepatiexpression and activity of transporte(Bigure15) [97, 155,
156]. It has been shown that>@erimental administration of LPS, TNEM | 26Ndducds
expression of severdiepatic transportersat the basolateral or canalicular membraf&s7-
159. Interestingly,the down-regulation of hgatic transporters during LHB8duced cholestasis
can be viewed apart of the negative acutg@hase responsgo8g].

Hepatic transporers are regulated at bbt the transcriptional and podtanscriptional
level[37]. The tanscription factors such as families of LETF and nuclear receptors have a pivotal
role in the transcriptional regulation of hepatic transportdiEgure15) [37]. Moreover, LPS
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treatment activates MAPK stress signaling pathways including JNK[160] that leads to a
decrease in expression ofudear receptors[161, 162. NR are known to regulate gene
expression of hepatic transporters such as Bsep and M@52 97, 98]. Additionally, It1b
induction after LP&eatment in vivoseems to be the major regulator of rat Mrp2 expression
[163. In contrast tothe down-regulation in rodent models, expression of hepatic tramsers
BSEP and MRP2 in humans have been shown to be redulaimly by postranscriptional
mechanism$164, 165].

— e G

FIGURES: TRANSPORTER REGUQDNTN INLAMMATIONNDUCED CHOLESTASIS

LPSmediated signals reduce the expression of several hepatic transporters at the basolateral or canalicular
membrane. Ik1b is the major regulator & Ntcp and Mrp2 expression. The function of the RXRa component is
thereby affected by RNA degradation and diigendent phosphorylationThe tanscriptional control of Bsep and

Mrp2 is mediated by a decreased expression of nuclear hormone receptors nlEXiR, PXR, and CRRure
adapted and modified fron94].

Liver regeneration induces a coordinated dowegulation of basolateral transport
systems while maintaining expression of canalicular transportéigu(e16). In the model of
partial hepatectomy, expression of basolateral transportergeduced and the canalicular
transporters Bsep and Mrp2 remain stably expressedhatprotein level 24 h aftesurgery
[166, 167]. Similar changes in botthe canalicular andhe basolateral transporter expression
have ben observed in Cginduced liver damaggL64, 168. Such patteraof alteration can be
partly explained byhe massive induction of TNF occurring in both models of liver regeneration
[168170] since TNF has been shown to be the master regulatory cytokine for basolateral
transporter gene expression during liver regeneratjt64).
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FIGURHEG6: TRANSPORTER REGUQNTURING LIVER REEEATION AND TOXIZER INJURY

Models of liver regeneration induce a coordinated dewegulation of basolateral transport systems while
maintaining expression of calieular transporters.Tumor necrosis factorepresents the master regulatory
cytokine for the basolateral transporter gene expression during liver regenerafiogure adapted and modified
from [94].

Altogether, it is clear that common stress responses may occur in profoundly different
conditions such as perfusion and cukluin vitro) and alsan viva Therefore, it is crucial to fully
understand these processes in order to establish propefitro systems.
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AIM OF THIS WORK

1.10 AIM OF THIS WORK

The aim of this work wat® gain insight into thenolecular consequences of hepatocyte
isolation and cultivation bycomparing gene expression changes of hepatocytes cultivated in
collagen sandwich cultures (S), confluentMswell as subconfluent (B monolayer cultures
with reference to their similarities and differences over time.

For thispurpose, atime resolvedglobal gene expression profilingf primary mouse
hepatocyteswas carried outusing Affymetrix microarraysA combination of gene array
analyses, bioinformatics and knowledgased interpretation of the identified deregulated
geneswas then used to identify mechanisms responsible for the observed transcriptional
alterations. In the next step, the identified biological motifs associated with the deregulated
genes were validated using (fRCR and Western blot. These analyses idedtifiestrong
upregulation of inflammation and proliferation as well as a downregulation of metabelism
associated genes in hepatocytasvitro. The changes in the identified biological motifs were
compared to those in stressdtepatocytes after different typs of hepatic injury, namely after
treatment with CGl lipopolysaccharide (LPS) or partial hepatectomy (PSixpsequently, |
performed a series of experiments validating the contribution of other liverscddpopulations
extracellular matrix and alteative culture configuration on the aforementioned transcriptional
responsesFinally, | compared the transcriptional alterations observed in the mouse model with
those in rat and human primary hepatocytes.

The specific aims of the present study are to:

e perform atime resolvedglobal gene expression profilird primary mouse hepatocytes
by Affymetrix microarrays

e use a combination of gene array analyses, bioinformatics and knowleaggd
interpretation of the identified deregulated genes in order to idéntmechanisms
regulated by the observed transcriptional alterations

¢ validate the identified biological motifs by gf*CR and western blot

e compare the observed transcriptional responses to livargivo after treatment with
CdJ, lipopolysaccharide (LPS)martial hepatectomy (PHXx)

e dissect signaling activities throughout the culture time by means of Luminex analysis

o study the effect of other liver cell subpopulations, extracellular matrix and spheroid
configuration on the aforementioned transcriptional pEsises

e validate and compare the observed transcriptional responses of the mouse model with
models of rat and human primary hepatocytes
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MATERIALS AND METHODS

2. MATERIALS AND METH®DD

2.1 MATERIALS

2.1.1 (HEMICAREAGENTS AND KITS

TABLE: CHEMICAL REAGEMND KTS

Chemical Company Catalog No
2-propanol Carl Roth, Karlsruhe, Germany AE73.1
Aminoacid solution (Costumer formulation PAN Biotech GmbH, Aidenbach, Germany S033100
APS SigmaAldrich Corp., St. Louis, MO, USA 367825g
Basement Membrane Matrix, Grolvfactor BD Bioscience, San Jose, USA 356231
Reduced (GFR), Phenol Rezk

Bio-Plex Cell Lysis Kit Bio-Rad Laboratories, Munich, Germany 171-304011
Bovine Albumin Fraction V (BSA) Carl Roth, Karlsruhe, Germany 8076.4
BrduU SigmaAldrich Corp., St. luis, MO, USA B5002
Bromphenol Blue Merk, Darmstadt, Germany 108122
Buffer concentrate A Carl Roth, Karlsruhe, Germany L510.1
Buffer concentrate K Carl Roth, Karlsruhe, Germany L511.1
Collagenase from Clostridium hystolyticun SigmaAldrich Corp., Stouis, MO, USA C2674
Complete feed for Rats&Mice Ssniff Spezialdiaeten, Soest, Germany V1534000
Maintenance

DAPI Invitrogen GmbH, Darmstadt, Germany D3571
DEPC Treated Water Invitrogen GmbH, Darmstadt, Germany 46-42224
di-Sodium Hydrogen Phosphahhydrous Carl Roth, Karlsruhe, Germany P030.2
(Na2HPO4)

DMSO SigmaAldrich Corp., St. Louis, MO, USA 472301
DTT (DiDithiothreitol) SigmaAldrich Corp., St. Louis, MO, USA D9779
Easycoll Separating Solution 1.124g/mL  Biochrom AG, Berlin, Germany L6148
EDTA Carl Roth, Karlsruhe, Germany 8040.3
EGTA Carl Roth, Karlsruhe, Germany 3054.2
Eosin Y disodium salt SigmaAldrich Corp., St. Louis, MO, USA E4382
Ethanol Merk, Darmstadt, Germany 100983
Ethanol, 70% Walter CMP, Kiel, Germany WAL10506
FluorPrét SNSu wSI 3Sy i Calbiochem, Darmstadt, Germany. 345787
Glycerin Carl Roth, Karlsruhe, Germany 3783.2
Glycine Carl Roth, Karlsruhe, Germany HNO07.3
DN} @AGe&t[ ! {un o5 [ dzft InSphero, Schlieren, Switzerland CS06-001
Platform

High Capacity cDNReverse Transcription  Applied Biosystems, Karlsruhe, Germany 4368813
Kit

Hydrochloric Acid, 32% Carl Roth, Karlsruhe, Germany P074.4
Ketaminratiopharm® 50 mg O.K. Injection Ratio pharm, Uim, Germany N64477.04
Solution

Magic Mark XP Western ProteBtandard Invitrogen GmbH, Darmstadt, Germany LC5602

Mayer’s Hemalum solution
Methanol

Merk, Darmstadt, Germany
SigmaAldrich Corp., St. Louis, MO, USA
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MATERIALS AND METISOD

Microscopy Entellan

Merk, Darmstadt, Germany

1.07960.0500

Mouse Laminin BD Biose&ince, San Jose, USA 354232
Nonidet P40 (NP40) Roche Diagnostics GmbH, Manheim, 11754599001
Phosphatase Inhibitor Cocktail 1l SigmaAldrich Corp., St. Louis, MO, USA P5726
Phosphatase Inhibitor Cocktail 111 SigmaAldrich Corp., St. Louis, MO, USA POQ14
Pierce BCA Protein Assay Kit Thermo Scientific, Braunschweig, Germany 23225
PMSF Carl Roth, Karlsruhe, Germany 6367.2
Ponseau S Carl Roth, Karlsruhe, Germany 5938.1
Potassium Chloride (KCI) Carl Roth, Karlsruhe, Germany 6781 .1
Potassium dihydrogephosphate (KH2PO4 ' Carl Roth, Karlsruhe, Germany 3904.1
Precision Plus Protein standards Bio-Rad Laboratories, Munich, Germany 161-0374
Protease Inhibitor Cocktail SigmaAldrich Corp., St. Louis, MO, USA P8340
Qiazol Lysis Reagent Qiagen, Hilden, Geramy 79306
Rompun 2% Bayer Health Care, Leverkusen, Germany
Roti Histofix 4% Carl Roth, Karlsruhe, Germany P087.5
RotiHistol Carl Roth, Karlsruhe, Germany 6640.1
Rotiphoresg)Gel 30 (37,5:1) Carl Roth, Karlsruhe, Germany 3029.1
SDS pellets Carl RothKarlsruhe, Germany CN30.1
Sera Plus (Special Processed FBS) PAN Biotech GmbH, Aidenbach, Germany 3702P103009
Sodium chloride Carl Roth, Karlsruhe, Germany 3957.2
Sodium deoxycholate SigmaAldrich Corp., St. Louis, MO, USA D6750
Sodium hydroxide pedts Merk, Darmstadt, Germany 1.06482
TagMan® Universal Master Mix I, with UN Applied Biosystems, Karlsruhe, Germany 4440038
TEMED Carl Roth, Karlsruhe, Germany 2367.1
Trichloroacetic Acid Carl Roth, Karlsruhe, Germany 8789.2
Trichloromethane/Chlorafrm Carl Roth, Karlsruhe, Germany 7331.2
TRIS Carl Roth, Karlsruhe, Germany 4855.2
TrisHCI SigmaAldrich Corp., St. Louis, MO, USA T3253
Triton %100 Carl Roth, Karlsruhe, Germany 3051
Trizma base SigmaAldrich Corp., St. Louis, MO, USA 33742
Trypan Blue SigmaAldrich Corp., St. Louis, MO, USA T6146
Tween 20 SigmaAldrich Corp., St. Louis, MO, USA P7949
Western Lightning® PRECL, Enhanced PerkinElmer, Massachusetts, USA NEL105001EA
Chemiluminescence Substrate
2.1.2 GQONSUMABLES

TABLER: CONSUMABLES
Consumable Company Catalog No
Biosphere Filtered Tip, 1000uL Sarstedt, Numbrecht, Germany 70.762.211
Biosphere Filtered Tip, 100uL Sarstedt, Numbrecht, Germany 70.760.212
Biosphere Filtered Tip, 200uL Sarstedt, Numbrecht, Gemany 70.760.211
Biosphere Filtered Tip, 20uL Sarstedt, Numbrecht, Germany 70.1116.210
Blotting Paper Grade 703, 46x57cm VWR international, Darmstadt, Germany 732-0591
Cell Scraper, 25cm Sarstedt, Numbrecht, Germany 83.183
/' 1 wha! -{00Lbx Clontech, Maintain View, USA 636089
Cover glass, 18mm Menzel, Braunschweig, Germany CBO0O0180RA1
Disposable semnicro cuvette, 1.5mL BRAND, Mannheim, Germany 7591 15
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Embedding cassettes
FACSClean

FACSFlow

FACSRinse

Falcon tube, 15mL

Falcon tube, 50mL
GeneChip 3' IVT Express kit

GeneChip Human Genome U133 Plus 2.0

Array

GeneChip Mouse Genome 430 2.0 Array

Gentle Skin Classic Laboratory Gloves

DN} @Adet[!{n o5
Platform

Hypodermic Needle, 26G
Integra 300uL Tips

Kimtech Science Delicate Task Wipes

MicroAmp Optical 98vell Reaction Plate

Mouse Genome 430 2.0 Affymetrix
genechips

Multiwell FlatBottom 12Well Plate
Parafilm Wrap

Pipette Tips, 1000uL

Pipette Tips, 200uL

Pipette Tips, 20uL

Polyscreen PVDF Tranfer Membrane
Polystyrene rounébottom tube with celt
strainer cap, 5mL

RNasdree Microfuge Tubes 1.5 mL

RNaseZap® RNase Decontamination Solu

SafeSeal 0.5mL microtube

SafeSeal 1.5mL micotube

SafeSal 2.0mL microtube
Serological Pipette, 10mL
Serological Pipette, 25mL
Serological Pipette, 5mL
SuperFrost Plus®icroscopic slides
Syringe, 1mL Luer

Tissue Culture Plate HBobttom 6Well
Plate

Vacuum FiltratiorJnit, 0.22um, 250mL
Wash and Stain (HWS) kit

WypeAll L30 wipes

[ dzt
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Carl Roth, Karlsruhe, Germany
BD Bioscience, San Jose, USA
BD Bioscience, San Jose, USA
BD Bioscience, San Jose, USA
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Affymetrix, Santa Clara, USA

Affymetrix, Santa Clara, USA

Affymetrix, Santa Clara, USA
Meditrade, Kiefersfelden, Germany
InSphero, Schlieren, Switzerland

BD Bioscience, San Jose, USA
Viaflo, INTEGRA, Zizers, Switzerland

Kinmberly-Clark Professionals, Roswell, US

Applied Biosystems, California, USA
Affymetrix, Santa Clara, USA

BD Biosience, San Jose, USA
ColeParmer, Kehl/Rhein, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
PerkinrElmer, Massachusetts, USA
BD Bioscience, San Jose, USA

Ambion, Thermo Fischer Scientific,
Wadtham, USA

Ambion, Thermo Fischer Scientific,
Waltham, USA

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Thermo Scientific, Braunschweig, Germal
BD Bioscience, San Jose, USA
Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany
Affymetrix, Santa Clara, USA

KimberlyClark Professionals, Roswell, US

K113.1
340345
342003
340346
62.554.512
62.547.254
901229D
520019

900497
1221R
CS06-001

304300
44343

7216

N801-0560
900497

353043
PM-992
70.762
70.760.002
70.1116

NEF1002001PK

352235

AM12400

AM9780/AM9782

72.699
72.706
72.695.500
86.1254.001
86.1685.001
86.1253.001
J1800AMNZ
300013
83.1839

83.1822.001
900720

7301
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2.1.3 TECHNICAEQUIPMENT

TABLB: EQUIPMET

Equipment

Description, Company

Array scanner
Array scanner software

Array washing station
Autoclave

Balance

Bio-Plex system

Bright Field Microscope
Bunsen Burner

Centrifuge

Centrifuge
Centrifuge with cooling functio

Centrifuge with cooling function

Channel pipette
Flow Cytometer
Freezer;20 degrees
Freezer;80 degrees

Hybridization Oven

Ice Flaker

Image acquisition system
Incubators

Laminar Flow Hood

Low Voltage Power Supply

Magnetic stirrer
Microcentrifuge
Minicentrifuge
Minishaker

pH meter

Pipetteboy

Pipetes

Precision balance

Real Time PCR System

RNA quality analyser
Safety Cabinet
Shaker

Shake

Shaker
Sonicator
Spectrometer
Thermocycler
Thermoshaker
Thermoshaker
Transferchamber

