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them instead of a unidirectional causal relationship. Our results confirm a close connection
between DR and fibrogenesis. However, since the two parameters changed together we
could not establish a causal relationship and were unable to reveal which was the primary
event. The lack of inverse correlation between the proliferation of hepatocytes and ductular
reaction questions that ductular reaction can compensate for the failing regenerative activity
of hepatocytes. No evidences support the persistent antifibrotic property of imatinib or
erlotinib.

Introduction

Chronicdamageof liver tissuecausegradualaccumulatiorof extracellulamatrix (ECM),
fibrosis,which caneventuallyprogresso completearchitecturakeconstructiontermedcirrho-
sis.Hepaticfibrosis/cirrhosiscausesrgandysfunctionand other complicationsresultingin
commonclinical problems.Yet,therearenumerousunresolvedjuestiongegardingthe path-
ogenesisfthis severaliseases.g.therole andfunction of hepaticprogenitorcellsin fibrogen-
esisandregenerationSmallepithelialtubulescalled®bile duct proliferation®wereobserved
alongthefibrotic septaof cirrhotic liversalong time agobut no speciakttentionwaspaidto
them.Now, thesegubulesarereferredto asductularreactionandtheyarethoughtto represent
hepaticprogenitorcells[1]. Their closedspatialandfunctionalrelationshipwith myofibro-
blastsput themin thelimelight [2+5], sincemyofibroblastsarethe major sourceof the depos-
ited collagenousnatrix. The correlationbetweerthe extentof ductularreactionandfibrosis
acrossarangeof liver pathologiesaiseghe questionif thereis acausatelationshipbetween
them[6]. Ductularreactionmayalsoplayafavourableolein liver cirrhosis.Originally Falk-
owskietal.[7] proposedhatthe ductularreactionmaybeanalternativeregenerativpathway,
whichis activatedvhenthereplicativecapacityof the senescerttepatocytess compromised.
Thisviewwaslatersupportedby the descriptionof hepatocytidifferentiationof ductularpro-
genitorcells[8, 9]. This simpleandattractivemodel,howeverjs mostlybasedn statictissue
analysisand contradictoryobservationfiaverecentlyemergedThe progenitorcellorigin of
regeneratindiepatocytesvasexcludedn severaéxperimentamodelsapplyingthe cre-lox
basedineagedracingtechnique[10+12].0thersandwe[13, 14]failedto determineinverse
relationshipbetweerthe proliferativeactivity of hepatocyteand ductularreactionin human
cirrhotic livers.Theseconsiderationged usto performexperimentavherethe dynamicsof
fibrosis,ductularreactionandhepatocyteroliferation canbecontinuallymonitored through-
out the developmenof cirrhosis.Furthermore our aim wasto examinef the potentially
favourableand unfavourableconsequencesf ductularreactioncanbe separated.

Liver fibrosiswasinducedin wild type C57BI/6miceby chronicadministrationof thioace-
tamide(TA) andcarbontetrachloride/phenobarbitdlCCl/PhB).The TA experimentsvere
alsoperformedon transgenianice overexpressingctivetransforminggrowth factorbetal
(TGFB1)in theliver [15]. TGFBis probablythe mostpleiotropicgrowth factorwith major
influenceon hepatocyteandductularproliferation,aswell ason liver fibrosis[16].

The TA administrationwasalsocombinedwith two drugs.Imatinib anderlotinib are
widelyusedtyrosinekinaseinhibitors. The primary targetof erlotinib is epidermalgrowth fac-
tor receptor(EGFR)while imatinib hasabroaderspectrumlt wasoriginally designedor the
treatmentof chronic myelogenougeukaemiaby blockingthe activity of ber/abltyrosine
kinasebut turned out to bean efficientinhibitor of c-kit and platelet-derivedyrowthfactor
receptor(PDGFR)aswell[17]. Bothcompoundsareusedfor the treatmentof different
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malignanttumorsandimatinib hasbeensuccessfullgppliedin humanpatientsasan antifi-
brotic agenf18]. Theyhavealsoshownantifibrotic activityin severaéxperimentahepatic
fibrosismodels[19+22] but little is known abouttheir effecton the behaviorof ductularreac-
tion andhepatocytes.

All fibrogenicprotocolsinducedprogressivéiepaticfibrosis. Therewasastrongpositive
correlationbetweerthe extentof ductularreactionandfibrosisin eachmodel.Howeverthe
compensatorgrowthfunction of ductularreactioncould not beobservedBothimatinib and
erlotinib hadtemporaryantifibrotic effectbut eventuallyand underadverseonditions
(TGFBoverexpressiontheywereinefficient.Neitherdrug hadantifibrotic effecton estab-
lishedcirrhosisinducedby TA treatment.

