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ABSTRACT

Backgroundand Aims: Hedgehog (HH) signaling participates in hepatobili@pairafter
injury and’is activated ipatients withcholangiopathies. Cholangiopathies associated with
bile duct BD) hyperplasia, including expansion of peribiliary glands, the niche for biliary
progenitor.cellsTheinflammationassociateaytokineinterleukin (IL)}-33 isalsoup+egulatedn
cholangiepathigsncludingcholangiocarcinomaNe hypothesized thddH signalingsynergizes
with IL-33'in acute inflammaticinducedBD hyperplasiaMethods: We measured extrahepatic
BD (EHBD) thickness andell proliferation with and withownlIL-33 challenge invild-type
mice, mice overexpressing Sonic HBCMV-Shh), andmicewith loss of theHH pathway
effectorgliomaassociated oncogedeGli1'*#'%%). LacZ reporter nice wereused to map the
expression of HH effector genesmouseEHBDs. An EHBD organoid(BDO) system was
developed to study biliary progenitor caitsvitro. Results: EHBDs from theHH

overexpressingCMV-Shh mice showed increaskepithelial cellproliferation and hyperplasia
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when challenged with_-33. InGli1'*#'*Z mice, we observed a decreased proliferative response
to IL-33and decreased expressiorlléf The HHligands Shh andlhh wereexpressed in
epithelial cells while thetranscriptional effectaGlil, Gli2, andGli3 and the HH receptor
Patched1Rtchl) wereexpressed in stromal cellss assessed Iy situ hybridization andacZ
reporter miceAlthoughBDO cellslackedcanonical HH signaling they expressethell -33
receptorsuppression of tumorigenicity 372. Accordingly,IL-33treatmendirecly induced
BDO cell proliferationin an NFxB-dependent manneConclusion: HH ligandoverexpression
enhanceg§HBD epithelial cell proliferatioinduced bylL-33. This proproliferative synergism
of HH and IL-33 involves osstalk betweehlH ligand-producingpithelialcellsandHH-
respondingstromal cells

INTRODUCTION

TheHedgehog (HH pathway plays &ole in hepatobiliary inflammation and injurglated
cancers. H_signaling involves Sonic hedgeh{HH) and Indian hedgehdgHH) ligands, the
receptor Patchedl (PTCH1) and their transcriptional effectoigliomaassociated oncogene 1
(GLI1), G42rand &13.Y In the canonical H pathway cells expressing H ligand signal to
stromal cells ‘expressirTCH1and G.Is in a variety of gastrointestinal tissu¥ In the liver,
HH ligands.are expressedlothepithelial celland myofibroblastafter injury, and HH
signaling.s*fésponsible for the “reactive” phenotype of injured cholangio®Re2rior studies
including from our group, suggest that HH signaling contributes to the initiation andgziogre
of cholangdiocarcinom&:® However, nost studies describing HH signaling in hepatobiliary
pathologyhavefocused orhepatocytesntrahepatidBDs, and fully developed cancer. This work
focuses ortheeffects of activated H signaling orextrahepati®@Ds (EHBDs) in acute

inflammation

Cholangiopathies represemgroup of chronic progressive diseases affeddiligry epithelial
cells(BECs). Cholangiopathies, which incluggimary sclerosing cholangiteand
cholangiocarcinomare associated withflammation andibrosis® Peribiliary glandsRBG$
areaspecialize BEC compartment that contains biliary progenitor cells padicipats inthe
maintenance and repair of lar§®s %Y PBGscontah mature and immature céjipes and
proliferate in response 8D injury in experimental mouse modelskoliary atresia an@D
obstructior*? In humans, PBG hyperplasia is observed in numerous hepatobiliary pathologies,
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including cholangitis, cirrhosis, arpatic necrosidikely represenhg a compensatory
mechanism after biliary injury to rigze damage®D epithelium®™ In patients with primary
sclerosing cholangitisncreasedH signalingis associated with hyperplastic PB@gsplastic
BD lesions and advancefibrosis™? The mechanismsnderlying HH regulation dEHBD, and

BEC and PB&pithelialhyperplasia have not been well described.

In children"with biliary atresianRNA expression ofhe inflammatorycytokine interleukin33
(1133) and'its'receptasuppression of tumorigenicity &p) is increasedh theliver, andIL-33 is
increased.in serufi* ¥ Overexpression of IL-3®&as described in patients withflammatory
cholangiopathie&® includinghepatobiliary parasitic infection clonorchidstsand visceral
leishmaniasi§'® and viral hepatitis 8% and ¢?2. The proencogenic effect of 133 was
recently described iamouse model of cholangiocarcinomé)ere biliary injuryinduced IL-33
cooperated with RAS and TGFBR2 mutations in the development of cholangiocarcinoma
originating\from PBG&Y Moreover, it was recently shown that83 is a potent biliary
mitogen, and-l-33—mediated proliferation of cholangiocytes was found to occur in arpgaracr
manner through IL-13 secretion from nearby type 2 innate lymphoid cells responding to IL-
33 Furthermore, when coupled with the oncogenes AKT and YAP, IL-33 promotes
cholangioeaftinoma in mouse, which involves anriatein-6 (IL-6)-sensitive mechanisff?

In addition to IL-6 regulation by IL-33, HH signaling and, specifically GLI1, were regort

modulate IL6 expression in pancreatic cancer and stomachgwplastic lesion$.??

These studiesuggest potential synergism between cell survigathways and inflammation-
induced cytokines in cholangiocyte proliferation. In this report, wedegtether activatetiH
ligand signaling.acceleraepithelial cell proliferation in EHBDs after an inflammatory
challenge with Il -33.