GeneChip ScanneB000-7G, Affymetrix

GeneChip Operating Software GCOS, Affymetrix
GeneChip Fluidics Station 450, Affymetrix

5075 ELV, Tuttenauer

EW, Kern

Bio-Rad
Eclipse TS 100

IBS Fireboy Plus, Integra Bioscences
Megafuge 1.0R, Thermo Scientific

Centrifuge 5415 R, Eppendorf
5424R, Eppendorf

Biofuge Fresco, Heraeus

8 Channel Vision Pipette Viaflo, INTEGRA
FACSCalibur, BD Bioscence

Comfort NoFrost, Liebherr

HeraFreeg, Heraeus

GeneChip Hybridization Oven 645, Affymetrix
AF 100, Scotsman

Fusion Fx7, Vilber Lourmat

Co2 Incubator C150 R Hinge 230, Binder
Electronics FAZ 2, Waldner

Standard Power Pack P25, Biometra

IKAMAG RCT, IKA

Mini Spin Plus, Eppendorf

FVI:2400N CombgEpin, Biosan

MS 2, IKA

CG 842, Schott

Integra

Research and Reference, Eppendorf

EW 1563M, Kern

7500 Reallime PCR System, Applied Biosystems

Agilent 2100 Bioanalyzer

HERASafe, Heraeus
KS 260 basic, IKA
Orbital Shaker S03, Stuart Scientific

Rocking Platform, VWR

Bandelin, SONOPLUS

NanoDrop 2000, Thermo Scientific
TGRADIENT, Biometra

HTM 130, HLC

PHMT Granbio, Keison

Fastblot B44, Biometra
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UV/Vis Spectrometer
Vacuum pump

Vortex

Water purification system
Waterbath

Western blot Chamber

MATERIALS AND METHODS

V-530, Jasco

Diaphragm Vacuum Pump, Vacuumbrand
VortexGenie 2, Bender&Hobein

Maxima UltraPure Water, ELGA

GFL 1083, Gesellschaft fir Laboreik
Bio-Rad Mini PROTEAN Tetra System

Bright Field Microscope

Microscope CCilCamera
Software

Cell culture microscope:

Primo Vert, Zeiss

AxioCam ICm 1
ZEN, Zeiss

Fluorescence Microscope
Microscope CCiCamera
Video system

Mercury Lamp

Epifluorescence microscope:

Olympus BX41

Olympus ColorView

Olympus UCMADS; Olympus-UV1x2
Lamp Olympus ARFET

Software Olympus Cell"F
Confocal Laser Scanning Microscope:
Microscope Olympus BX61 microscope

LSM Scanning Unit
Mercury Lamp
Laser Combiner
Software

Olympus Flaview FV1000
Lamp Olympus {RFLT
Olympus FVI0ICPSU
Olympus Fluoview Ver. 4.0b
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2.1.4 PERFUSIOBUFFERS

TABLE: PERFUSION BUFFERS

Buffer Chemical Amount
Amino acid solution 30 ml
CaGlsolution (19 g/l CaCI2* 2 H20) 10 ml
Collagenase Type 1 100 mg
Collagenase buffer  Glucose solution (9 g/l) 155 ml
Glutamine (7 g/ml) 2.5 ml
HEPES (60 g/l) (pH 8.5) 25 ml
KH buffer 25 ml
Amino acid solution 60 ml
EGTA solution @5 g/l) 1.6 ml
Glucose solution (9 g/l) 248 ml
EGTA buffer Glutamine (7 g/l) 4mi
KH buffer 30 ml
HEPES (60 g/l) (pH 8.5) 30 ml
Potassium chloride (KCI) 1.75¢9
Potassium dihydrogene phosphate 16¢g
KH buffer Sodium chloride 60 g/L 60 g
filled to 11 with HO
setpHto 7.4
Albumin Fraction V 400 mg
Amino acid solution 30 ml
CaGlsolution (19 g/l CaClI2* 2 H20) 1.6ml
Glucose solution (9 g/l) 124 ml
Suspension buffer  Glutamine (7 g/ml) 2 mi
HEPES (60 g/l) (pH 7.6) 20 ml
KH buffer 20 ml
MgSQ solution (24,6 g/L MgS0O4 *
7H20) 0.8 ml
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2.1.5 CELL CULTURE

2.1.5.1 CELL CULTURE MEDIUM

TABLE: CELL CULTURE MBDIU

Additives for cell culture  Final For 500mL Compan Catalod No
medium Concentration Medium pany 9
« A PAN Biotech GmbH, Aidenbach

2 . Q - - !

AftT Al YQa asS Germany P0429510

20yl from2.5 . . .
Dexamethasone 100 nM mM stock in fﬂlngASlzr'Ch Corp., St. Louis, D490225MG
EtOH '
. PAN Biotech GmbH, Aidenbach
Gentamycin 10 pg/ml 500uL Germany P0613001
. SigmaAldrich Corp., St. Louis,
Insulin (ITS) 100x 2 ng/ml 5uL MO, USA 13146
Penicillin/Streptomycin 100 U/ml Pen; 10C o\ PAN Biotech GmbH, Aidenbach pogq7100
U/ml Strep Germany
Stable EGlutamine 2mM 5mL PAN Biotech GmbH, Aidenbach P0482100
Germany
Sera Plus (Special 10% (Full Media 50 mL PAN Biotech GmbH, Aidenbach 3702
Processed FBS) only) Germany P103009
2.1.5.2 CELL CULTURE CHEMECAL
TABLE: CELL CULTURE CHEALS

Other Chemicals Company Catalog No
Acetic acid glacial Carl Roth, Karlsruhe, Germa 3738.5
Basement Membrane Matrix, Growth Factor BD Bioscience, San Jose, USA 356231

Reduced (GFR), Phenol Riezk

Collagen SandwichCollagen lyophilize (rat Roche Diagnostics GmbH, Manheim, 11171179001

tail), 10mg

;(i)ll)l,afgrr:l;\/lonolayerCoIIagen lyphilize (rat Roche Diagnostics GmbH, Manheim, 11171179001
Dexamethasone SigmaAldrich Corp., St. Louis, MO, US/ D490225MG
DMEM low glucose 1.0 g/L 10x BioConcept, Allschwil, Switzerland 1-25K03l
DMSO SigmaAldrich Corp., St. Louis, MO, US/ 472301
Easycoll Separating Solution 1.124g/mL Biochrom AG, Berlin, Germany L6143
Gentamycin g’gr'\'mif;ec“ GmbH, Aidenbach, P0613001
Insulin (ITS) 100x SigmaAldrich Corp., St. Louis, MO, US/ 13146

Mouse Laminin BD Bioscience, San Jose, USA 354232
Penicillin/Streptomycin Zéerif;eCh GmbH, Aidenbach, P0607100
Sera Plus (Special Processed FBS) g/é\erif;eCh GmbH, Aidenbach, 3702P103009
Sodium hydroxide pellets Merk, Darmstadt, Germany 1.06482
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Stable EGlutamine

PAN Biotech Gnth, Aidenbach,

Germany

2ZAtEALFYQA

aSRAdzY 9

PAN Biotech GmbH, Aidenbach,
Germany

P0482100

P0429510

TABLE: SMALL CHEMICAL IBHORS

Pathway Chemical Company Catalog No Concentration used

JNK SP600125 SigmaAldrich Corp., St. lus, MO, USA  S556710MG  10uM, 25uM, 50uM

ERK U0126 Sigmaaldrich Corp., St. Louis, MO, US Ul1201MG 10uM, 25uM, 50uM
monoethanolate

JAK Jak inhibitor | Calbiochem, Darmstadt, Germany. 420097 5nM, 10nM, 25nM

NFkB Santa Cruz Biotechnology, Inc s¢222061 5uM, 10uM, 25uM
JSH_23 California, USA

p38 SB 203580 SigmaAldrich Corp., St. Louis, MO, US S83071MG 10uM, 25uM, 50uM

PE3K LY¥294 SigmaAldrich Corp., St. Louis, MO, US |.9908 5uM, 10uM, 25uM

PKC GF109203X Enzo Life Sciences, Lorrach, Germany ALX270-:049  5nM, 10nM, 25nM

2.1.6 TAQMAN ASSAYS

TABLB: TAQMAN ASSAYS (AFD BIOSYSTEMS, IEARNIA, USA)

Target gene

Mouse

Assay Catalog No
Rat

Human

Bsep
CAR
Ccb
CebpD
Cyp7al
FXR
GAPDH
HNF4
ler3
KIf6
Lcn2
Mrp2
Mt2
PXR
RXR
SAA3
Spl

MmO00445168_m1
Mm_01283978_m1
MmO00441242_m1

MmO00786711_s1

MmO00484152_m1
Mm1240553_m1

4352932E

MmO00433964_m1
MmO00519290_g1
Mm00516184_m1

MmO01324470_m1

MmO00496899_m1

MmO00809556_s1
Mm01344139_m1
MmO01332431_ml

Mm00441203_m1
MmO00489039_m1

Rn00669268_m1

Rn00564065_m1
Rn01749022_m1
Rn00573309_m1

RN01439062_g1
RN00563231_m1
RN99999155 g1

Hs00184824_m1

Hs00167982_m1

4352934E

Hs01008571_m1
Hs00166123_m1
Hs02379661 g1

Hs01380779_m1
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2.1.7 PROTEIN LYSABEEFFERS

TABLBE: RIPA BUFFER FWESTERBLOT

RIPA buffer

50 mM TrisCl (pH 7,5)

150 mM NacCl

1% Nonidet P10 (NP40)
0,5% sodium deoxycholate

0,1% SDS

Added prior to use:

Protease inhibitor 1:100
Phosphatase inhibitor 2 1:100
Phosphatase inhibitor 3 1:100

TABLELO: LYSIS BUFFER FGHE LUMINEXNALYSIS

Bio-Plex Cell Lysis Kit Per sample
Bio-Plex Lysis Buffer 500puL
Bio-Plex Factor 1 1:250
Bio-Plex Factor 2 1:500
Added prior to use:

PMSF (50t in DMSO) 1:250
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2.1.8 BUFFERS FOR EDECTROPHORBEHBWESTERRL.OT

TABLEL1l: BUFFERS FG3DS ELECTROPHORERMBNESTERBLOT

Buffer Chemical and amount
Buffer concentrate A (Roth) 80 ml
Anode buffer Methanol 160 ml

Dest. Waer 560 ml
Buffer concentrate K (Roth) 40 ml
Cathode buffer Methanol 80 ml
Dest. Water 280 ml
Bromphenol blue 5 mg
DTT1M25ml
Loading buffer (5 x) Glycerol 5 ml
SDS 0.5¢
TrisHCI 1 M 2.25 mL
KCI 10g
KH2PO4 10g
NaCl 400g
Na2HPO4 469
setpHto 7.4
filled up to 5 L with distilled water
1 g Ponseau S in 500 mdf 3 %
Ponseau S Trichloroacetic acid
setpHto 7.4
Glycine 144.0 g
Running buffer (10x) SDS 10.0¢g
Tris base 30.3 g
TGP Separation buffer (3 Tris 36.34 g in 100 ml water
TrisHCI) set pHto 8.8

SGP Stacking buffer (0.47 Tris 5.69 g in 100 ml water

TrisHCI) set pHto 6.7
Glycine 15 g
SDS1g
Stripping buffer Tween 20 10 ml
set pHto 2.2
filled up to 1 L with distilled water
NaCl 265¢g
TRIS 60g
filled up to 5 L with distilled water
set pHto 7.4
10x TBS 250 ml
Tween20 2.5 ml
Dest. Water 250 ml
filled up to 2.5 L with distilled water
5 g Bovine Albumin Fraction V (BSA)

PBS (10x)

TBS (10x)

TBST

5 % BSA solution

100 ml TBS
10 % BS 0.5 g SDS in 5 ml water
10 % APS 0.5 g APS in 5 ml water

36



MATERIALS AND METHODS

2.1.9 ANTIBODIES

2.19.1

LIST OF PRIMARY ABODIES

TABLE2: PRIMARY ANTIBODIES

Antigen Origin Company (Ntitalog Dilution
BrdU Rat AbD Serotec, Raleigh, USA MCA2060 1:25 (IF)
DPPACD26 Goat R&D, Minneapolis, USA AF954 1:300 (IF)
. Cell Signaling New England Biolabs Gmt
GAPDH Rabbit > 298 amgMain’ Ge?many 2118 1:1000 (WB)
h Santa Cruz Biotechnology, Inc., Californi. 1:200 (WB)
HNFn Goat USA SG6556 1:50 (IF)
ICAM1 Rabbit  ProteinTech Group, Chicago, USA i‘;OZOl' 1:200 (IF)
KIf6 Rabbit 3estr2a Cruz Biotechnology, Inc., Californi. sc7158 1:100 (IF)
Lipocalin2/NGAL Goat R&D, Minneapolis, USA AF1857 1:500 (WB)
. Cell Signaling New England Bisl&mbH, .
p44/42 (ERK1/2) Rabbit Frankfurt am Main, Germany | 9102 1:1000 (WB)
PCNA Mouse 'C:‘,ell Signaling Ngw England Biolabs Gmt 2586 1:2000 (WB)
rankfurt am Main, Germany
PERK1/2, Alexa Fluor 647 Rabbit Cell Signaling New England Biolabs Gmt 450, 1:50 (IF)
Conjugate Frankfurt am Main, Gerany
Phalloidin, Rhodamine conjugate - Biotium, Hayward, USA 00027 1:100 (IF)
-p44/42 (PERK1/2) Rabbit Cell Signaling New England Biolabs Gmt 9101 1:1000 (WB)
p-p P Frankfurt am Main, Germany )
p-SAPK/INK Rabbit ~ Sor Sinaing Hew EnglandiBbs GmbH, .0 1:1000 (WB)
rankf_urt am Main, Germany _
SAPK/INK Rabbit 'C::ell Signaling Ngw England Biolabs Gmt 9252 1:1000 (WB)
rankfurt am Main, Germany
Spl Rabbit Abcam, Cambridge, UK ab13370 1:300 (IF)
2.1.9.2 LIST OF SECONDARYIBODIES
TABLEL3: SECONDARY ANTIBE®I
Catalog S
Antigen Origin Company No Dilution
Alexa Fluo$s55 AntiRabbit IgG  Goat Invitrogen GmbH, Darmstadt, Germany A-21428 1:500 (IF)
Alexa Fluo$s55 AntiGoat IgG Donkey  Invitrogen GmbH, Darmstadt, Germany A-21431 1:500 (IF)
Alexa Fluo#647 AntiGoat IgG Rabbit Invitrogen GmbH, Darmstadt, Germany A-21446 1:500 (IF)
Anti-Goat IgG, HRIhked Rabbit Santa Cruz Biotechnology, Inc., Californi SG2768 1:5000 (WB)
USA
Anti-Mouse 1gG, HRihked Horse Cell Sigaling New England Biolabs Gmbl 7076 1:1000 (WB)
Frankfurt am Main, Germany
Anti-Rabbit 1gG, HRIhked Goat Cell Signaling New England Biolabs Gmi .
Frankfurt am Main, Germany 7074 1:1000 (WB)
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2.2 METHODS