Materials and methods

Animal experiments

All experimentsvereconductedon 8 weekld maleC57BIl/6miceinbredin our Institute. All

animalswerehousedunder controlledtemperaturewith a12hour light-dark cycle andhad

acces$o drinking wateradlibitum. Tenexperimentabroupswereformed (Fig 1):
Basiamodels:

I. Hepaticfibrosiswasinducedby carbontetrachloride/phenobibital treatment(CCl,
0,2ml/kg,dissolvedn sunfloweroil, twiceaweekperos/PhB0,5g/lin drinking water)
in wild typemice(WT+CCl,; n = 49),

Il. or by TA administration(300mg/l in drinking water)in wild type(WT+TA; n = 50)
and

lll. transgenianiceoverexpressingctiveTGFRin hepatocytefl 5] (TGFB+TA;n = 61)
(the micewereakind gift from Snorri S.Thorgeirsson).

Drug treatedmodels:

LWTHCCl,  seeeseesessesssssssssssssssss s e bR .
Il WT+TA A

TA
W TGFBFTA e e e e —

TAs+imatinib (25 mg/kg/day per os]
IV. WT+T Asimatinib gl 4 Sl

TA+imatinib (25 mg/kg/d
V. TGFR+TAHMatiniD = = + =+ = e m s = o = ¢ Himatinib (25 mokg/day Peros) o e m i m e = .

TA+erlotinib (5 mg/kg/day per os)

VI. WT+TA+erlotinib

TAverlotinib (5 kg/d;
VII. TGFR+TA+erlotinib rerioinh (& mgkglday peros)

TA TA
VIII. Ther. control
IX. Ther. imatinib TA TA+imatinib (25 mg/kg/day per os)
X. Ther. erlotinib TA TAverlotinib (5 mg/kg/day per os)
I } } } } } } } } }
I T T ) T T T T T T
0 3 6 9 12 15 18 21 24 27
weeks

Fig 1. Schematic representation of the different experimental groups.

https://cbi.org/10.1371djurnal.por.0176518.¢01
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IV. Imatinib (Glivec,Novartis,Basel25mg/kg,dissolvedn water,peros)wasgivendaily
to TA treatedwild typemice(WT+TA+imatinib; n = 54)or

V. TGFBtransgenianice (TGFB+TA+imatinib;n = 38).

VI. Erlotinib (TarcevaRocheBasel5 mg/kg,dissolvedn dimethyl sulfoxide(DMSO)
thenwater)wasgivendaily,besideT A treatment,to both wild type (WT+TA+-
erlotinib; n = 48)and

VII. TGFBtransgenianice (TGFB+TA+erlotinib;n = 38).

Theanimalsweresacrificedafter3, 6,9,12,15and 18 weeksf treatment Eachtime point
represent$+16animals.
Therapeutianodels:

VIII. TA (300mg/l in drinking water)wasgivento wild typemicefor amaximumof 27
weekgTher.control;n = 18).

IX. Imatinib treatment(asdescribedabove)wvasstartedon the 19thweekin additionto
TA (Ther.imatinib; n = 18).

X. Erlotinib treatmentwasstartedon the 19thweek(asdescribedabove)n additionto
TA (Ther.erlotinib; n = 17).

Animalsweresacrificedat 3,6 and9 weeksaftertheinitiation of pharmacologicareatment
(in otherwordson the 21, 24" and 27" weekof the experiment) Eachtime point represents
5+7animals.

Eachanimalreceivedhreedoseof bromodeoxyuriding BrdU; 500mg/kg) intraperito-
neally,20,2 and 1 hour beforetermination. After humanelysacrificingthe animalsusing
cervicaldislocation sampledgrom theliver werefixedfor histologicalnalysistherestwas
snap-frozerin liquid nitrogen.Theanimalstudyprotocolswereconductedaccordingto
Nationallnstitute of Health(NIH) guidelinedor animalcareandwereapprovedoy the
Institutional Animal Careand UseCommitteeof Semmelweitniversity (PermitNumber:
PEI/001/1730-12/2015).

Morphometric analysis

From eachanimalfour parametersveremeasured/countedhe extentof fibrosisandductular
reaction,aswell asthe proliferativeactivity of hepatocyteandductularreaction.

For themorphometricanalysif fibrosisthreeimagedrom Picro Siriusstainedsections
werecapturedwith aZeissAxioskop?2 plusmicroscopgZeissOberkochenGermany)usinga
5x objectiveand evaluatedy the Quick PhotoMicro2.2software(Promicra,PragueCzech
Republic).

Theareaoccupiedby ductularreactionwasmeasuredn cytokeratin19 (CK19)immunos-
tainedfrozensectiongrat monoclonalanti-CK 19antibody;cat.no. TROMA-III; Develop-
mentalStudieHybridomaBank,lowa City, IA; dil.:1:200) From eachliver threeimageswvere
capturedwith aBio-Radconfocalsystem(MRC 1024 Bio-Rad,Richmond,CA) andevaluated
bythelmagedl.49kprogram(NIH, BethesdayiD).

TheincorporatedBrdU wasimmunostainedmousemonoclonalanti-BrdU antibody;cat.
no.:347580BD Bioscienceg;ranklin LakesNJ;dil.: 1:20)asdescribedefore[23]. 5000hepa-
tocytesand 500ductularcellswerecounted the percentagef BrdU-positivecellswasgivenas
aresult.
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Statistical analysis

Statisticahnalysisvasperformedwith StatSofStatisticasoftware(StatSoftnc., Tulsa,OK;
version8.0).Thedeviationfrom Gaussiamistribution of variablesvastestedwith Kolmogo-
rov-Smirnovand Lilliefors' method.The normality condition wasfulfilled for all the 4 vari-
ablesn eachgroup,therefore2-wayfactorial ANOVA wasperformedwith a Tukey-Kramer
HSDtest(with unequalsamplesize).CorrelationbetweervariablesvastestedusingSpearman
rank correlationtest(afewequalvaluesverein the datasethnd Spearmartorrelationcoeffi-
cientsweredetermined Resultavereconsideredsignificantatap valuelesshanor equalto
0,05 For characterisinghe differencedetweergroupsboth meansand medianswerecalcu-
latedand datawerevisualizedn scatterandbox plots.

Results
Basic models

Thefibrosiswasprogressivén eachmodeland completelycircumscribedoseudolobules
wereformedby the endof the experiment{S1Fig). Theadvancemenivasfasteratthe begin-
ning andthensloweddown, especiallyn the CCl, treatedmice (Fig 2A). Asit wasexpected,
thefibrosiswasmore severateachtime point in the TGFB+TAgroupcomparedo wild
typemice (WT+TA group)(Fig 2A). Theextentof ductularreaction,quantitatedoy the mea-
surementof CK19-positiveareawasin line with the Picro Siriusdatain the TA models

A Extent of fibrosis ( Picro Sirius stained area) B Extent of ductular reaction ( CK19+ area)

9 12 15 18

weeks
“%- |.WT+CCl, =& Il. WT+TA —=%— IIl. TGFR+TA

C Proliferative activity of hepatocytes

weeks
Q- |.WT+CCl, =& Il. WT+TA —=%— IIIl. TGFR+TA

Proliferative activity of ductular cells

weeks
& 1. WT+CCl, = IIl. WT+TA =5- IIl. TGFR+TA

0 3 6" 9* 12 15 18
weeks
<%« 1. WT+CCl, =~ II. WT+TA =5— Ill. TGFR+TA

Fig 2. Results of the basic models (I. WT+CCly, Il. WT+TA, lll. TGF +TA). Data are represented as

means “standard error of the mean (SEM). marks time points, where there was a significant difference
between the results of the WT+CCl, and WT+TA groups. The extent of fibrosis is significantly higher in the
WT+CCl, group on the 6" week of treatment (A), while the extent of ductular recation is significantly lower
from the 9™ week until the end of the experiment (B). The proliferative activity of hepatocytes (C) and ductular
reaction (D) is significantly lower on the 39 and 9", or on the 6'" and 9th week of the experiment, respectively.

https://bi.org/10.1371durnal.por.0176518.q02
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(Fig2A and2Band S2Fig).It showedaslightlyincreasingrendin the CCl, treatedmiceas
well but from the 9" weekit wassignificantlylowercomparedo the TA groups.Interest-
ingly, the extentof ductularreactionwassimilarin the CCl, and TA treatedwild typemice
on the 3 week despitethe differencein the amountof fibrosis. Therewasadivergence
betweerthe TA and CCl, treatedanimalsin the cellproliferation dataaswell.In the TA
groups,atemporaryrisein boththe proliferation of hepatocyteandductularreactionwas
followedby agradualdecline.CCl, inducedmuchlowerlevelsof cell proliferationwith arel-
ativelystabletrendin both celltypes(Fig2Cand2D).