2.2.1 PRIMARY HEPATOCIKSTH.ATION FROM MOUSETANDHUMANLNERS

Primary mouse and rat hepatocytes were obtained from male C57BL6/N (&2
week old) or male Wistarats (220300 g body weight), respectivelisinga two-step perfusion
technique[171]. The animals were housed according to the animal welfare regulation and all of
the handling proceduresere approved by the animal experimental committees. Priotthe
isolation of hepatocytes animals were weighednd anesthetizedusing an intraperitoneal
injection containinga mixture of sedative 2% Rompun (20 mg/kg) and anesthetic Ketamin (120
mg/kg) with a 26G cannula in a 1ml syring@fter ensuring that the animals were fully
narcotized, that is all reflexesese suppressed, they wergaced on an operatic stand undar
heating lamp and the abdominal cavity was opened for cannulation. Exposed inferior vena cava
were cannulated with a 24G cannula connected to a peristaltic pump with a rate flow of 15
ml/min through the portal vein. Successful cannulation of the liver could be obsdryezh
instant and even color change tbfe liver tissue from reebrown to beige. Afterwards, the vena
cava was incised tensureproper outflow of the buffers. All buffers used dogi perfusion are
described inTable4. The liver was perfused through the inferior vena cdirat with the EGTA
buffer warmed up to 37 °C for ca. 15 min at a rate flow of 15 mL/min to rentioedlood
volume andC&" dependent ahesion factors The perfusion wasthen continued with the
collagenase buffer warmed up to 37 °C for ca. 15 min at a rate flow of 15 mL/ndiigest
collagen in the extracellular matriepending on the collagenase enzymatic activity, this step
lasted between 515 min.Following collagen digestiothe liver was excised from the animal
and transferred onto a Petri dish filled with suspension buffer. The following steps were
performed in a sterile hoodThe liver capsule was opened carefully with forcepsl
dissociated by gentle shakinghe resultingsinglecell suspension was filtered through a 100
pum sieveinto a glass beakeihe suspension was then transferred to a 50 ml Falcon tube and
centrifuged (5min at 50g a# °C) As hepatocytes aréarger and heavier than other non
parenchymal cell typg they pellet quickly at the bottom of the tubeAfter centrifugation the
supernatant containing mainly NPC and cell debris was either discarded or usedutiuce
experiments (for further NP€nriched fracion purification, see chapte2.2.2.9. Subsequently,
the remaining hepatocyte pellet was further purified by washing twice with the suspension
buffer and recentrifuged. Finallythe hepatocyteenriched pellet was rsuspendedin 10 ml
suspension buffer and placed on ice until counting, platamgl/or Percoll purification. Viability
of hepatocytes was determined by trypan blue vital st@nefly, an aliquot of cell suspension
was diluted 1:5 with the suspension buffer andther mixed with 0.4% trypan blue solutiat
a ratio of 1:1 This mixture was loadednto a Neubauer chambenemocytometer. Stained
cells, representing dead cells, together with the unstained living egte counted in each of
the four corner squares. HB average number of viable cells was multiplied by 1 X 10
(accounted for diluting factor and volume of a big square) to obtain the cell number per
milliliter of cell suspension. On average-®% of the cells were viable with a total amount of
cells raning 57 * 10°/mL.

38



MATERIALS AND METHODS

Primary human hepatocytes from three donors were obtained from liver sections of
patients undergoing surgical liver resectidnformed consent was obtained from each patient
as previously described71, 172]. The percentage of viable cells was determined by trypan
blue exclusin; the minimal viability was 85.

2.2.1.1.1PURIFICATION WITFHERCOLCENTRIFUGAON

For someexperiments, freshly isolated hepatocytes were further purified frime
remaining non-parenchymal cellsand cell debrissemoved by one, two or three additional
Percoll centrifugations steps. For this purpose, Easycoll® (Biochrome, 1.1PAngésndiluted
with sterile PBS to a final density of 1.063 g/Mext, 7.5 mL fromthe hepatocyteenriched cell
suspension was gently added on toptloé diluted Easycoll® solution and centrifuged for 5 min
at 28Gat 25°C. The resulting cell pellet wasshad carefullywith 25 mL of sterile PBS and
centrifuged for 5 min at 50Gt 4°C. The cell pellet wasthen resuspended in 7.5 mL of
suspension medium. From this purified cell suspension, 2.5 ml were collecteld@eidd ¥X
PercolQCell viability in thd fraction was determined by trypan blue exclusidwo aliquots of 1
million cells each were collected for quantification of hepatocytes andpamenchymal cells
by flow cytometry and hematoxilig eosin (H&E) stainingespectively (procedures for flow
cytometry and H&E staining are described below). fémeainingcells were used for cultivation
in collagen sandwich. This procedure was repeateite with the remaining 5mL cell
suspensionherein referred to at2X or 3X Percal®

2.2.1.1.2FLUORESCENT ACTINDAJELL SORTING (FARISALYSIS

The purity of each hepatocyte preparation before and after the purification steps with
Easycoll was determined by fluorescence activated cell sorting (f&iG§a BD FAGGalibur
flow cytometer, and the data processed usirige CellQuest Pro software. A representative
scatter plot analysigFigure45) showsa large and granular hepatocyte population (designated
here as R1)ogether with aclearly distinguishable smaller and less granular-parenchynal
cell population (designated as R2).

2.2.1.1.3PERFUSION WITH SMAIHEMICAL INHIBITORS

In some experiments, the small chemical inhibitor SP600125 was added to the
perfusions buffers (EGTA and collagenase buffers) at a final concentration |g¥150sing
DMSO athe vehicle. In these experiments, additiontbe JNK inhibitorSP600125 was applied
as follows(Figurel?):

(i) SP60025 was added to the perfusion buffer(EGTA + Collagenadmjt not to the cell
culture medium,

(i) SP60@25 was added to the culture medium directly upon plating not to the perfusion
buffer,

(iif) SP600125 was added to both perfusion buffers and culture medium.
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TheDMSO was added at®% as a solvent control either to the perfusion solutions or to
the cell culture mediumas indicated irFigurel7. Primary mouse hepatocytes were cultivated
with or without the inhibitor for up to 24 hours isandwich culture and the gene expression
profile of selected markers was analyaed quantitative RTPCR.

PERFUSION SANDWICH
(EGTA + Collagenase) culture

w | 05%DMmso
;

Solvent control

50 uM SP600125 '
:
JNK inhibitor :

FIGURAR7: EXPERIMENTAL SEHH FOR PERFUSION MVINK INHIBITOR

n=

Sample Collection
3h, 6h and 24h

n=3

2.2.2 INVITRQULTURE OF HEPATGSYT

Primary hepatocytes wereultured on different extracellular matrix compositions, in a
hanging dropconformatian or in aco-culture with norparenchymal cells (NPQ)uring all
experiments, ells were maintained at 37C and 5% GO

2.2.2.1 COLLAGEMONOLAYER: CONFLURND SUBCONFLUENT

Toobtainaratcollagen a2 O1 2 7F H p ntaibcalagy¥h] was dissolved in2 T NJ
40 mL of 0.2 %cetic acid resulting in a solution of 2503 k Y[ @ ¢ KA a ad201 az2ft d:
pre-coat tissue culture plates used for collagen monolayer cultures and allowed to dry
overnight under thetissue culture benchShortly before plating, all preoated plates were
washed twice with PBS. For conventional culture configurations (monolayemueotc or
monolayer subconfluenMs), hepatocytes were plated onto dishescording tothe densities
specified INTABLEL4. The appropriate cell numbevere seeded in Williams E mediyifableb)
with 10% Sera Plus duringhe first 3h of attachment.Afterwards, unattached cells were
removed by washing three times witmedium, and the final volume of fresh Williams E
mediumwas addedFor longer culture periods, fresh medium was changed daily.
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TABLEL4: COLLAGEMONOLAYERULTURE SPECIFICANBIGOR DIFFERENTTHH.RORMATS

Confluent Condition(MQ Subconfluent Condition(Mg Medium
Plate format Liwell
Amount of cells [x 16 Amount of cells [x 16 [mL/well]
Petri dish (g6cm) 2 0.3
6-well plate 1 0.125
12-well plate 0.6 0.075 1
24-well plate 0.3 0.0375 0.5

2.2.2.2 COLLAGEMNSIDWICH

To obtain a rat collagehstock of 1 mg/mL, 10mg of ril collagenl was dissolved in 9
mL of 0.2 %cetic acid resulting in a solution ofl.1 mg/mL. polymerization of collagen ged,
solution of 1.1 mg/mL collagen was mixed with 10x DM#E M ratio of 9:1, resulting in a yellow
colored (pH indicator) solution of thg/mL. Thesolution wasthen neutralized on ice with M
NaOH until a visible change ofcolor from yellow to fuchsiavas observed Finally, an
appropriate amount of collagen solution was evenly distributed in wells and allowed to
polymerize for 45 min at 37°C. Subsequently, primary hepatocytes were plated onto dishes
coated with the first cdagen gel layeat a density that was dependent on the plate format as
describedin Table15. The gpropriate amount of ells were seeded in Willia@ E medium
(Table5) with 10% Sera Plus during the fidh of attachment.Afterwards, unattached cells
were removed by washing three times with culture medium andecond layer of collagen gel
was added and allowed to polymerize for 40 min at@%Fresk? A f £ A YQa 9 Y SRA dzYy
For longer culture peods, fresh medium was changed daily.

TABLES: COLLAGEMNSDWICHCULTURE SEEICATIONS FOR ERENT PLATE FORMATS

1st and 2nd ollagen gel layer

volume (uliwel) Amount of @lls k10°) Medium (mLwell)

Plateformat

g6cmPetri dish 700 2 3
6-well plate 350 1 2
12-well plate 200-300 0.30.4 1
24-well plate 100-200 0.1-0.2 0.5

2.2.2.2.1CULTURE WITH SMAHE®IICAL INHIBITORS

Where applicable small chemical inhibitorsTéble 7) were added to the cell culture
medium, either during plating and/or after attachment dhe primary mouse hepatocytet
the collagen sandwich (Cy up to 24h As a vehicle contropDMSO was added at 0.5%. For all
concentrations use@Table7), additional DMSO as added to the culture medium so that every
condition contained the same amount of vehicépresentingthe maximal concentration used.
RNAsampleswvere collected at 3, 6 h and 24h timepoints.
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2.2.2.3 MATRIGEL

Primaryhepatocytes were platednto Matrigel™-coated 12-well dishes following the
G¢ KAY DS ffollomiBgliYK 2yRigF I O (i dzNB NIPates AvgrécharetzOey it & @
Matrigel at a density of50 pg/cm?and incubated for 30mirat 37°C Afterwards, cells were
seeded at a density of 100,000 cellsfcin Williams E mediumTéble5) with 10% Sera Plus
during the first 3h of attachmentAny unattachedcells werethen removed by washing three
timeswith medium andthe final volume of fresh Williams E mediumas addedRNA samls
were collected after 24h in culture with 5QM of Qiazol.

2.2.2.4 LAMININ

Primary hepatocytes were plated ifaminincoated 12well dishes following the
YIydzFl OGdzNENDRE Ay&aiNHZOGAZ2Yyad [ | Yahly xgyem’6All & RA f
wells were coatd evenly and incubated for h at room temperature. Afterwardsany
remaining material was aspirated and cells were seeded at a density of 100,000 celis/cm
2 At f Al YQ& (Table5YWitR A0%sYSera Plus during the first 3h attachment. Any
unattached cells wereemoved by washing threémes with mediumand a final volume of
fresh Williams E mediunvas addedRNA samples were collected after 24n culture with 500
pL of Qiazol.

2.2.2.5 HEPATOCYTE SPHEROIDS

Mouse hepatocyte spheids were prepared using the hanging drop method in 96 well
GravityPLUS platesiepatocyteenriched cell suspension was diluted to a density of 2000
OStfaknn x| 2F 2 Aff Al YTade 5 %and 2@&R SedaYPlugs Xtisk | RRA
suspension was resuspended as apd@rop into each well and cultivated according to the
YIydzZFl OGdzZNENR&a AyaldNdzOiAzya O6LY{LKSNRt> {OKft
exchangedon day 4 by genyl aspirating20 >l from each drop making sure that the spheroid
remaineduntouched in the well. Subsequently, p0of fresh medium was addetb each well
and this procedure was repeated once more resultisgigaratio 1:3 of old to fresimedia.

2.2.2.6 COCULTURE WITH NPRMRECHYMAL CELLS (NPC)

For coculture experiments, freshly isolated hepatocytes were plated with a combined non
parenchymal cell fraction in a ratio of 2 to 1The supernatant obtained aftethe first
centrifugationstep of the liver cell suspensiofd min,50G at 4°Cwas collected ito a 50 ml
tube and centrifuged at 400G4°C for 10 minThe cell pellet was resuspended in 2 ml of
suspensiorbuffer, and the cells were counteasinga Neubauer chamber. This cell population
contains a mixture largely composed liver sinusoidal endothelial cells, and fewer hepatic
stellate cells and Kupffer cell§73].

Co-culturesexperiments were performed as follows
A) Collagen monolayer confluent (Mo ¢ freshly isolated hepatocytes were platednto
collagencoated platesn2 A f f A | Y Q avithSaddiiv@sRTakded) with 10% Sera Plus
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at a density of 75,000 cells/cnf, allowed to attach for 3h, and washed twice with
2 At f Al YQa 9 -paveBScRymndrYcdls \begeythen added to the attached
KSLI G208GSa Ay 2 A fadditivesyf@ile5) Svith M®4SerdzRlusap & (1 K
density of 37,500cells/cnf, allowedi 2 | G il OK F2NJ oKX GIEAKSR
medium, upon whicla final volume of fresh culture medium was addadd cells were
placed ino the incubator.

B) Collagensandwich (S) freshly isolated hepatocytes were filgplated onto a collagen
3St Ay 2AffAlYQa ¢rabdé® Rith dDP Séra RIS atlaRIEnaity af 3 S a
75,000 cells/cfy allowed to attachfor K= | YR 6 &aKSR (6A0S 6AlGK
Nonparenchymal cells were then adde G2 GKS |GG OKSR KSLI G2C
medium with additiveqTable5) together with 10% Sera Plus at a density of 37,500
cells/cnf. Cells werallowed to attachfor K= 6+ 8 KSR (6AOS 6AGK 2 Af
upon which a seond layer of collagen gel was added to achieve a collagen sandwich as
described forthe hepatocyte cultures. After 40min of polymerization of the second gel
layer, culture medium was added and cells were placed in the incubator.

2.2.3 IN VIVOVMIODELS OF LIVERMASE, INFLAMMATIONB REGENERATION

All experiments were performedsingmale C57BL6/N mice{® weeks old, Charles Rivers,
Sulzfeld, Germany). The mice were fed ad libitum with SsnifflR/MO mm standard diet. All
experiments were approved by the locethic committee. Experiments were performed as
follows:

A) CClcinduced acute liver damageodel (CCJ) ¢ mice received a single injection of GCI
(1.6 g/kg body weight) dissolved in 0.5 mlvelioil as previouslgescribed[174]. As
controls, mice received a single injection of olive oil. The solutions were freshly
prepared before the injection and mixed by vortexifidre volume injected was 4 mi/kg
per mice.Live tissue samples for protein extracts and RNA isolation were collected
from: (i) 5 independent biological replitas at eachof the CCJ¢treated timepoint (2h,
8h, day 1, day 2, day 4,day 6, day 8 and day(iipy independentsolvent control mice
injected with olive oil at eachimepoint (day 1 and 3)and(iii) 5 independentuntreated,
control mice. Additionally protein extracts and samples for RNA isolation were
collected from hepatocyteenriched fraction obtained fronB independentfreshly
perfused,mice livers aftelCCl¢ctreatment at each timeoint (days 1 and 3).