Drug treated models

Bothimatinib anderlotinib suppressethe progressiorof fibrosisandductularreactiontem-
porarily in wild typemice (Figs3A, 3B,4A and4B).Imatinib treatmentresultedn asignifi-
cantdecreasé the extentof fibrosison the 9, 12" and 15" week(Fig 3A), andin the extent
of ductularreactionon the 9" and 12" weekof the experiment(Fig 3B)(S3and S4Figs). The
effectof erlotinib did not reachsignificantlevelsn anyof thetime points (Fig 4A and 4B).
However atthe endof the experimentdueto acompensatorgrowth,therewasno difference
in the degreeof fibrosisor ductularreactionbetweerthe threegroupsof TA treatedwild type
mice.Not evenatemporaryinhibition asdescribedabovecouldbeobservedn the TGFB
transgenianice (S5and S6Figs).Noneof the applieddrugshadalastinginfluenceon the pro-
liferativeactivity of hepatocytesr ductularreaction(Figs3C,3D,4Cand4D).

A Extent of fibrosis ( Picro Sirius stained area) B Extent of ductular reaction ( CK19+ area)
7 7
6 6 — g
gL /?§_ _?»9'__ _ -’Qi
5 5 e : ;
4 4
= ® _
3 3 o
2 2 B
= 3
1 A fo T
0 0
0 3 6 o* 125 15 18
weeks weeks
—0— IIl. WT+TA —5— Illl. TGFR+TA - % - IV. WT+TA+imatinib —— IIl. WT+TA —0— IIl. TGFR+TA - # - [V. WT+TA+imatinib
=+ V. TGFR+TA+imatinib =+ V. TGFR+TA+imatinib
C Proliferative activity of hepatocytes D Proliferative activity of ductular cells
6 6
5 5

0 3 6 9 2 15 18 0 3 6 9 12 15 18
weeks weeks
= Il. WT+TA == lll. TGFR+TA - % - |V. WT+TA+imatinib —T— IIl. WT+TA —=<0— IIl. TGFR+TA - # - [V. WT+TA+imatinib
—4 V. TGFR+TA+imatinib =+ V. TGFR+TA+imatinib

Fig 3. Results of the imatinib treated groups (IV. WT+TA+imatinib, V. TGF +TA+imatinib) and their
control groups (Il. WT+TA, lll. TGF +TA). Data are represented as means “standard error of the mean
(SEM). marks time points, where there was a significant difference between the results of the WT+TA and
WT+TA+imatinib groups. Imatinib treatment temporarily resulted in significantly lower extent of fibrosis (A, 9,
12™ 15" week) and ductular reaction (B, 9™ and 12" week) in wild type mice. The proliferative activity of
ductular reaction was also significantly lower on the 6™ week of the experiment in imatinib treated wild type
mice (D). Imatinib treatment did not have any significant effect on TGF transgenic mice.

https://i.org/10.1371durnal.por.0176518.908
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A Extent of fibrosis ( Picro Sirius stained area) B Extent of ductular reaction ( CK19+ area)
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Fig 4. Results of the erlotinib treated groups (VI. WT+TA+erlotinib, VIl. TGF +TA +erlotinib) and their
control groups (Il. WT+TA, lll. TGF +TA). Data are represented as means “standard error of the mean
(SEM). marks the time point, where there was a significant difference between the results of the WT+TA and
WT+TA+erlotinib groups. Erlotinib treatment resulted in significantly higher hepatocyte proliferation on the
12™ week of the experiment (C). Erlotinib treatment did not have any significant effect on TGF  transgenic
mice.

https://abi.org/10.1371durnal.por.0176518.g%4

Therapeutic models

Bothimatinib anderlotinib wereusedin a2therapeutic®xperimento simulateaclinical situ-
ation andtestif thesedrugscaninfluencepreexistenfibrosis.Theadministrationof both tyro-
sinekinaseinhibitors wasstartedafter 18 week=f TA treatmentandwascontinuedfurther on
(S7and S8Figs).Neitherof the drugswereableto blockthe progressiorof fibrosis(Fig 5A).
Interestinglyimatinib eveninduceda significanttemporaryincreasen the extentof Picro Sir-
ius staining,andthe extentand proliferativeactivity of ductularreaction(Fig 5A, 5Band5D).

Correlation analysis

To investigatahe relationshipbetweerthe studiedparametersvithout consideringthetime-
wisedistribution of the data,a correlationanalysisvasperformedbetweereachpair of param-
etersin the differentexperimentagroups.Theresultsareshownin Tablel. The extentof
fibrosisshoweda strongpositivecorrelationwith the extentof ductularreactionin eachmodel
(S9Fig). This correlationwasthe weakesin the CCl, group.Surprisingly the proliferative
activity of ductularreactioncorrelatechegativelyin threegroupswith Picro Sirius(S10A,
S10Band S10DFig)andin onegroupwith CK19staining(S11AFig)indicatinganinverse
relationshipbetweerthe extentof fibrosis/ductulareactionandthe proliferativeactivity of
ductularreaction.Contraryto our expectationghe proliferation of hepatocytesorrelated
positivelyin two groupswith Picro Sirius(S10Eand S10H-ig) and CK19(S11Cand S11DFig)
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A Extent of fibrosis ( Picro Sirius stained area) B Extent of ductular reaction ( CK19+ area)
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Fig 5. Results of the therapeutic experiment (VIIl. Ther. control, IX. Ther. imatinib, X. Ther. erlotinib).
Data are represented as means “ standard error of the mean (SEM). marks the time points, where there
was a significant difference between the results of the Ther. imatinib and Ther. control groups. Imatinib
treatment resulted in significantly higher extent of fibrosis (A); extent (B), and proliferative activity (D) of
ductular reaction on the 21! week of the experiment (after 3 weeks of imatinib treatment). Erlotinib treatment
did not have any significant effect on livers with established fibrosis.

https://abi.org/10.1371durnal.por.0176518.906

Table 1. Correlation between the analysed parameters.

Picro- | p Picro- | p Picro- | p |CK19-hep: p |CK19-duct! p hep- | p
CK19 ! hep ! duct ! duct |
I.WT+CCl, (n = 49) 0.66 <0001 048 !<0.001| 022 ! ns 0.37 ! 0.009 024 | ns 023 | ns
IIl. WT+TA (n =50) 0.83 <0.001| 013 ! ns -0.33 ! 0018 018 | ns 012 | ns 0.02 ! ns
. TGF +TA (n=61) 0.81 <0007 003 ! ns -0.56 | <0.001 001 | ns 041 <0001 009 | ns
IV. WT+TA+imatinib 094 {<0.001| 019 | ns 031 | 0025 017 | ns 033 | 0015 0.32 [0.002
(n=54) E ‘ : : i i
V.TGF +TA-+imatinib 081 [<0.001| -011 | ns -0.46 | 0.004 | -009 | ns 032 | ns 012 ! ns
(n=38) i i ; ; E E
VI. WT+TA+erlotinib 092 <0001 053 !<0.001| 003 | ns 0.55 | <0.001 013 | ns 009 | ns
(n=48) | | i i | |
VII. TGF +TA+erlotinib 0.89 [<0.001 -001 ! ns 02 | ns -0.01 | ns 028 | ns 029 | ns
(n=38) E ‘ : : i i
VIII. Ther. control (n = 18) 0.61 <0001 -033 ! ns 0.03 ' ns 034 | ns 037 | ns 03 | ns
IX. Ther. imatinib (n = 18) 063 <0001 02 ! ns 037 | ns 04 | ns 026 | ns 0.47 0.048
X. Ther. erlotinib (n = 17) 0.81 <0001| 002 ! ns 0.09 ' ns 002 | ns 013 | ns 033 | ns

The values represent Spearman’s correlation coefficients (rs). ns—not significant; Picro—extent of fibrosis; CK19 —extent of ductular reaction; hep—
proliferative activity of hepatocytes, duct—proliferative activity of ductular reaction.

https://da.org/10.137 1§urnal.pon®176518.t001
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stainingor the proliferativeactivity of ductularreaction(S11Eand S11H-ig). Furthermore no
negativecorrelationwasfoundin anyof the groupsbetweerthe proliferation of hepatocytes
andthe extentor proliferation of the ductularreaction.

Discussion

Liver fibrosis/cirrhosisvasinducedin miceby the two widelyusedfibrogenicagentsTA and
CCl,. The TA modelwasdiversifiedto modulatethe histologicakeaction.Eachexperimental
groupsreachedhecirrhotic stageTheprimary purposeof the experimentwasto analysehe
dynamicsandrelationshipof threeimportant componentsf thefibrotic process(i) the extent
of fibrosis,(ii) the proliferationof hepatocyteand (iii) the extentand proliferativeactivity of
ductularreaction.Morphometricanalysi®of the extentof fibrosisis morereliablefor the evalu-
ation of fibrosisprogressiorthanthe useof stagingsystem¢$24]; hencewe quantitatecthe
Picro Siriusstainedslides Theextentof the ductularreactionwasfollowedby CK19immu-
nostaining.Cell proliferation wasexaminedby theimmunohistochemial detectionof BrdU-
positivecells.

Theresultswereevaluatedn two differentways.The dynamicsof timewisechangeén the
variousparametersverevisualizedn 2D graphswhile the connectionbetweeranytwo
parametersvithin eachgroupwasstudiedby correlationanalysigegardlessf thetime point
whenthe datawerecollectedThis latterkind of analysiss similarto humaninvestigations,
whenonly the actualparameterganbeexamined.