B) Lipopolysaccharideinduced inflammation model (LPS} mice received a single
intraperitoneal injection of LPS (750 ng/kg) dissolved in sterile PBS. Liver tissue samples
for protein extra¢s and RNA isolation were collected from: (i) 5 independent biological
replicaes at 24 hours after single injectiomnd (ii) 3 independent untreated, control
mice. Additionally, protein extracts and samples for RNA isolation were collected from
hepatocye-enriched fraction obtained from 3 independent fresidgrfused mice livers
24 hours aftera single injection with LPS arttle correspondingthree independent
freshly perfused untreated, control mice.
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C) 70% Partial hepatectomy liver regeneration model(PHx) ¢ experiments were
performed by ourcollaboratorsat the Department of General, Visceral and Vascular
Surgery, University Hospital Jen&ermany[171]. All surgial interventions were
LISNF2NYSR dzy RSN AYKEFEEFGA2Y 2F w32 Aa2bdzNI y S
(isoflurane vaporizer, Sigma Delta, UK)aim S1 operation room. A precise vessel
oriented, parenchymgoreserving surgical technique was used for 70%rtial
hepatectomy using a modification of the technique described by Madrahimov for rats
[179]. Theprocedure started with a laparotomy via a transverse abdominal incision. The
whole liver was well exposed by elevating the xiphoid process. Skin and muscle were
fixed by retractors, and the small bowel was moved out to the left side of the abdomen
and covered with saline soaked gauze. The liver was freed from the falciform ligament
andthe triangular ligamentum. The liver lobes were positioned so thathilum ofthe
left lateral lobe (LLL) and median lobe (ML) were clearly visible. All subsequent steps
were performed using a stereo microscopéh 10x magnification. A ligature ® silk)
was applied loosely to the pedicle of LLL. The ligature was tighté&eegding adistance
of about 3 mm from the cava while the LLL remained in its anatomical position and the
lobe resected. Nexta cholecystectomy was performed after double ligating the cystic
duct and cystic artery using a07prolene suture. For resection of the dian lobe, a
virtual line was drawn between the left side of the cava and the gallbladder. The clamp
was placed roughly perpendicular to the surface of the left median lobe (LML), about
3mm lateral to this line and the left median lol&sremoved. Proximito the clamp, a
piercing suture was positioned accordingth® vascular anatomyn orderto ligate the
left median hepatic vein and the clamypasremoved.Theright median lobe (RML) was
also similarlyclamped. After resection, two piercing sutures wegraced to ligate the
right and median hepatic vesnas well as the arterial and portal supply. Finally, the
abdomen was irrigated with warm saline solution and closed wittvalayer running
suture (60 prolene). At the end ahe anesthesia, animals werallowed to recover on a
heating pad. Temgesic (0.05 mg/kg) was applied subcutaneously after operation and at
an interval of 12 hoursver thenext 3 daysBody weight and activity were monitored
daily using a scoring systerfl76]. Briefly, mice with normal activity, physiological
position, no jaundice, and no signs of bleeding were regarded as healthy (+++); animals
showing a weaker activity, hunched back position and/or signs of jaundice or bleeding
were regardel as weak (++); and animals with no spontaneous activity and lying
position and signs of jaundice or bleeding were regarded as severely ill (+). Liver tissue
samples for protein extracts and RNA isolation were collected ftowe independent
biological rglicaes at each of the timpoints (1h, 6h, 12h, day 1, day 2, day 3, day 4,
one week, two weeks, four weeks and three montt8gctions of about 0.5 chwere
snap frozen in liquid nitrogen and stored-80°C for subsequent isolation of proteins or
RNA.

For liver tissues samplesyice were anesthetizedt the indicated tim@oints and the liver
was resected, washed in ice cold PBS and sectioned for further analysis. Sections of about 0.5
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cnt’ were snap frozen in liquid nitrogen and stored-@0°C for subsguent isolation oRNA and
proteins(described in chapte?.2.4.1and2.2.7.1 respectively)

For freshly isolated hepatocysnrichedfraction, one million cells in suspension medium
were used for subsequent isolation of RNA and proteifdescribed in chapte.2.4.1 and
2.2.7.1 respectively)

2.2.4 RNA ISOLATION ABDNA SYNTHESIS

2.2.4.1 RNA ISOLATION FR®RIMARY HEPATOCYAHND LIVER TISSUE

The RNA was isolated from cultured hepatocytes and from mouse liver tissue using the
Phenol/Chloroform methodind QIAzol Lysis Reagerit OO2 NRAY 3 (2 GKS v Al 38,
description:

A) Feshly isolated hepatocytesl million cells in suspension medium were ténged at
3,000 rpm,at 4°C for 5 min. The supernatant was quickly removed and the cell pellet
waslysed in 1 ml of QIAzbly 10 repetitive aspirations in a micropipette.

B) Primary hepatocytes fromn vitro cultures culture medium was removed and the ke
were lysed with1mL QIAzolwith a cell scraper and subsequently micropipetted into a
pre-cooled,sterile 1.5mlube that waskept on ice. For liver tissue, snap frozen sawi
were lysed in a 1.5 nmube with 1 ml QlAzolusing a plastic pestle and ssdmuent
sonication on ice.

C) Spheroids:all micro-tissues were collected from the independent plates by gemtl
passinghe hanging drops into a sterile Petri dish. The spheroids were concentrated by
swirling the dishes, collected with a micropipette amdrisferred to a 1.5 ml tube. After
sedimentingfor 10 minutes on ice, the medium was removed and the microtissues were
lysedin 500 pIQIAZzol

D) Snap frozen liver tissuesections of about 0.5 cfiiver tissuewere lysed in1 ml QIAzol
and homogenized witl plastic pistol while kept on ice.

All samples homogenized in QlAzol reagent were subsequently sonicated for 30skor ice.
everyl mL QIAzol, 0.2 ml chloroform was added #amel samples maxedigorously for 15 s.
Samples were kept at room temperatufer 2¢3 min for thorough phase separation and later
centrifuged at 12,000 G for 15 min at 4°@fter centrifugation, the sampteseparate into 3
phases: an upper, colorlesaqueous phase containing RNA; a white interphase; and a lower,
red, organicphase.The upper, aqueous phase was transferred into a new tube containing 0.5
ml isopropanol (per 1 mlQIAzol) and mixed thoroughly. All tubes were incubated at room
temperature for 10 min and centrifugkeat 12,000 xg for 10 min at 4°The supernatant was
discaded and the RNA pellet was resuspended imll of 100% ethanol and centrifuged at
7,500 xg for 5 min at 4°C. The supernatant was discarded and the RNA pellet was resuspended
in ImL of 75% ethanol and centrifuged at 7,500 x g for 5 min at 4°C. Finallypatapé was
removed and RNA pellet was -giried for 30 min and redissolvel in an appropriate volume of
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RNaseree water (1630 >L). RNA concentration and integrity were determined
spectrophotometricallyusinga Nanodrop 2000. The extracted RNA was storeeBatC until
further analysis

2.2.4.2 Reverse Transcription Polymerase Chain ReactiorP@&Y

Forthe complementary DNA synthesi®,ug of RNA were transcribed using TGRADIENT
thermocycler with the High Capacity cDNA reverse transcription kit. The reaction mixture for
cDNA synthesis is specifiedTiable16. The PCR conditions were programmed for 25°C for 10
min, 37°C for 120 min, followed by 85°C for 5min for all PCR reactions. The resulting cDNA were
diluted with DEP@eated water to a final concentration of 10 ng/f I Yy R -206&2 NBR I (i

TABLEL6: COMPOSITION OF THEARTION MIXTURE FEDRNA SYNTHESIS

Master mix

10x R1Buffer H >
25x dNTP noy:>
Random primer H>f
Reverse transcriptase m > f
H,O noH >
Total volume 1 Mn > f
RNA H>3
HOupb M >t
Total volume 2 Mn>§
Final total volume Hn>E

2.2.5 QUANTATIVE REAL TRMERARTPCR)

The qantitative realtime RTPCR (qRPCR) was performedising TagMan-PCR
technology with a7500 Reallime PCR Systeusing TagMan® Universal Master Mix Il, with
UNG All reagents were purchased from Applied BiosystefdisTagMan primeiprobes used
are listed inTable8. Samples were run in duplicate25ng of transcribed cDNvas mixed with
17.5> t qRFPCRreaction mixture(Table17). The onditions for allgRFPCR reactionare
specified inTable18. For all PCR analyses, atemplate negative control was include®CR
products were analyzed with the&500 Reallime PR Systensoftware

TABLEL7: COMPOSITION OF THEARTION MIXTURE FGRFPCR

Kit ul for 1 sample
TagMan Master Mix 10>]
DEPC O 6.5>
TagMan primer probe 1>l
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TABLEL8: THERMOCYCLER PROGRABRgRT-PCR REACTION

Stage Temperature[°C] Time Repetitions
1 50 2 min 1
2 95 10 min 1
94 15s
3 60 30s 40
72 35s
95 15s
60 20s
4 95 15s 1
60 15s

The relative mMRNA content was normalized to glyceraldet3sdkeosphate
dehydrogenase (GAPDH) mRNA expression in each sample. For mouse and rat studies, the
expression levels in freshly isolated hepatocytes and hepatocytes in culturenweralized to
the levels of healthy liver tissue. For human studies, the expression levels of cultivated
hepatocytes were normalized to freshly isolated hepatocytes. For calculatforedative gene
expression the 2" method was used177] as described irTable 19. The results shown
correspond to means of three independent cell batches tissues preparationsunless
otherwise described.

TABLEL9: CALCULATIONS STEBR ANALYZINRT-PCR RESU&T

Calculation step Formula

1. k/ dm ' /G DSy §CtHausekegnerhidd (HKG)o Dh L 0
2. n/ Gu ' /G DhL cTFHKG afgaonthPsémplas: Y LI S &
3. nn/ G Ephidwm

4. Calculation of 27/ ¢

2.2.6 AFFYMETRGENE ARRAY ANALYSIS

TheRNAsamples fronthe cultivation systems andll threein vivomodels were further
analyzd intime resolvedglobal gene expression profilifig8]. RNAconcentration and integrity
of all sampleswere determned spectophotometrically using a Nanodrop 2000and a
Bioanalyzer respectively. For global gene expression profiling in murine and human
hepatocytes, Affymetrix Mous&enChip®enome 430 2.0 arrays andeneChi® Human
Genome U133 PIua0 array were usedgspectively. All labeling reagents and instrumentation
regarding microarrays were acquired from Affymetrix.

A total of 100ng RNA were transcribed into cDNA by oligo dT primers, and reverse
GNI YAONROSR (2 oAz20Ayef | (S RsKdwiet16 bolrd ¢ viioK S DSy
transcription KS | YL AFASR wb! g+ a LIZNAFASR dzaAy3d YI |
gl a FTNIIAYSYGSR gAOK GKS FNXIYSYyidFradazy o6dzF FSNJ
12.5> 3 labeted and fragmented cRNA wiagbridized toMouse Genome 430 2 Affymetrix
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GeneChipslong witha hybridization cocktail and placed @hybridization oven rotating at 60
RPM at 45 °C for 16.Microarrays were washed usiran Affymetrix fluidics station 450 and
stained initially with streptavidiphycoerytherin. For each s®le, the signal was further
enhanced by incubation with biotinylated goat astreptavidin followed by a second
incubation with streptavidirphycoerytherin and a second round of intensities were measured.
Microarrays were scanned with an AffymetbeneChip Scanne8000-7G controlled byGCOS
software. Mouse Genome 430 2.Affymetrix GeneChips contain over 45,000 probe sets from
over 34,000 weltharacterized mouse genesluman Genome U133 Plus 2Affymetrix
GeneChips contain 54,000 probe sets includimgre than 38,500 weltharacterized genes.
GeneChips mroarray study followed MIAME guidelines issued by the Microarray Gene
Expression Data group.

2.2.6.1 MICROARRAY PROCEGSAND STATISTICALAANSIS

Biostatistical analysis waserformed by ourcollaboratorsat the Leibniz Institute for
Natural Product Research and Infection Biology HémdlHnstitute (HKJ in Jena Germany
Affymetrix gene expression data were gradNP OS & a SR dza A y 3 [1 ™ franTtRet [ a Q
Bioconductor Softward179. The preprocessed dataset was analyzed for differential gene
expression using linear models with least squares regression and empirical Bayes moderated t
statistics of the LIMMA (Linear Models for Microarray Data) pack4é§6] of Bioconductor
software [179 for the statistcal programming language [R81]. The obtained pvalues were
adjusted for multiple comparisons using the Benjamini Hochberg fadsewkry ratecorrection
(FDR)182). Dataobtained from fresh heptocytes were used as reference. The custom chip
definition file from Brainarray[183 6 F a SR 2y | yds JuSey $0 ahnbtfdei the
microarrays.A dual selection riteria (pvalue < 0.05 and an absolute fold change > 2) was
chosen as significance level to detect differentially expressed genes (DEG®ssing and
visualization(Principal Component Analysisf) data were performed using MATLAB tools (The
MathWorksInc., Natick, MA

2.2.6.2 FUZZY CLUSTERINGGBNE EXPRESSION PRCH

The timeprofiles of the differentially expressed geniescultivated mouse hepatocytes
were scaled between their respective absolute temporal extreme values to facus
subsequent cluster amgsis on the qualitative behavior of the expression profiles. The time
series were clustered using fuzzyneans[184] (fuzzy exponent = 1.5; maximum number of
iteration = 200; minimum cost functiormprovement = 1@10). The optimum number N of
cluster was estimated by repeated calculation (number of iterations = 100) of the fuzzy cluster
AYRSE W{SLINIGAZ2Y LYRSEQO®
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2.2.6.3 GENE ONTOLOGY (G@)KI AND KEGG PATHWANALYSES

Genes which show change ratios gex (or less)than 2-fold in the triplicae arrays at
any one of the timpoints have been considered ap or downregulated and subjectedo
gene ontology (GO) and pathway analyses. Differentially regulated genes were categorized
using the manally curaed Gene Ontology ofhe Biobase Knowledge Library (BKL) of the
OEtflAyu 6S06aSNIBAOS 6. A2.1 a8 DYol = 22t FSyoNiGi

2.2.6.4 PROMOTOR ANALYSIS

To identify transcriptiorfactors (TFs) whose binding sites are enriched in a given set of
promoters, the algorithmPRIMA(PRomoter Integration in Microarray Analydi$89) of the
Expander Software 6.1 (EXPression ANalyzer and DisplaggRwas usedGenes thashow a
fold change greater than-fold (p-value cut off is 0.05) were used for analysis. All genes from
the mouse (Ensembl release 42) were usedhasbackground setthe threshold of the pvalue
was set to 0.01 anthe region was scanned fror8000 to +200. The results are shownaas
snapshot irnFigure34.

2.2.6.5 SPEARMAXN RANKCORRELATIONWNALYSIS

To calculate the strength d@he relationship betweercultivation (Mg, Ms, S)and thein
vivo models CGJ PHx and LPS, we us8gearma@ d NJ y |1 O NDGE)Eih dere2 y @
expressiorat different timepointsin cultivation (Mg, Ms, S)versus changes in GAPHx and LPS
were used for the calculation ohe correlation coefficients.

2.2.6.6 METAGENE ANALYSIS

The YflammatiorQand $hetabolisnQmetagenes were obtained as follows: (i) The
overlap between deregulated genes¥22 f RX LIxndnpX C5w | R2d&aiSRO
Ms S) and aih vivomodels (CG| PHx, LPS) at day 1 was determined. This resulted in 74;genes
(ii) of these 74 gres, 19 and 28 belonged to thflammatiorQand 28%hetabolisntXxlusters,
respectively, as defined ifiable22 and Table23. The 19 inflammationand 28 metabolism
associated genes were used to calcelahe WhflammatiomQand hetabolisnQmetagenes,
respectively and (iii) for this purpose, the expression level of each gene was normalized in the
following way: the mean value (of the normalized gene expression values) of the 19
inflammationassociated gees was defined as the ‘inflammation” metagene. The same
technique was applied to the metabolisassociated genes. This calculation was performed in
each independent biological replies (n=3 for cultivation and freshly isolated hepatocytes;
n=5 for CGJ PHx and LPS). For the vitro samples, (M, Ms S) the metabolism and
inflammation metagenes were calculated using deregulated genes after 1 day in culture.
Similarly,in vivosamples (CglPHx and LPS) were analyzed one day after administration of
CCJ, LPS oafter performing PHx. The tirpeint of 1 day was chosen becauseisirepresents
the earliest timgoint where a strong correlation (r>0.6) between all genes deregulatedivo
and in vitro was obtained(Figure 41). In cortrast, for proliferationassociated genes the
correlation betweernin vitroandin vivodid not occur before two days after cultivation iorvivo
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intervention (CG| PHXx) Figure43). This was not unexpected because it is wellvimdhat
proliferation of hepatocytes in mice only occurs approximately 2 days after administration of
CCl4 or PH#Hoehme 201D Therefore, all calculations for the proliferation metagene shown
were calculated using the expression valuesa@hmonly dereglated genesTable24) on day

2 in culture and in thein vivomodels CGland PHx.

2.2.7 WESTERBRLOT ANALYSIS

2.2.7.1 PROTEINCOLLECTION AND QUANCATION

Protein extracts were performed as follows:

A) Feshly isolated hepatocytesl millioncells in suspension medium were centgéd at
3,000 rpm, 4°C for 5 mifhe sipernatant was discarded and pelleted cellsrevlysed
with 1 mL of icecold RIPA buffefTable9) by thorough mixing (5 times) with a pipette
and kept on ice.

B) Primary kepatocytesfrom in vitro cultures culture medium was gently removed and
cellswere lysed with 30Qul of icecold RIPA bufferCells were scraped and collected in
1.5 ml tubes kept on ice.

C) Snap frozen liver tissuesections of about @& cnf of livertissuewere lysed with mL of
ice-cold RIPA buffer and homogenized with a plastic pistol while kept on ice.

Afterwards, all collected samples were sonicatéat 30s while kept on ice. The
homogenates werdurther incubated on ice for 30 mj and centifuged for 10 min at 13.000
rpm at 4°C The clear supernatant containing solubilized proteives collectedn pre-chilled
1.5 ml tubeand stored at-20 °C until further analysis. The pellet containing most of the
collagen and insoluble protesnwas discarded.The protein concentration in the collected
supernatants was determined using a bicinchoninic acid (BCA) protein ass#rotein
concentration was calculated for the average value of three counts and related to the protein
standard curve.

2.2.7.2 SOB/PAGE ELECTROPHORES

30 to 50 pg of protein extract adjusted &0 pl volume with sterile water were heat
denaturated under reducing conditions for 5 min at 95C with 6 pl Laemli buffe(5x)
Afterwards, the samples were shortly centrifuged at 13.00@.rpor electrophoresisi0% SDS
PAGE ds with a1l.5 mm x10 wells or 1.5 mm x 15 wells were us€hmponents of 40% SDS
PAGE deare listedin the Table20. To correctly estimate the molecular weight of separated
proteins exprased in samples, two different protegtandard markers (4 of both Precision
plus protein standard and MagicMarRM XP Western Protein Standard) were additionally
loaded on the 10% SEPAGE gel (inserted with a 1.5 mm x 10 wells or 1.5 mm x 15 welly com
in the first two lanesThe remainingsamples were then loaded inthe following lanes of the
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gel and casted ithe Bio-Rad Mini PROTEAN Tetra System filled with 1X running buffer. The
electrophoresis was carried ousing aBiometra Standard Power HaP25 for about 3 hours at
a constant voltage of 2mA/gel.

TABLE20: COMPONENTS OF R468DS GEL

Separation gel (10%) Stacking gel
1 Gel 1 Gel

H.O 3.2ml | H,0 24 ml
Acrylamide 2.64 ml | Acrylamide 0.5ml
Separation buffe 2ml Stacking buffer 0.4 ml
10% SDS 80 ul | 10% SDS 32.5 ul
TEMED 3.2yl | TEMED 2.5l
10% APS 80 ul | 10% APS 50 pl

2.2.7.3 WESTERN TRANSFER

Protein transfer was performed using a setiny Fastblot B44 blotting systemith a 5x8
cm sizegetmembrane sandwicltontaining from the bottom: 12pieces of Whatman blotting
paper equilibrated in theanode buffer, PVDF transfer membrane activated in methanol; SDS
PAGE gel with resolved proteins and 4 pieces of Whatman blotting paper equilibrated in the
cathode buffer. Bltting was performed with Biometra Standard Power Pack P25 foniatat a
constant current of 250 mA/gehembrane sandwichThe membranes werghen washed in
distilled water and stained with PonseaunSTriclorite acidor 1 minute to visualize successful
transfer of proteinsFinally, Ponseaus S stain was removed by thorough washing of membranes
with TBST for 5 min.

2.2.7.4 IMMUNODETECTION OFCHEINS

For detection of proteins,he blotting membranes weréater blocked for 1h with 5%
BSA inTBST buffer (pH 7.2at room temperature followed by overnight incubations at 4°C
with primary antibodies enlisted inTable 12 diluted in 5% BSABST. Afterwards, the
membranes were washethree times in TBS buffer at room temperaturdor 10 mineach,
followed by an incubation stepwith horseradish peroxidaskbeled secondary antibodies
(Tablel3) ), which were incubateth 5% BSABST for 1h at room temperature. Subsequently,
the membranes were washed three times iBST, 10 min each, at room temperature. Bands
were detected by chemiluminescence using the Western Lightning ECL substrate in a Fusion
FX7 imager equipped with a CCD cambrambranes were thenvashed in TBS for 5 minutes
and probed antibodies were stiged of the membranes by 4®in incubation with the
stripping buffer followed by a washing step of 5 minutes in-TBSomplete removal of all
antibodies was ensured by additional control imaging of the membranes
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2.2.8 MULTIPLEX ANALYSFSSGGNAL TRANSDUGTIQMINESCREENING

Luminex screening waserformed by ourcollaboratorsat the Systems Biologyf Molecular
NetworksDepartment at thelnstitute of Pathology of th&€haritéMedical Universiy in Berlin
Germany Protein extracts werecollected using the Bio-Plex Cell Lysis Kibllowing the
YIydzZFl OGdzZNBNDR& AyaildNHzOGA2Yy a

A) Feshly isolated hepatocytesl million cells in suspension medium were centrifuged at
3,000 rpm, 4°C for 5 mirsupernatant was discarded and pelleted cells where lysed with
500 >L oflysis buffer with additivegTable10) by thorough mixing (& times) with a
pipette and kept on ice.

B) Primary hepatocytedrom in vitro cultures culture medium was gently removed and
cells werewashed 3 times with iceold BioPlex Cell Wash Buffer. Afterward cells were
lysed with 500>L of lysis buffer with additives, collected with a cell scraper and re
pipetted into prechilled 1.5mliubes

C) Snap frozen liver tissuesections of about 0.5 chliver were lysed witt500>L oflysis
buffer with additivesand homogenized with a plastic pistol while kept on ice.

Afterwards, all collected samples were sonicated for 80while kept on ice. The
homogenates were further incubated on ice for 30 min, and centrifuged for 10 ml3.800
rpm at 4°C. The clear supernatant containing solubilized proteins was collected -trh el
1.5 ml tube and stored a0 °C until further analysis. The pellet containing insoluble proteins
was discarded. The protein concentration in the cd#elcsupernatants was determinagsinga
bicinchoninic acid (BCA) protein assay. Protein concentration was calculated for the average
value of three counts and related to the protein standard cuAi&erwards, an aliquot from
each sample was normalized &concentration of Jug/pl in 100l with the lysis buffer with
additives. Phosphgrotein levels were analyzed using the Biex systenwith total protein
amount of 25 pg per sample and MuRiexAssay consisting of antibodies agaimpsAkt
(Serd73), g-jun (Ser63), fERK2(Thy185/Thrl87);@SKa/ B (Ser9/Ser2l), sp27 (Ser78),-p
JNK (Thy193/Thrl85)-MEK1 (Ser217/Ser221);NFB (Ser536), 38 (Thr180/Thy182),-p
p70S6K (Thr421/Ser424) and pSTAT3 (Ser727). The asspenamed according to the
mandzF I OG0 dzZNBENRA&A Ay aidNHzOGA2ya 6AGK YAY2N) Y2ZRATFAC
diluted 4fold). All antibodies were purchased from Cell Signaling (Cell SigndéémgEngland
Biolabs GmbH, Frankfurt am Main, Germany).

2.2.9 HEMATOXYLBROSIN STAINING BEPATOCYTES

Primary mouse hepatocytes from standard or Percoll purified preparations were
allowed to attach to collagen coated glass slides for @ashed two times with sterile PBS, and
fixed with 4%paraformaldehyde in PBS, 15 min at room temperaiMterwards, cells were
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permeabilized with 0.5% triton-X00 in PBS (15 min, room temperature) and washed three
times in PBS (5 min, room temperature). The slides were briefly soaked in distilled water,
stained with Hematoxylin (7.5 g/l) for 1 min at rooemiperature, and washed in distilled water

for 15 min. The slides were shortly soaked in 1% HCI in 70% ethanol, stained with Eosin (1%) for
1 min, and washed in distilled water for 10 min. Afterwards, the samples were dehydrated by
sequential incubatiorusng increasing concentrations of ethan(80%, 70%,90% and 100%, 2

min in each solution). Finally, the slides were incubated in-Ristol for 23 min, mounted

onto glass slides with Entellan and-drfed overnight. Hepatocytes and ngrarenchymal cells

were identified with bright field microscopy, and 10 randomly selected fialdee counted

(20X magnification).

2.2.10 MMUNOFLUORESCENCE

Primary mouse hepatocytes were plated onto collageated glass slides and allowed to
attach for 30 min (representing freshisolated hepatocytes) or cultivated for a period of 1, 3, 5
or 7 days in M, Msor S configurations in 12 well culture plates as previously ridust. After
the indicated timgoints, the medium was removed, the cells were immediately fixed with 4%
paraformaldehyde in PBS for 15 min at 37°C. Afterwards, the cells were permeabiied
0.5% Triton X.00 in PBS for 15 min at room temperature, and washed three times with PBS, 5
min each. From here on, all incubations were performed in a humidified charibepecific
binding sites were blocked hpcubatingwith a blocking solution containing 3% BSA / 0.1%
Tween 20 in PBS forhlat room temperature. Afterwards, the blocking solution was removed,
and the cells were incubated overnight at@ with the folbwing antibodies in 0.3% BSA / 0.1%
Tween®20 in PBS: ahtNF4 , anti DPPIV. Subsequently, the antibody solutions were removed
and samples were washed three times for 10 min with PBS at room temperature. Afterwards,
the samples were incubated for b at room temperature withthe following secondary
antibodies labeledvith Alexa 555 or Alexa 647 (for detection of HNIB4 DPPIV, respectively)
dissolved in 0.3% BSA / 0.1% Tween20 in PBS. For stamstgess fibers (factin) and nuclei,
cells were incubated with a mixture of rhodamitebeled phalloidin at 2)/mLand DAPI at 0.5
ng/uL in PBS for 20 min at room temperature, respectivAljerwards, slides were washed
three times with PBS for 10 min each, and mounted onto SuperFrosiniRtusscopic slides
dzaAy 3 Cf dz2 Nt NBaAaSNIBSu wSt 3S yriom tempefattrg, aridl fixe® | A NJ
with nail polish. Afterwards, slides were kept4&C until imaging.

For HNF# staining, the samples were analyzedingan Olympus BX41 epifluorescence
microscope, and images were acquired using the Cell*F software. For DPPIV and rhodamine
labeled phalloidinstainings, the images were acquired on a Olympusl®0. Detailed
descrption of microscopes is provided ifable3. The excitation and emission wavelengths
were used as specified by the manufacturer. The colors assigned to DPPIV, rhotidreied
phalloidin and DAPI were green, red and bkespectvely.
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3. RESULTS

3.1 RAPID TRANSCRIPTIONRESPONSES ARE I0BL IN PRIMARY MOUSE
HEPATOCYTES UPONLISIOON AND CULTIVANI

3.1.1 INFLUENCE OF THEXTRACELLULAR MATRBNFIGURATIOMN THE
MORPHOLOGY OF CULTBLAMOISE HEPATOCSTE

To gain insight intathe molecular effects ohepatocyte isolation and cultivation, time
resolvedglobal gene expression profiling using Affymetrix microarsags carried outin: (i)
collagen sandwich cultures (S), (ii) confluentl(Ms well as subconfluent (Ml monolayer
cultures. For this purpose, primary mougeepatocyteswere cultivatedin biological triplicates
under the indicated conditions for up to one week and sampietended forwhole genome
expression profilingvere collected at 12, 3,5 and 7 days after plating.

Primary hepatocytesin vitro acquire a profoundly distinguishable morphology
depending orthe extracellular matrix used a$e culture substratum. Irthe presented study,
all three culture systemsshow well-reported morphological fetures (Figure 18, A)
Hepatocytes irMs culture acquirea fibroblastlike morphologythat becomes more prominent
at late timepoints. M cultures maintain a cuboidal morphology during the first dagulture.
HoweverEMT feature$115, 187 are also observettom day 7 in culture

hepatocytes present the most stable morphologgsemblingthe in vivo phenotype
They appeamore differentiatad, as evidenced by thim vivaelike cuboidal shape and distinct
bile canaliculnetwork formation evenafter longer periodsn culture.

Confocal microscopy reveals structural detafscultivated hepatocytegFigure18, B)
In Ms culture, actin gtained inred) forns stress fibes such asmicrospikes associated with
lamellipodia and filopodia188 indicating typical featires of epithelialto mesenchymal
transition (EMT).The bile canaliculi marker DPPBta{ned ingreen) is observeds diffusely
distributed all over the membraneconsistent with a loss of normal hepatocyte polarity in this
culture configuration. In M hepatocytes preserve some degree of polarity, indicated by the
preferential localization of DPPIV at eedlll contacts. Nevertheless, microspikes of actin clearly
occur at cell borderdn sandwickcultured hepatocytes, actin fibers accumulate around tile b
canaliculi and also discretely ell bordersHowever,they do nd form microspikes. Moreover,
DPPIV staining is stronghsibleat bile canaliculi, showing a high degree of colocalization with
f-actin, which is revealed by the yellow color (mergeddred actin and green DPPIMh
conclusion primary hepatocytes showed the expected morphologyer the entire cultivation
period, including bile canaliculi formation sandwich culturs and epithelialto-mesenchymal
transition (EMT) in Mand even morgronounced in M[115].
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FIGURE18: DIFFERENT EXTRACEARU MARIX CAUSESMMORPHOLOGICAL CHANGHESPRIMARY MOUSE
HEPATOCYTHES$VITRO

A) Light microscopyshows typical morphologwf primary hepatocytesin three culture systemsmonolaye
confluent (M), monolayer subconfluent (M and Sandwich (S) cultigefor the indicated periods of time.
Magnification 0f20X B) Confocal microscopy reveals structural details in cultivaéchary hepatocytesFactin in
red, DPPIV in green and nudleblue.Magnification 040X

56



RESULTS

3.1.2 GENE ARRAY ANALR&EYEALS PROFOUNIERKTIONS IN CULTURE

After performingthe gene arrayanalysisin primary mousehepatocytes,the obtained
dataset was submitted to further gene bioinformatics analysis.One of the toolsused to
interpret the gene array data is principal component analysis (PCAhe PCAreduces the
dimensionality othe multivariatedata set making it possible teasily compareimilarities and
differences between samples atal determinewhether sampés can be groupefl89.
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FIGURE9: GENE ARRAY ANALYYHSYEALS PROFOUNDERATIONS IN CULTURE
Alterations of gene expressionlustrated as principal component analysis, of cultivated hepatocytes dand
S).freshly isolated hepatocytes (FeNd liver tissudLiver)

The PCA of the gene arraydata (Figure 19) represents directional changes in gene
expression of primary mouse patocytes compared to a reference state foésh liver tissue
and freshly isolated hepatocytg$H).This analysis reveatbat the two-monolayer systems
progressively deviate from fresh liver tissue and freshly isolated loegtts. Compared to all
cultivation systems, only small differences were seen between liver tissue and FH. A different
track of Mc and Msculture illustrate that the state of confluegcinfluences the extent of

changes in gene expression.