Thebasicconceptto beaddressedk that, with the advancementf fibrosis,the regenerative
activity of the hepatocytedeclinesout it is compensatedy the contribution of ductular
reaction.

In eachexperimentamodel,thereis a strongcorrelationbetweerthe extentof fibrosisand
ductularreaction.Thisobservatiorisin line with previousresultsof awide varietyof human
studieq2, 25+27].Surprisingly,CCl, inducesamuchmilder ductularreactionthan TA but
the extentof fibrosisis comparablen thetwo models.Thatis,one2unit® of ductularreaction
in the CCl, experimentis associatedvith alargeramountof fibrosis.Therefore althoughthe
extentof fibrosisand ductularreactioncorrelatetheir ratio dependon theinitiating event.
Interestingly wecould not detectcorrelationbetweerthe extentof ductularreactionandetiol-
ogyin humancirrhotic liversbut thefibrotic areawaslargerin non-viral hepatitisthanin viral
hepatitisrelatedcase$14], which alsoindicatesthattheratio of ductularreactionandfibrosis
variesaccordingto the etiology.Ductular reactioncanpotentiallycontributeto fibrogenesiby
transitioninto myofibroblastgepithelial-to-mesenchyal transitionDEMT) [28] but this
aspechasnot beenaddresseth the presentstudy.

Anotherimportant andunresolvedssues which eventis the primary oneandwhich one
isthe consequence?an Hul etal.[3] describedhattheincreasedxpressiorf matrix com-
ponentsprecededhe elevationof ductularmarkerswith 4+7daysHuman observationsn
NASH [26], HCV infectionrelatedfibrosis[2, 29] andin vivo experimentamodels[30, 31]
suggesthat ductularreactiondrivesfibrosis,while others[3, 32] proposethat ECM deposition
or remodelingis requiredfor the expansiorof ductularreaction.The dynamicsof thesewo
parametersvereverysimilarin all of our experimentabroups althoughwe haveto admitthat
our 3weekobservatiorintervalsmight havebeentoo long to detectabrief shiftin theemer-
genceof fibrosisand ductularreaction(suchexperimentswith shorterintervalsarein prog-
ress). Themaodificationsof TA treatmentcanberegardedasafunctionalapproacHor this
problem.Erlotinib mostlikely influenceshefibrotic procesghroughtheinhibition of ductu-
lar reaction[33] while TGFBandimatinib affectmyofibroblastgin the oppositedirection).
Neitherof thesechangesesultedn separatiorof the progressiorof fibrosisandductular
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reaction.Our resultsand mostof the cited dataareconsistenivith the proposalof Desmet
[34] suggestinghat the formation of ductularreactionin cirrhosisdependsn the mutual
interactionof the emergingductularstructuresand myofibroblastsegulatecby severafeed-
backmechanisma&ndthereforethis 2chickenor egg®aradigm[6] cannotberesolved.

Regeneratiofs anotherimportant aspectf liver cirrhosis.Hepatocyteproliferation
increasesharplyuponthestartof TA treatmentthendeclinegyraduallyin all models Surpris-
ingly, thetrend of the proliferativeactivity of ductularreactionis similar,i.e.anearlysurgeis
followedby decline.Thecorrelationanalysigioesnot indicateincreasedctivity of ductular
proliferationin fibrotic liverseither.In fact,in 3 out of the 6 TA modelsthereis asignificant
negativecorrelationbetweerthe proliferation of ductularreactionandthe extentof fibrosis.
Theproliferativeactivity of both hepatocyteand ductularreactionremainson a continuously
low levelin the CCl, treatedmice. Therefore althoughthe extentof ductularreactionincreases
with fibrosis,the activity of ductularproliferation doesnot. No negativecorrelationcouldbe
detectechetweerthe proliferation of hepatocyteandductularreactionin anyof themodels.
Thereforepur datado not supportthe existencef aninverselinkagebetweerdeclininghepa-
tocyteandincreasingductularproliferation during the progressiorof liver fibrosis. TheKi-67
indexof hepatocyteandductularreactionshoweda positivecorrelationin advancediuman
cirrhotic case$14] andEleazaetal.[13] did not find anyinversecorrelationbetweerthe pro-
liferation of hepatocyteandductularreactionin chronichepatitiseither.In our modelsthe
expandingductularreactiontogetherwith adecliningproliferativeactivity do not supportthe
regenerativeole of ductularreactionduring fibrosisprogressionlf alargenumberof ductular
cellsregeneratedhe liver parenchymathe combinationof hepatocytidifferentiationand
decreasingluctularcellproliferationwould resultin shrinking ductularreaction.Lin etal.
[35] providedconvincingevidenceshatin humanliversthe cirrhotic nodulescanbeclonal
progenieof theductularreaction.StueckandWanlesg36] characterisethe2budding® of
hepatocytelustersfrom ductularreactionon the sitesof parenchymaéxtinctionin detail.
While such®focal®differentiationeventcannotberuled out by our results our datachallenge
asteadystateflux of ductularreactioninto hepatocytedt shouldbenotedthatwedid not
observeparenchymaextinctionin anyof theexaminedivers,henceit is likely thatadvanced
stageof cirrhosiswasnot reachedn our experiment.