In conclusionthe global gene expression profilirgvealedprofound alterationsin all
primary hepatocyte cultivation systentbat result in a strong deviation frorthe in vivelike

state.
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3.1.3 PRIMARY HEPATOCYINEBITRCGSHOW RAPID EXPRESASIOCHANGES THAT
OVERLAP BETWHEHINL SYSTEMS

To determine the extent of expressional chang®ccurring in cultureover time, the
number of dfferentially expressedenesusing twafold change as a cudff valuewasanalyzed
The total number of dferentially expressedjenes(DEGs]Figure20) was lowest in sandwich
cultures(n=0 H p c Iold)xcompared to Mand Ms(n =4002 for Mcandn =4287 for MsT - H
fold).

M, M, s
DEGs up 4287 | 4002 | 3296

and down
(fold-2)

FIGURE20: AMONG CULTIVATION S EMS,MONOLAYER SUBCONFLUENs) EXHIBIS THE HIGHEST
EXPRESSIONBHANGES

Total number of differentially expressed genes (DEi@Gs)hree culture systemsmonolayer confluent (),
monolayer subconfluent (i andsandwich (S) culture

The PCA analysis suggested that a massive alteratiomaaeression occurs already
at day 1 in culture. To determine the extent thfe additional deregulated genes in cultura,
more detailed analysis ddEGsn adayby-day basiswas employedFigure21 representsthe
number of DEGsn all culture systemsawhichare added to those degulated at each preceding
timepoint. It shows thatin all culture systemghe majoity of alteration inthe gene expression
occurs during the first 24Hn line withthe total number of DEGsMsrepresent a culture system
with the highest dynamic of changels fact, 2257genes weraleregulated by day 1 in dwith
only 455 and 184 further added geneg thay 2 and day 3, respective§andwich culturgalso
show a dynamic expression pattern with 1551 genéat leastwo-fold up or down by day .1t
should be mentioned that a high fraction of these genes is do&eifold deregulated.These
results suggest that the most important transcriptional alterations are determined earin
culture, i.e. duringhe first 24h after isolation.

58



RESULTS

Number of differentially
expressed genes

: ! -
Day 1 Day2 Day 3 Day5 Day 7
Vs \'S Vs Vs \'"H

FH Day1 Day 2 Day 3 Day5

FIGURR1: MOST OFHE GENE EXPRESSIBINNGES OCCUR WITHHEFIRST 24 HOURS OR.TURE
Dayby-day analysis dfifferentially deregulated gene®EG}in three culture systemsnonolayer conflueh(Mg),
monolayer subconfluent (M and sandwich (S) culturdor the indicatedtimepoints. The graph represents the
number ofup- or downregulatedgenes which are added to those égulated at each preceding timeint.

The similarpattern of coordinatesin the PCA space for all culture systems suggested
that commonexpression profiles might be induced in all systems. Ind€edn diagrams reveal
a highdegree ofoverlap between genes upr downNJ S 3 dzf | -{plf)R cditge systems on
Day 1(Figure22). Considering the differentiated morphology of sandwich culgure contrast
to the EMTlike morphology of monolayersne may havexpected a larger difference

In condusion, cultivation induces strong expressional changes that occur mostly within
the first 24 hoursNeverthelessthe analysis ofthe differentially expressedjenesprovesthat
sandwich cultires offer clearadvantages over monolayersaintaining anore stible profile of
expressional changes.
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Day 1: up regulated genes (2078) Day 1: down regulated genes (1534)

S S

Mc

FIGURER22: CULTIVATIONLAUSES CHANGBES AN OVERLAPING SEH GENE®AT DAY 1 IN ALL CURE
SYSTEMS

Venndiagram of dfferentially expressedjenes(DEGs)x -feld) on day 1 inthree culture systemsmonolayer
confluent (My), monolayer subconfluent (i andsandwich (S) culture The number of genes in each overlapping
segment indicates genes commonly deregulated

3.1.4 ALL CULTURE SYSTEMBRESS SIMILAR ERNS OF TOP URAND DOWN
REGULATED GENES

In the next stepthe strongest (i.etop) up- and downregulated genesvere analyzed
An overview of selected most umnd downregulated genesn sandwich cultures shown in
Table21together with references indicating their functianbhestrongestup-regulated gene in
sandwich culture is lipocahg (Lcn2 with a247-fold expression already at day Thestrongest
down-regulated gene in sandwich culture at dayith a more than B-fold downregulationis
Cyp8bla member othe cytochrome P45@amily.

TABLER1: OVERVIEW BELECTBDOST UPAND DOWMREGULATED GENESANBWICHCULTURBDNDAY 1

Among most upregulated genes: Sandwich (Day 1)
N°  Symbol Descrigion Fold p-value
1 Len2 Lipocalin 2130, 190, 191] 247.1 7.33E34
2 Mt4 Metallothionein 4[192] 117.75  1.90E21
3 Mt2 Metallothionein 2[192, 193] 87.84 1.15E33
4 ler3 Immediate early response[394] 34.67 2.10E20
5 Saa3 Serum aryloid A 3[195, 196] 32.16 1.46E13
6 Mtl Metallothionein 1[192] 29.14 1.45E26
7 Cebpd CCAAT/enhanceiitding protein (C/EBP), delfa37] 25.06 1.72E17
8 Cpe Carboxypeptidase H97) 20.23 5.82E14
9 Tnfrsfl2a Tumor necrosis factor receptor superfamily, member 128 18.05 1.34E28
10 Kif6é Kruppetlike factor 6[199, 200] 14.74 2.98E19

60



RESULTS

TABLE 21: CONTINUED

11 Anxa2 Annexin AZ201] 12.6 6.97E24
12 Sprrla Small prolinerich protein 14202, 203 8.59 7.09E15
13 Psatl Phosphoserine aminotransferase 1 4.42 5.53E10
14 Ctgf Connective tissue growth fact¢204] 4 7.52E10
15 S100a6 S100 calcium binding protein A6 (calcyclin) 2.2 5.55E05

Among most downrregulated genes: Sandwich (Day 1)
N°  Symbol Description Fold p-value
1 Cyp8bl Cytochrome P450, family 8, subfamily b, polypeptide 1 -26.78 2.18E24
2 Sucnrl Succinate receptor 1 -20.49 4.01E23
3 Car3 Carbonic anhydrase 3 -14.88 7.54E19
4 Slcl7a3 Solute carrier family 17 (sodium phosphate), member 3 -8.79 9.16E18
5 '(A‘Bbsceb;)l ATRbinding cassette, sufamily B (MDR/TAP), member [37] -7.77 6.60E14
6 Abat 4-aminobutyrate aminotransferase -7.75 2.63E13
7 Colecl0  Collectin sukfamily member 10 -7.75 1.73E19
8 Hacll 2-hydroxyacyiCoA lyase 1 -7.13 1.53E23
9 Apol7a Apolipoprotein L 7a -7.02 9.59E11
10 Camkld  Calcium/calmodulirdependent protein kinase ID -6.74 1.03E18
11 Acsmb AcytCoA synthetase mediwthain family member 5 -6.18 2.29E13
12 Abca8a ATRbinding cassette, sufamily A (ABC1), member 8a -5.82 1.33E10
13 Cyp7al Cytochrome P450, family 7, subfamily a, polypeptida6l -5.42 1.33E13
14 (A’\?rc;zz) ATRbinding cassette, sufamily C (CFTR/MRP), membd8Z ~ -3.69  1.38E12

15 Slcolal Solute carrier organic anion transporter family, member 1lal -2.34 1.03E08

The results bthe microarrayanalyseswere confirmedby qRFPCR(Figure 23) for a
selected panel of genes(Table21, red colored forchosenup-regulatedand green colored for
chosen down-regulated) All cultivation systems- sandwich (S) confluent (M) and
subconfluent(Msg) - expressed similar pattern of wggulation for Lcn2, Mt2 and Saa3 and
down-regulation of Bsep, Mrp2 and Cyp7al
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FIGURR3: TOP UPANDDOWNREGULATED GENES SRHLARLDEREGULATEDANL CULTIVATION SY8S$E
QuantitativeRFPCR analysis of inflammatiofb;m2, Mt2 and Saa3) or metabolisassociated gene@@sep, Mp2
and Cyp7alin healthy liver tissue (Liver),ehly isolated hepatocgs (FH)hepatocytes irsandwich(S)culture,
confluent (Mp cultureand subconfluen{Mg) culture for the indicated time GAPDH was used as an endogenous
control. Data are expressed as fold change relative to healthy liver tissue. Values represent 3izér3).

Furthermore, the strong@xpressiorof lipocalin2 was also detected at thprotein level
(Figure24).
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Fresh Culture
Hepatocytes (Sandwich)

Liver LPS Control 3h D1
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FIGURR4: LCNZPROTEINSIUP-REGULATED BANDWICHCULTURE

Immunoblot analysisusing atibody against_.cn2in healthy liver tissue (Liver),efshly isolated hepatocyteand
hepatocytes in sandwich (S) cultufier the indicated time.GAPDH was used as an endogenous corfatein
extract from healthy liver tissue and freshly isolated hemgtes were used as negative controls, while freshly
isolated hepatocytes from mice treated for 24h with LFSO(ng/kg intraperitoneally) were used as positive
controls. Representative images for 3 independent experiments are shawnm2 expressiors ckarly observed in
sandwichcultured hepatocytesn day 1.

3.1.5 EXPRESSIODF TOP UP OR DOWNREGUATED GENESCCURS EARLY IN
CULTURE

As shown previously ifrigure 21, the microarraydata analysis revealsapid gene
expression changesvithin the first 24 hoursin culture. Therefore, the aim of the next
experiment was to determine the kinetics of the expressibangeof the mostup- and down
regulated genes in primary mouse hepatocytes cultivateal @ollagersandwich during the fits
hoursafter plating.

The induction of themost up-regulated genes and decrease in expression ofrttuest
down-regulated genes occur already in freshly isolated hepatocyted latest 3h after plating
(Figure25). These result confirm the interpretation of the gene array analysis, which suggested
that the strongest transcriptional alterations already occur during the first hours of cultivation.
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FIGURRS: INDUCTION OF URND DOWNREGUATED GENESCCURSLREADW FRESHLY ISOLATED
HEPATOCYTES OARTHERATEST ATHOUR®FTER PLATING

Quantitative RFPCR analysisf inflammationassociated genes (Lcn2, Mt2 and Saa3) methbolismassociated
genes(Bsep, Mp2 and Cyp7alij healthy liver tissue (k&r), freshly isolated hepatocytes (FH) and hepatocytes in
sandwich (Sfor the indicated time GAPDH was used as an endogenous control. Data are expressed as fold change
relative to healthy liver tissue. Values represent meeBD (=3).

3.2 FUZZY -MMEANS CUSTERINGANALYSISIDENTIFIESFIVE MAIN GENE
EXPRESSIGN.USTERS

A clustering analysis allows pattemecognitionin a large set of data. Therefore, the
differentially expressed genes wemmnalyed based on the timalependent Fuzzy -Bleans
clustering[184]. This technique identifiefive mainclusters of which & and 2B as well as3A
and3Bwere closely relatedRigure26).

64



RESULTS

Cluster1 Cluster 2A Cluster 2B

(954 genes) g (637genes) 1 (948 genes)

£ o0 Zom oo £ o0 *
S * 3 +§o - 2 e $ 6
w * a4l + | = P __“.. ! . #
012357 012357 012357 012357 012357 012357 012357 012367 012867

Time in culture (days) Time in culture (days) Time in culture (days)

Cluster 3A Cluster 3B Cluster 4
(1309 genes) . (626 genes) (567genes)
: + 1 L | e 1 - *
C
#+ - o + £ .+. %+ S 05 .*‘ H
* ) 5 + 5 .
| f z | ] = ! .
- s g g ° "*#
L L . R | I B ,05 IIIII ......
012357 012357 012357 012357 0123567 01235? 012357 012357 012357
Time in culture (days) Time in culture (days)

Time in culture (days)

Cluster5 Outliers
1. (477 genes) (46 genes)
w 1 al - R [ |
g ) X +. . % @® Monolayer confluent
E * 1 + + g Monolayer subconfluent
S A ## § @® Sandwich
012357 012357 012357 012357 012357 012357
Time in culture (days) Time in culture (days)

FIGURRG: FUZZY MMEANS CLUSTERIMGALYSIBDENTIFIEBIVEMAIN GENE EXPRESSCGANSTERS
Thedifferentially expressed genesene subjected to a &zzyGMeansclusteringanalysis. Five maiclusterswere
identified of which 2and2Bas well a8Aand 3B were closely related

The separation of DEGs in distinct clusters allof@da more precise bioinformatics
analysisof the biological motifs. Kyoto Encyclopedia of Genes and Genomes (KEGG at
http://www.genome.ad.jp/kegg) represens a reference knowledge database that integrates
current knowledge on molecular interaction and can help to identify biological motifs in gene
array data[205]. For this purpose, each gene cluster was assessed for over representation of
KEGG motif@rigure27). This analysis resulted in the identification of clearly enriched motifs for
WroliferationQn Cluster 1whereas a strong overepresentation of¢hetabolismfvas detected
in Clusters 2A and @igure27). Thisobservationis consistent with the welkestablished loss of
function induced during cultivation of primary hepatocyt9]. Clusters 3A and 3B did not
contain a specific GO or KEGG motif. However, a knowdedged curation of these clusters
strongly suggested that they represent WflammatiorQmotif (Figure 27 continued. The
validation of the aforementioned motifs is demonstrated in the following sections.
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pValue < 1e-5 Cluster-1 Cluster-2A | Cluster-2B
Kegg-ID |Description Size|Count |p-value |Count |p-value |Count |p-value

01100|Metabolic pathways 959 47| 9.95E-01 112] 1.08E-14] 141| 6.88E-18

04610|Complement and coagulation 61 3| 7.81E-01 26| 1.14E-16| 13| 5.80E-04
cascades

04146|Peroxisome 72 1] 9.93E-01 12| 1.09E-03 28| 7.33E-14

00280|Valine, leucine and isoleucine 42 2| 7.79E-01 9| 7.17E-04 21| 2.69E-13
degradation

00100|Steroid biosynthesis 15 11| 3.54E-11 1| 7.00E-01

00640|Propanoate metabolism 29 5| 2.79E-02 15| 4.16E-10

00380|Tryptophan metabolism 38 2| 7.29E-01 7| 6.82E-03 17| 5.06E-10|

00071|Fatty acid metabolism 39 1] 9.32E-01 9| 4.00E-04 17| 8.35E-10

00982|Drug metabolism - cytochrome 51 3| 6.68E-01 16| 2.14E-08| 11| 1.37E-03
P450

03320|PPAR signaling pathway 64 2| 9.33E-01 13| 8.70E-05 19| 1.47E-07|

03040|Spliceosome 98 12| 2.76E-02 1] 9.98E-01

00260|Glycine, serine and threonine 28 1| 8.55E-01 10| 2.74E-06 12| 3.50E-07
metabolism

00330]|Arginine and proline metabolism 46 3| 5.98E-01 6| 5.65E-02 15| 8.15E-07

00910|Nitrogen metabolism 22 1| 7.80E-01 1| 7.47E-01 10| 1.79E-06

00980|Metabolism of xenobiotics by 46 2| 8.20E-01 13| 1.80E-06| 9| 7.31E-03
cytochrome P450

00250|Alanine, aspartate and glutamate 28 2| 5.64E-01 3| 2.38E-01 11| 3.10E-06
metabolism

00830|Retinol metabolism 39 10| 7.31E-05 13| 3.40E-06

03030|DNA replication 34 11| 6.61E-06) 1/ 8.81E-01

04510|Focal adhesion 181 23| 1.73E-03 3| 9.99E-01 4| 1.00E+00

00340|Histidine metabolism 25 1/ 8.21E-01 2| 4.52E-01 10| 7.32E-06

04530|Tight junction 120 12| 9.92E-02 3| 9.80E-01

00410|beta-Alanine metabolism 21 3| 1.30E-01 9| 1.09E-05

05100|Bacterial invasion of epithelial 64 11| 2.86E-03

04110|Cell cycle 115 21| 1.56E-05 1] 9.99E-01 3] 9.95E-01

00120|Primary bile acid biosynthesis 13 1] 5.91E-01 3| 3.98E-02 7| 1.72E-05

03020|RNA polymerase 24

00983|Drug metabolism - other enzymes | 35 2| 6.86E-01 7| 4.24E-03 11| 3.68E-05

00650|Butanoate metabolism 24 1/ 8.09E-01 5| 1.28E-02 9| 3.93E-05

04115|p53 signaling pathway 63 14| 4.57E-05 2| 9.61E-01

00500|Starch and sucrose metabolism 31 3| 3.40E-01 9| 5.84E-05 6| 2.82E-02

00620|Pyruvate metabolism 33 2| 6.54E-01 5| 4.59E-02 10| 1.19E-04

02010|ABC transporters 41 4|2 88E-01 3| 4.55E-01 11| 1.83E-04

03010|Ribosome 20 1| 7.48E-01 1| 7.13E-01

01040|Biosynthesis of unsaturated fatty 19 1| 7.30E-01 6| 6.41E-04 7| 3.36E-04
acids

04114|0ocyte meiosis 101 12| 3.40E-02 3| 9.87E-01

| 00770|Pantothenate and CoA 14 2| 2.06E-01 6| 3.50E-04

FIGURR7: ANALYSIS OF KEGGHMWAYOVERREPRESENTATIKONIMEDEPENDENT GENE CIHRST

The fgure shows a snapshot of the results obtained for overrepresentation of KEGG pathway. The strongest
overrepresentations of KEGG pathways were observedeatlusters containing downegulated genes (cluster 2A

and B), which showed a high enrichment of atmtlic pathways. In cluster 1, a high enrichment of KEGG pathways
associated witproliferation wasobserved. Gray colored boxes indicateglues 10°.
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pValue < 1e-5 Cluster-3A | Cluster-3B | Cluster-4 | Cluster-5 Outlier
Kegg-ID |Description Size|Count |p-value |Count |p-value Count [p-value |Count|p-value |Count |p-value

01100{Metabolic pathways 959] 73] 9.87E-01 59| 2.76E-03 13] 9.98E-01 15] 9.70E-01 3| 7.17E-01
04610|Complement and coagulation 61 2| 9.83E-01 3| 5.10E-01 1| 7.59E-01

cascades
04146|Peroxisome 72 2| 9.93E-01 1] 9.62E-01 1[8.14E-01
00280(Valine, leucine and isoleucine 42 2| 2.50E-01

degradation
00100|Steroid biosynthesis 15
00640|Propanoate metabolism 29| 1| 5.17E-01 1| 4.90E-01
00380|Tryptophan metabolism 38 1| 5.87E-01 1] 1.31E-01
00071|Fatty acid metabolism 39| 2| 2.24E-01
00982|Drug metabolism - cytochrome 51 2| 9.60E-01 6| 2.37E-02

P450
03320|PPAR signaling pathway 64 1] 9.98E-01 1] 9.46E-01 1]/ 8.01E-01 2| 4.34E-01
03040(Spliceosome 98| 27| 1.49E-07| 3| 8.16E-01 9| 6.22E-04, 4| 1.86E-01 1| 3.05E-01
00260(Glycine, serine and threonine 28| 3| 4.97E-01 1| 4.78E-01

metabolism
00330|Arginine and proline metabolism 46 1| 9.90E-01 4| 1.44E-01 1| 6.86E-01 2| 2.84E-01
00910(Nitrogen metabolism 22 1| 8.86E-01 1| 4.00E-01
00980 (Metabolism of xenobiotics by 46 2| 9.39E-01 6| 1.48E-02 1] 1.56E-01

cytochrome P450
00250(Alanine, aspartate and glutamate 28 4| 2.66E-01 1| 7.19€-01 1| 4.78E-01

metabolism Il
00830(Retinol metabolism 39| 2| 8.93E-01 2| 5.20E-01 1] 6.25E-01 1] 5.96E-01 1| 1.34E-01
03030|DNA replication 34 3| 6.32E-01 7| 5.74E-04
04510(Focal adhesion 181 22| 1.22E-01 2| 9.98E-01 16/ 7.00E-06! 4/6.01E-01 1| 4.93E-01
00340(Histidine metabolism 25 1] 9.16E-01 1| 4.41E-01
04530(Tight junction 120] 27| 1.09E-05 5| 6.19E-01 2| 8.04E-01 3| 5.23E-01
00410|beta-Alanine metabolism 21 1] 6.14E-01 1] 3.86E-01
05100(Bacterial invasion of epithelial 64 18| 1.36E-05 2| 7.83E-01 3/ 2.10E-01 2| 4.34E-01
04110(Cell cycle 115 17| 3.84E-02 10| 2.97E-02 7] 2.29E-02 4[2.69E-01 1| 3.48E-01
00120|Primary bile acid biosynthesis 13] 1| 4.45E-01
03020(RNA polymerase 24 10| 2.80E-05 3| 8.71E-02
00983|Drug metabolism - other enzymes | 35 2| 8.54E-01 4| 6.65E-02 1| 5.57E-01
00650|Butanoate metabolism 24
04115|p53 signaling pathway 63| 6| 5.49E-01 10| 3.71E-04 3| 2.04E-01 1] 7.70E-01
00500(Starch and sucrose metabolism 31 2| 8.03E-01 5| 1.07E-02
00620|Pyruvate metabolism 33| 1] 9.62E-01 1| 7.76E-01 1] 5.64E-01 2| 1.74E-01
02010|ABC transporters 41| 1| 8.45E-01 1] 6.44E-01 1] 6.15E-01
03010|Ribosome 20 8| 2.57E-04 1] 3.95E-01 2| 7.55E-02
01040|Biosynthesis of unsaturated fatty 19I' 1] 3.79E-01

acids
041141000cvte meinsis 1011l 211 3.40F.04 71 158F-01 119 23F-n1 2[4 NAF-n1

FIGURE 27: CONTINUED

ANALYSIS OF KEGGHWAY OVERREPRESENINWIN TIMEDEPENDENT GENE CIHRST
Thefigure shows a snapshot of the results obtained forrospresentation of KEGG pathwaglusters 3A and 3B
did not contain a specific GO or KEGG motif. However, a knowksggel curation of these clusters strongly
suggested that they represent a “inflanation™ motif asthese clusters contain all of ttap up-regulated genen

cultivation shown inTable21. Gray colored boxes indicafevalues 10°.

67




RESULlS

Cluster 1 Cluster 3A
c (954 genes) (1309 genes)
{ . 1t
-§ S 1 ® & ® |
S Zos ¢ o0 505 %@ o"++
d, [&] . N o n
= 2 @ i o
B LE 0® # 2 o® .
| L \ | \ \ L . L L . L
o 012357 012357 012357 c 012357 012357 012357
Time in culture (days) o Time in culture (days)
whd
©
Cluster 2A E Cluster 3B
1 (637genes) = : (626 genes)
- i
5 £ 2 .
E g ® .. .. 2 ®
: oo 5 NTe
% *. ' § 0 ...‘ ® [
el L
" 012357 012357 012357 012357 012357 012357
© Time in culture (days) Time in culture (days)
2
©
k] Cluster 2B Outliers
= 1 (948 genes) (46 genes)
g:i, . ML
c
£ 0 ™ 2 ® M
© ' T
€ Mladd) o £ M,
012357 012357 012357 012357 012357 012357 ® s
Time in culture (days) Time in culture (days)

FIGURE28: PROLIFERATION, MBDLISM AND INFLAMVI®ON AMONG BIOLOGICMOTIFS ASSIGNED TO
IDENTIFIED CLUSTERS

The graphs represent the mean scaled value of all genes codtéineach cluster, at each tirpeint, for eah
cultivation system. The assignment of gene clustersgioliferationQand ¥hetabolisnQmotifs was based on
enrichment analysis of GO and KEGG terms, whiledtilemmatiorQmotif was determined experimentally by

comparison to welknown liver inflammabn modelsin viva

3.2.1 CULTIVATION INDUCB® WNREGULATION OF ENVMABOLISMSSOCIATED
GENES

Identified as closely relatedlusters 2A and 2B-igure28) exhibit an expression pattern
of a persistent dowsregulation among all threeultivation systems. Only cluster 28sociated
genes are maintainedh sandwich culture (S). In contrast, cluster 2B represents metabolic
genes that are not maintained by the collagen sandwilt rather decrease similarly as the
monolayer culturgFigure28, Cluster 2B Among those, many of the top dowegulated genes
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such as Bsep, Mrp2nd Cyp7al are assigned to cluster @Bble21). The data analysis using
KEGG pathways identified an enrichmeftmetabolismassociated genem both clusters 2A
and 2B(Figure27). KEGGand GO analysis identify cytochrome P450, sterol and cholesterol
metabolism as well as coagulation and complement factors among Wadwich culture
maintainedyenes in cluster 2A.

Moreover, Transcription Factor Binding Sites analysis (TFBS with PRIMA aldast)m
of the promoter regions of associated geneentified Hepatocyte Nuclear FactorsillF4a
and -1a) among the overrepresentedtranscriptionfactors in clusters2A and B(a snapshot
shown inFigure 29). Consistently, the expression of HNFdnd HNF& was markedly down
regulaed during the first hours in cultureg={gure30, A). Likewise, HNlednuclear expression
was clearly reduced in cultivated cells comparedrashly isolated hepatocytes (Fresh Heps)
(Figure30, B).

pValue < 1e-5| Cluster-1 | Cluster-2A | Cluster-2B | Cluster-3A | Cluster-3B | Cluster-4 | Cluster-5 Outlier

TF Count |p-value |Count |p-value |Count |p-value Count-lp-value Count |p-value |Count [p-value |Count|p-value |Count |p-value
MO00196[Sp1] 575 1.285—0ﬂ 484/ 8.00E-03 867[4.16E-23]  403] 3.29E-11 290| 8.00E-03] 227| 8.00E-03 30{3.50E-02
MO00025[Elk-1] 214 34UE-02I 412' 4.29E-21 138| 6.00E-02 129/ 1.00E-03| 101|2.20E-02

MO00803[E2F] 433| 2.54E-10) 644] 2.83E-20]  267] 5.03E-04]  235| 2.42E-08] 183 5.50E-08 26| 1.79E-05
MO0695[ETF] 299| 2.40E-07| 473 1.10E-19| 183 2.07E-13]  149] 1.42E-10]
MO00976[AHRHIF] 431] 3.90E-15] 181 1.13E-04 139 1.00E-03]  106]3.60E-02|

MO00652[Nrf-1] 298| 6.25E-04) 483| 4.37E-14] 190/ 9.00E-03] 160( 8.13E-04]  142| 2.14E-06)

MO00341[GABP] 257| 5.60E-02 439 1.26E-12} 182| 3.00E-03 134 2.30E-02

MO00189[AP-2] 321]| 2.71E-05 471 3.89E-11 197/ 4.00E-02 167] 1.20E-04]  134] 1.00E-03

MO00716[ZF5] 328/ 6.94E-08 471| 7.48E-10]  202] 5.00E-03 177| 3.99E07] 139 1.31E-04 17| 6.00E-02
MO00797[HIF-1] 296| 2 40E-02 471]9.64E-10]  209| 7.00E-03 169[ 1.60E-02]  124]3.70E-02)

MO00451[NKX3A] 181/ 1.55E:09]  136[ 5.01E-05

MO00938[E2F-1] 273| 1.94E-07| 384] 3.67E-09] 173| 1.00E-03 125/ 2.30E-02]  107) 1.10E-02 16| 3.30E-02
MO00778[AhR] 190{ 1.10E-02 303]2.51E-08]  147] 2.15E-06 98| 6 60E-02 85| 6.00E-03

MO00800[AP-2] 324| 1.13E-07| 465 2.67E-08 198| 2.60E-02 172 1.84E-04| 18| 2.7T0E-02
MO00987[FOXP1] 490] 3.60E-02 361/ 2.90E-02] 315/ 4.12E-08] 238 1.00E-03

MO00138[Oct-1] 223 1.56E.05]_ 200[ 1.28E-07)

MO00148[SRY] 538| 3.60E-02 832|5.80E-02 313| 5.00E-03] 284| 1.67E-07

MO00224[STAT1] 82| 7.20E-02 202| 2.30E-07] 67] 5.40E-02

MOO0017[ATF] 250| 3.82E-05 355| 3.61E-07] 152|4.00E-02 146] 8.32E06] 101[330E-02

MO00081[Evi-1] 174) 2.00E-03] 157| 7.40E-07

MO00471[TBP] 147] 8.00E-03] 135 1.60E-06

M00489[Nkx6-2] 161 4.00E-03] 146] 3.85E-06
MO00465[POUBF1] 145 5.22E.06| 92[4.90E-02|
M00322[c-Myc:Max] 256| 1.50E-02 384 5.70E-06| 182] 9.56E-04 140 1.00E-03] 104[6 ?OE-02|

MO0940[E2F-1] 103/ 3.00E-03 149] 2.77E-04 69/ 3.00E-03 57] 1.00E-02 59| 6.32E-06,

M01113[CACD] 242| 3.90E-02 383| 8.99E-06] 179] 1.00E-03 20| 2.00E-03
MO00807[EGR] 395/ 5.12E-04 251|7.90E-02 563| 1.03E-05] 262| 3.00E-03 203] 3 30E-02 21]2 50E-02
MO00915[AP-2] 310] 1.35E-05 434 3.68E-05]  207| 9.47E-04 149| 3.60E-02]  119)6.10E-02

M00423[FOXJ2] 147] 6.60E-05| 123| 1.93E-05
MO00744[POU1F1] 176| 5.96E-05]  155| 2.02E-05
MO00026[RSRFC4] 224|7.70E-02 154| 2.11E-05| 114 6.00E-03

MO01033[HNF4] 603 1.20E-02 423)| 2.21E-05 393] 8.00E-03 34| 6.50E-02
M00099[S8] 122| 2.23E-05

MO01075[PLZF] 136/ 2 50E-02) 128) 2.53E-05

MO01072[HIC1] 343| 2.74E-05 474| 3.71E-05] 219/ 8.00E-03 174| 7.00E-03]  137| 1.50E-02

MO00478ICdc51 101] 2.78E-05

FIGURE29: ANALYSIS OF TRAN$CRIN FACTOR BINDINBBTE (TFBS) ENRICHIWIEN TIME
DEPENDENT GENE CIBRST

The figure shows a snapshot of the results obtained for overrepresentation of TFBS. The TFBS with the strongest

overrepresentéion were Spl, E2F, ETF, all of which were highly enriched -regupated gene clusters.

/| 2y @SNBSt&s I bCnh gl a GKS Y zagilate® @&%NNIEetsSNEay Sofaie8 Boxes C. {

indicatedp-valué 10°.
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FIGURBO: DECREASE IN EXPREHS$®IF TRANSCRIPTIACTORS (HNF and-1h) REGULATING METAB®LAS
ASSOCIATED GENESULTURE

A) Quantitative RFPCR analysisf HNF4 and HNF1 in healthy liver tissue (Liver),efshly isolated hepatocytes
(FH), hepatocytes in sandwich cultdog the indicated time GAPDH was used as an endogenoantrol. Data are
expressed as fold change relative to healthy liver tissue. Values represent m8a&n=3. B) Fluorescence
microscopy analysis of HNFé&xpression(red) in freshly isolated hepatocytes (Fresh Hep) and in hepatocytes in
monolayer cultue (M) two daysafter plating Nuclei are stained blue (DAP8cale bars represent .

Moreover, the expression of nuclear receptors known to regulate many hepatic
functions was rapidly decreased in cultuFeégure3l). Interestingly, nuclear receptors were not
listed amongthe downregulated genes coming out of the gene array data and therefore
represented afalse negative result. This should emphasize the need of manual curation when
dealing with gene array data and validat of mMRNA expression levalsa qRTPCR or on a
protein level via Western blotting.