Imatinib is thoughtto reducefibrosisby blockingthe signalingof PDGFRand c-kit. It
provedto beefficientin ashortterm modelof TA-inducedfibrosisin rat[21]. Imatinib
reducedearlyfibrogenesisn bile ductligatedratsbut did not preventprogressiorwhen
appliedin aninterventionexperimen{19]. It attenuatedrogenitorcellexpansiorandinhib-
ited liver tumor formationin choline-deficientgethionine-supplememddiet (CDE) fed mice
[20,37].0ur recentobservationgorrespondo theseresultsimatinib significantlysuppressed
fibrosisandductularreactionin the earlybut not in latertime pointsin wild typemice,and
eventhistransientinhibition wasnot presentin TGFBtransgenianice.Borkham-Kamphorst
etal.[38] reportedtemporarilyincreased®DGF/PDGFRexpressiorin earlytimepointsof an
experimentaliver fibrosismodel,which wasfollowedby sharpdownregulation Suchdynam-
icsof PDGFand PDGFRexpressiortould explainthe temporaryeffectsof imatinib in our
experimentTGFphasbeenalsoreportedto playanimportantrolein acquiredimatinib resis-
tance[39+41] this couldalsoexplainthe completeinefficiencyof imatinib in thetransgenic
mice.Imatinib wasalsoinefficientin thetherapeuticexperiment.

EGFRactivity hasbeenreportedin ductularreactionan humansandin experimental
animalmodels[33,42,43]. Geneexpressioranalysisndicatedthat EGFRsignalingis associ-
atedwith the progressiorof liver fibrosis[44,45]. Theseobservationgiaveusthe rationale
to investigateheimpactof erlotinib on liver fibrosis.Erlotinib treatmenttemporarilysup-
pressednostof theinvestigategarameteron wild typemicebut therewasno difference
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betweerthe control andthe treatedanimalsatthe endpointandsimilar to imatinib it was
completelyinefficientin thetransgenianiceoverexpressingGFpandin thetherapeutic
experimentErlotinib successfullplockedthe proliferation of ductularreactionin Nf2-/-
mice[46], it alsoattenuatediver fibrosisin bile ductligatedratsand CCl, treatedmice[22].
Inhibition of EGFRsignalingdelayedout did not blockliver regeneratiorin differentexperi-
mentalmodels[47,48]and EGFRinhibitors showedackof clinical efficacyin humanhepa-
tocellularcarcinomag49]. Thesefailuresareexplainedoy the redundantgrowthregulation
of theseprocesses:urthermore someligandsof EGFRseento transductfibrotic, aswellas
antifibrotic signalg50]. Erlotinib hasnot shownrobustlastingantifibrotic effectin our
experimentamodels AntagonismbetweerE GFRsignalingand TGFphasalsobeen
reported[48]. The completeinefficiencyof erlotinib in the TGFBtransgeniamiceisin line
with this report.

TGFBisthoughtto beoneof the mostimportant cytokinesdriving liver fibrosis.It is also
oneof the mostpotentinhibitors of hepatocyteroliferation[51]. Sincetheductularcellsare
moreresistanto its mitoinhibition, TGFBhasbeensuggestetb beresponsibldor the com-
pensatorygrowth of ductuleg52]. Our experimentwasrelevantfor all thesassuesThe
increased GFBproductionin the transgenianiceenhancedhe extentof fibrosisasdescribed
before[53]. However theinverseproliferativeactivity of the ductularreactionand hepatocytes
couldnot beobservedn miceevenwith elevated GFpproduction. The hepatocyterolifera-
tion wasalmostequalin transgenia@andwild typemiceandthe TGFB+TAwasthe only experi-
mentalgroupwith significantnegativecorrelationbetweerthe proliferation of ductular
reactionand CK19staining.Thatis, the proliferation of ductulesdecreasewith theadvance-
mentof ductularreaction.Elevatedexpressiorof TGFBwasdescribedn humanandexperi-
mentalcirrhosisaswell[16,54] andit could contributeto thefailure of imatinib anderlotinib
in our therapeuticexperimentThisis awarningif thesecompoundscouldbesuccessfully
appliedfor thetreatmentof liver fibrosis.Furthermechanistie@xperimentsvould beimpor-
tantto revealkheir interaction.