In conclusion, a combination of tirresolved gene clustering and bioinformatics
analysis (GO and KEGG matifisyether withTFBS enrichment provided important insighto
the biological processes and revealed that cultivation induces dmgulation of metabolism
associated.
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FIGURB1: DECREASE IN EXPRESSIMNUCLEAR RECEPTBESULATING METABMLISSSOCIATED GENHS
CULTURE

Quantitatie RTPCR analysis of nuclear receptgssegnane X receptorPKR), constitutive androstane receptor
(CAR, retinoid X receptor RXR farnesoid X receptor HXR in healthy liver tissue (Liver), freshly isolated
hepatocytes (FH), hepatocytes in sandwichturel for the indicated time. GAPDH was used as an endogenous
control. Data are expressed as fold change relative to healthy liver tissue. Values represent mean + SD (n=3).

3.2.2 MONOLAYERULTURESNDUCHKROLIFERATION INDNEPIENT OF ADDITIONAL
GROWTH FACTORS

Quster 1 (Figure 28) contained genes whose expression was quickly and strongly
induced in monolayer cultures, particularly in Mihis is in contrast to S cultures whegyenes
are upregulated only at later timepoints. KE@Galyss identified a strong overrepresentation
of BNA replication pathwdymotif (Figure 27). The intensity of the proliferation cluster
correlates with the proliferation activity of hepatocytes in the three culture systems as
evidencal by PCNA expressidifrigure 32). The strongest time dependent increase the
proliferation cluster was observed inddompared to Mand S.

In conclusion, Fuzzy-Means clustering reveals that cultivation inducestime-
dependert increase in proliferation rate.
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FIGURB2: Ms CULTURE SHOWSIMEDEPENDENT INCFRBEAINTHE PROLIFERATIONRMEAR PCNA
Immunoblotanalysisusing antibody againgiroliferating cell nuclear antigen (PCNA)ealthy liver tissugLiver),
AML12 cells stimulated with interferon freshly isolated hepatocytes (FH), hepatocytes in sandwich (S) culture
confluent (Mp) cultureand subconfluen{Mg) culture for the indicated time GAPDH was used as an endogenous
control. Protein extrats from healthy liver tissue and freshly isolated hepatocytes were used as negative controls,
while AML12 cells stimulated with interferon(AML12)were used as positive contrdRepresentative images for 3
independent experiments are showihe strongetstime dependent increase (#CNAwvas observed in M

3.2.3 CULTIVATION INDUGEBNFLAMMATORY RESPBNS

Theclosely related, clusters 3A and 3Bgure28) exhibit a strong increase in expression
among all three cultivation systemsiitiv cluster 3A showin@g permanent and cluster 3@
transient upregulation. Clusters3A and 3B contain all of the top wpgulated genes in
cultivationasshown inTable21. Most of those genes belong the permanently upregulaed
cluster 3A (thirteen out of fifteen including Lcn2 and Mt2), with only two (Mtl and Saa3)
belonging tothe transiently upregulated cluster 3B. Among the top pgulated genes in
cultivation, thirteen out of fifteenhave been shown to play a role imflammation processes
(Table21, bracketsindicatereferencedor the top upregulated genes Therefore, this group of
genesclearly represergan inflammation clustedmportantly, adownregulation of Cebpl and
a concomitant upregulation of Celdp/and Cebpd was observed in cultivated hepatocytes
(Figure33). This pattern has beepreviously showrto occurin vivoduring inflammation138],
supporting the interpretation of an inflammatory response being triggered in cultivated
hepatocytes
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FIGURB3: CULTIVATION INDUCKHSINFLAMMATORY RESPENS

Quantitative RFPCR ofCQ\AT/Enhancer Binding ProteinY | - ®€ebp 3 | ) healthy liver tissue
(Liver), feshly isolated hepatocytes (FH), hepatocytes in sandwich cutuarbe indicated time GAPDH was used
as an endogenous control. Data are expressed as foldgeheelative to healthy liver tissue. Values represent
mean* SD (=3). Sandwich culture induces downregulation of Gelamd a concomitant upregulation of Cegbp
and Cebp.

Thetranscription Factor Binding Sites analysis (using PRIMA algorithm) of thetprom
regions ofinflammation gene clusterglentified Sp1, Elk1 an&TF amonghe overrepresented
transcriptionfactorsin the inflammation Cluster 3But not in3B The highest ranked TF forup
regulated genes in cultivation is SpAlthough Spl is nb up-regulated transcriptionally,
immunostaining showthat its expression increases lrepatocyte nuclei in cultur¢Figure34,

A). KIf6, belonging to the same family of transcription factonstned out to be one of the
strongest tanscriptionally upregulated transcription factorgFigure 34, B and C)with an
enhanced nuclear localizatian vitro (Figure34, D).KIf6 has been reported to cooperate with
Sp1l in tle regulation of gea induction[206]. Hence, it is likely that the Sp1 overrepresentation
reflects a synergistic effect due to KIf6 upregulation.
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FIGURB4: TFBS ANALYSIS IDENHS Bl AMONG OVERREPREEBHNTRANSCRIPTIOKEFARSN VITRO

A) QuantitativeRFPCR analysif Splin healthy liver tissue (Liver)ehly isolated hepatocytes (FH), hepatocytes

in sandwich culture at day 1 and 3 of cultu@APDH was used as an endogenous control. Data are expressed as
fold change relative to healthy liver tissue. Values represent meab (=3). B) Fluorescence microscopy analysis

of Splexpression(red) in freshly isolated hepatocytes (Fresh Hep) and iratuglytes in monolayer culture (&)1

for the indicated timepointsNuclei are stained blue (DAPHcale bars represent afh.
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FIGURB5: EXPRESSION Af6 KRANSCRIPTION FACT®ORDUCED IN CULBJR

A) Gene array data on KIf6 goession in all three cultivation systems: sandwich (S) culzoefluent (M) culture

and subconfluen{Mg) culture for the indicated timen comparison to freshly isolated hepatocyt® Quantitative
RTFPCR analysisf KIf6 in healthy liver tissue (Léw), freshly isolated hepatocytes (FH), hepatocytes in sandwich
culture at day 1 and 3 of cultur6&APDH was used as an endogenous control. Data are expressed as fold change
relative to healthy liver tissue. Values represent mea8D (=3). O Fluorescene microscopy analysis of KIf6
expression(red) in freshly isolated hepatocytes (Fresh Hep) and in hepatocytes in monolayer cult)fer(the
indicated timepointsNuclei are stained blue (DAP$cale bars represent ffh.
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Additionally, anumber ofgenes belonging to cluster 3iacrease their expression during
cultivation, for example, theexpression of Ctgf, ler3 and Ccl2 progresively incressashing
their maximumat later timepoints (Figure36).

In conclusion, cultivationinduces inflammatory response, with genes showing
permanentor transientup-regulationin vitro.
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FIGURB6: OTHERNFLAMMATORMARKERBRE PROGRESSIVEIDUIED IN CULTUREACHING THEIR

MAXIMUM EXPRESSIBNLATER TIMEPOINTS

A) Gene array data on Ctgf expression in all three cultivation systems: sandwich (S), coliditeent (My) culture

and subconfluen{Mg) culture for the indicated timein comparison to freshly isolated hepatocyt€} Quantitative
RTPCR analysisf ler3 ard Ccl2in healthy liver tissue (Liver),eshly isolated hepatocytes (FH), hepatocytes in
sandwich culture at day 1 and 3 of cultu@APDH was used as an endogenous control. Data are expressed as fold
change relative to healthy liver tissue. Values repregsneant SD §=3).

3.3 HEPATOCYTE CULTIOATIINDUCES ANN VIVGLIKE INFLAMMATION
RESPONSE

The strongest upegulated gene in sandwich culture, lipocalirflLcn?2), is a pentraximhich
is known as a key factor in Lif®luced inflammation130], suggesting thaits upregulation
reflects a stereotypical inflammatory response of hepatocytes as obsenvedva To test this
hypothesis, the transcriptional response\itro was compared to that of the wedlstablishedn
vivo sterile inflammation models: C£I partial hepatectomy (PHx)and LP$nhduced
inflammation (described in chapté.2.3.

Time resolvedglobal g@e expression profilingevealedthat Lcn2wasamongthe most up
regulated gens in all three in vivo models of liver damagéFigure 37). Importantly, Lcn2
upregulationis mostly a consequence of altered expression in hepatocgte$not the other
liver cell types This observation is confirmdzy comparing expression changebtained from
freshly isolated hepatocytes purified from ¢@r LPSxposed livergFigure37, CGFH D1 vs.
Control FH D1 and”5FH D1 vs. Control AML)to untreated livers
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Lcn2 expression

Treatment vs. Control condition Fold p-value
PHx D1 vs. Control liver 443.23 5.88E-10
CCl, liver D1 vs. Control liver 43.28 2 50E-07
CCl, FH D1 vs. Control FH D1 21.3 1.77E-03
LPS FH D1 vs. Control liver 124.08 5.60E-05
LPS FH D1 vs. Control FH D1 121.37 B.59E-05

FIGURB7: LCN2 IS UREGULATED IN ANLVIVOMODEL®F LIVER DAMAGE

Time resolvedylobal gene expression profiling was perfornfeddifferent types of liver damage. Lcn2 expression
was analysedfter partial hepatectomy (PHx) or after single injection witBk@r LPSon day 1 Liver or freshly
isolated hepatocytes (FH) collected from treated animals were comparidrepresentative controlsGene array
analysigeveak Lcn2up-regulation in alin vivomodels.

Comparison of differentially expressed genes (DEG) between all thre#ro and three
in vivo models revealeda largeoverlap in their expression profilegigure 38). Cultivation
systems (Cult) exhibd higher manitude of expressional response themvivomodels of liver
damage Figure38, A).TheCCJmodelshows thehighest overlap with cultivation systems when
comparing the total number of deregulategenes(Figure38, B).In addition genesalteredin
vivo after one day treatment withCCJ, LPS or PHx show a relatively large (<60%) overlap with

the in vitroderegulated geneen day 1 (Figure38, B).
LPS
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FIGURES: IN VITRCANDIN VIVOMODELS EXHIBIT STROQVERLAP OF DIFARERELLY EXPRESSEDESE
(DEG)

A) Venn diagrams indicating the overlap betweB&Gn all cultivation(Cult)systems (M, Msand S), and day 1
after partial hepatectomy (PHx), G@F LPSadministration.B) Percentage of DEGs on day 1 from eéatlvivo
model (LPS, PHx and g@lhich overlap with DEGs in cultivation on day 1.

Addition of CGlinduced liver damage to therimcipal component analysis (PCA) of the
cultivationgene array datgFigurel9) clearlyshowsthat CCl-induced liver damage represents
a model of liver regeneratio(Figure39). As seerin Figure39, gene expression alternatiomns
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the CCJmodel led to liver tissue repair as indicated by the dotted black amepvesenting a
return to the gene expression of the reference state of fresh liver tissue and freshly isolated
hepatocytes (FH). Primary hepatocytes were also compareaneparenchymal liver cells (day

2 in culture), which cluster far awdsom the other clustergFigure39, orange dots).
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FIGURB9: GENE ARRAY ANALYBEYEALSTRONGIMILARITIES BETWEEBLTIVATION AND VIVOLIVER
DAMAGE MODELS

Alterations of gene expression, illustrated as principal component analysis, of cultivated hepatocytéds@vid
S), norparenchymal cells (NPC), and liver tissue after damage inducadihygle injection of£CJ. Black and gray
circles correspond to freshly isolated hepatocytes after 1 and 3 days, respectively, abd@@listrationin viva
NPC correspond to a méd population of all norparenchymal cells, 2 days in culture.

In cultivation, the most sigficant expressiorchanges occur within the first 24 hours.
Therefore, in the next step aanking analysisvas performed to compare differentially
expressed genes betwee&andwich culturen day 1 andhe CCJin vivomodelon day 1(Figure
40). Besides LcnZg ranking analysis demonstrag¢he same set of top wpegulated genes in
sandwichculture as in the CCJ in vivo model. Most of the top ten upregulated genes are
known to play a key role in inflammatioar cellular stress(Table 21, brackets indicate
referencedor the top upregulated genes
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In conclusiona comparison ofthe different cultivation methodswith all threein vivo
models of liver damage show great similaritiwgh respect totheir inflammatory response
profiles, with Lcn2 among the most wpgulated genes.

Sandwich (day1) CCly(day 1) Sum
Symbol fold |adj.p-val| rank fold |adj. p-val| rank fold rank

Lcn2 2471 | 7.33E-34 1 43.2 | 2.50E-07 1 290.3 2
Mt2 87.8 1.15E-33 | 2 16.6 | 362E-07| 6 104.4 8
ler3 347 |210E-20| 6 10.0 127E-09 | 10 44.7 16
Cpe 20.2 | 582E-14| 13 17.1 899E-06| 4 374 17
Mt1 29.1 1.45E-26 | 10 8.7 475E-08 | 15 37.8 25

Anxa2 12.6 6.97E-24 | 21 17.0 5.99E-20 5 206 26
Tubb6 12.0 321E-19 | 22 9.4 204E-12 | 13 214 35
Tnfrsf12a| 18.0 1.34E-28 | 16 75 244E-13 | 20 255 36
Ifrd1 9.7 1.11E-12 | 28 12.9 6.03E-13 8 227 36
Srxn1 10.9 9.86E-18 | 25 9.6 345E-13 | 12 20.6 37
Sprria 8.6 7.09E-15| 35 18.7 1.19E-10 S 27.3 38

O |0 |N ||| AN

=
o

-
-

12 Sipi 34.6 1.29E-18 7 4.5 847E-06 | 34 39.1 41
13 Saa3 32.2 1.46E-13 8 4.6 1.13E-03| 33 36.8 41
14 KIf6 14.7 298E-19| 20 59 1.05E-08 | 26 20.7 46

-
w

cdi14 9.0 9.64E-13 | 33 8.0 6.38E-11 | 18 17.0 51

FIGUREIO: SANDWICH CULTURE AND, TREATMENIN VIVOINDUCE STRONG-BEGULATION OHE SAME
INFLAMMATORY GENES

Ranking analysis of the top 15-tggulated genes inandwich culturg(day 1)versus Cglday 1). All 15 genes rank
top among the 50 strongest umegulated regulated genes. Lcn2 ranks as the topragulated gene in both
conditions.All top ten of up-regulated genes are known to play a kejerin inflammationor cellular stresgTable
21, bracketsindicatereferencedor the top upregulated genes

3.3.1 IN VITRO/IN VIVSIMILARITIES

To analyzehe in vitro/in vivo similarities ina more detailed andinbiased mannera
Spearmarcorrelation analysis was performed. Genes altereditro during the first 24h were
correlated with genes altereth vivoin response to Cgtonsidering intervalérom 2h to 16
days Figure41l). Thesimilarity betweenin vitro andin vivomodels is presenteds{ LJS| NX | y Q&
rank correlation coefficien{Figure41). The result demonstrates remarkable time dependent
differences, with maximal correlations between 8 and@narked in red and highesn day
1); this is in direct contrast to theo relevant correlations at later timgoints.
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FIGURE41: PRIMARY MOUSE HEPE&YOESIN CULTUREXHIBITMAXIMAL SIMILARITIES IN EXSSION
CHANGEW/ITHLIVER TISSUE 1 DATBRCQ, ADMINISTRATION

{LISFENXYIYQE NIyl O2NNBfl A2y 0B BeWweeh Qutidagoin sehdwictRciINgg 3 dzf  ( S F
(panel A, Mc (panel B or Mg (panel Q versus Cglireated liver tissuein a timeresolved manner Maximal

correlatiors are observed betweenldalmepoints in culture versus liver tissue 1 day after,@@ministration.

A similar correlation analysis was applied both the LPS and PHx models. Genes
altered in vitro at the indicated timgyoints were correlated with genes altereid vivo in
resporse to PHx considering intervai®om 2 h to 2 weeksor after 24 hours aftera single
injection with LPSSimilar correlation patternas seen fothe CCJ model were observed for
both the PHx and LPS dgfagure4?).
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