In conclusiondynamicanalysi®of the investigatedomponentf hepaticfibrosiscon-
firmed the closerelationshipbetweerductularreactionandfibrosis. The strongcorrelationin
severaéxperimentamodelssuggestthat thesemight betwo mutuallyinterdependentisto-
logicalreactionsbut theratio of the two componentslependsn thefibrogenicagentWe
couldnot confirm theinverserelationshipbetweerthe regenerativactivity of hepatocytes
andductularreaction.Thisfailure suggestthattherole or function of ductularreactionin
fibrotic liverscouldbesubstantiallydifferentfrom the traditional2ovalcells®in regenerative
rodentmodels[55]. Finally,our resultsshowthat neithererlotinib nor imatinib arepowerful
antifibrotic drugsin theseexperimentamodels.Theincreased GFpproductionduring the
fibrotic processnight contributeto theresistance.

Supporting information

S1 Fig. Progression of fibrosis in the three basic models (A-C: I. WT+CCly; D.-F: II. WT
+TA; G-I: II1. TGFB+TA). Representativenagedrom sectionswith Picro Siriusstaining.
Scaldarfor S1Fig.:200pm.

(TIF)

S2 Fig. Progression of ductular reaction in the three basic models (A-C: I. WT+CCly; D.-F:
II. WT+TA; G-1: III. TGFB+TA). Representativenagesrom sectionsvith CK19immuno-
fluorescentabeling.Scalébarfor S2Fig.:200pum.

(TIF)
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S3 Fig. Progression of fibrosis in the imatinib treated wild type mice (IV. WT+TA+-
imatinib; D-F) and their control group (II. WT+TA; A-C). Representativenagesrom
Picro SiriusstainedsectionsScaléarfor S3Fig.:200um.

(TIF)

S4 Fig. Progression of ductular reaction in the imatinib treated wild type mice (IV. WT
+TA+imatinib; D-F) and their control group (II. WT+TA; A-C). Representativenages
from sectiongwith CK19immunofluorescentabeling.Scaléarfor S4Fig.:200um.

(TIF)

S5 Fig. Progression of fibrosis in the imatinib treated TGFp transgenic mice (V. TGFp+TA
+imatinib; D-F) and their control group (III. TGFp+TA; A-C). Representativenagesrom
Picro SiriusstainedsectionsScaldarfor S5Fig.:200um.

(TIF)

S6 Fig. Progression of ductular reaction in the imatinib treated TGFp transgenic mice (V.
TGFB+TA+imatinib; D-F) and their control group (IIL. TGF+TA; A-C). Representative
imagedrom sectionswith CK19immunofluorescentabeling.Scaldarfor S6Fig.:200um.
(TIF)

S7 Fig. Progression of fibrosis in the therapeutic models (A-C: VIII. Ther. control; D.-F:
IX. Ther. imatinib; G-1: X. Ther. erlotinib). Representativenagesrom sectionswith Picro
Siriusstaining.Scaléarfor S7Fig.:200um.

(TIF)

S8 Fig. Progression of ductular reaction in the therapeutic models (A-C: VIII. Ther. con-
trol; D.-F: IX. Ther. imatinib; G-I: X. Ther. erlotinib). Representativinagedrom sections
with CK19immunofluorescentabeling.Scalébar for S8Fig.:200um.

(TIF)

S9 Fig. Significant correlations between the extent of fibrosis (Picro Sirius) and the extent
of ductular reaction (CK19) in the different experimental groups. Spearman'sorrelation
coefficientsareshownin Tablel.

(TIF)

$10 Fig. Significant correlations between the extent of fibrosis (Picro Sirius) and the prolif-
erative activity of ductular reaction (duct. prol.) (A-D); or between the extent of fibrosis
(Picro Sirius) and the proliferative activity of hepatocytes (hep. prol.) (E and F) in different
experimental groups. Spearman'sorrelationcoefficientsareshownin Tablel.

(TIF)

S11 Fig. Significant correlations between the extent of ductular reaction (CK19) and the
proliferative activity of ductular reaction (duct. prol.) (A and B); or between the extent of
ductular reaction (CK19) and the proliferative activity of hepatocytes (hep. prol.) (C and
D); or between the proliferative activity of hepatocytes (hep. prol.) and ductular reaction
(duct. prol.) (E and F) in different experimental groups. Spearman’sorrelationcoefficients
areshownin Tablel.

(TIF)
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