MATERIALS. AND METHOD S

Animal Experiments All mouse experiments were approved by the University of Michigan’s
InstitutionalAnimal Care and Use Committee. Transg&hiitmice (0CMV-Shh) andGli1'a#1c
mice have beedescribed® * 2" The Gli1'**"* andGli1'**"** mice contain a knock-itacz,
encoding a nucledocalizedp-gdactosidaseinto exon 2 of the moud@lil gene, producing a
null allele®® ThepCMV-Shh; Gli1*#* andpCMV-Shh; Gli1*#"*Z mice were generated by
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crossingpCMV-Shh andGli1'*#'# mice. The Gli2®?*, Gli3*#* andPtch1'®“* reporter mice
were describe>3? All lacZ reportermice were maintained onnaixed C57BL/6J;
129S4/SvaedackgroundMice were housed in a specifiathogerfree environment with a
12:12hour lightdark cycle in ventilated caging and provided Envimp-dbsorbent, cotton
squares or_cardboard tubing as enrichment. Animals were provided witltéfess to food
(PurinaLabDiet'5L0D; St Lois, MO, USA) and water. Rembinant mousearrier freelL-33
(R&D Systems;"Minneapolis, MN, USA) was reconstituted ag/100 pL in sterile phosphate-
bufferedsaline(PBS). During the liglaycle, adult male and female mice were given
intraperitoneal injections of eith@BS (100uL) or IL-33 (1pg) daily for 4 days.and tissues
were isolatedn,day 5. Animals were euthanized durthglight cycle with isoflurane combined
with the removal o& vital organ according tastitutional guidelinesExperimental replicates

were sex and age matched as welltesmatematched when possible.

Human SamplesHuman EHBD tissue froroholangiocarcinoma aratljacenhon-cancerous
bile ductwaseollected with the approval of the University of Michigan’s Institutional B@vi
Board according to the principles embodied in the Declaration of Helsinkffir@mbedded

tissue wasectioned at 4m for further studies

ImmunohistochemistryMouseEHBDs were isolated and fixed in 10% formalin overnight at
4°C andthen transferred to PBS before parafmbeddingHuman and mouse tissuecsions(4
um) were deparaffinized and rehydrated in serial xylene and alcohol dilutions and iddabate
boiling citratesbuffer (1dnM, pH 6) for 30 minutes for antigen retrievafter antigen retrieval,
slides were incubatl in a 1% bovine serum albumin/5% fetal bovine serum/0.1% Triton-X-100-
PBS blocking solution for 1 hour esom temperatureRT). Primary and secwlary antibodies
(Table 1) were diluted in the blocking solution. Tissue was incubated in primévgdias
overnight at. 4°C and secondary antibodies for 1 hoRiTaProLong Gold antifade reagent with
4’ 6-diamidino-2phenylindole (DAP) (Life Technologies, Waltham, MAJSA) was used for
nuclear counterstainingosin (Thermd-isher Scientific) was used for cytoplasmic staining,
hematoxylin (Thermd-isher Scientific) was used as a nuclear counterstain, and Permount

(ThermoFisher Scientificyvasused as a mounting medium for hematoxylin and e&&ic(
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staining of deparaffinized and rehydrated slidiesges were taken on OlympBX53 and
Nikon Eclipse EB00 microscopes (Tokyo, Japan).

Histological stains For X-gal staining, mouseHBD wasdissected, washed in io®ld PBS,

and fixed in,eold 4% paraformaldehy(®~A)PBS forl hour before beingrashel in X-gal

wash buffer (IM MgCl,, 2% NP-40, 0.M sodium phosphate buffer pH 71Byeetimes atRT

on a rockerTissue was then stainedernight at 37°C in the dark with 1 mgj. of X-gal

substrate (Roche, Basel, Switzerland) imM K;Fe(CN)6,5 mM K4;FgCN)6 - 3HO, 2 mM
MgCl,, 0.02% NP-40, 0.1% deoxycholate buffer. After staining, samples were washed for 30
minutes, peostfixed in 4% PFA at 4% ernight, paraffin embedded, sectioned at 4 pum,
deparaffinizedy counterstained whtuclear Fast Red (Sigm@adrich, St Louis, MO, USA¥or

30 minutesrinsed in tap water, dehydrated in alcohol dilutions, and mounted with Permount

(ThermoFisher Scientific)

In situ hybridization (RNAscope)Mouse EHBDformalin-fixed paraffinrembedeéd sections (5
um) were deparaffinized and rehydrated in Histoclear (National Diagnostics, Atlanta, GA, USA)
and 100%:-ethanol, followed by 10 minutes of incubationi®HRNAscopePretreatment
ReagentsACD, Newark, CA, USA catalog #322330Next, slides werencubatedn

RNAScope Target RetrievBeagen(ACD, catalog #322000) for 15 minutes at 95°C, rinsed
with waterandL00% ethanol, and treated with RNAScope @aeé Plus (ACD) for 30 minutes
at40°C. Slidesnverethenincubated with RNAScope probasdgative controJACD, catalog
#310043]Mm=Shh [ACD, catalog #314361], Miinh [ACD, catalog #413091fr Mm-Glil
[ACD, catalog #311001]) for 2 hours, with sigaahplification using RNAscope 2.5 HD
Detection Reagent (ACD) f@0 minutesat 40°C with washes using RNAscope Wash Buffer
(ACD). Slides.were incubated with 3;Biaminobenzidine (DAB) for 10 minutespunterstained
with 1:8 Harris’’ hematoxylinThermoFisher Scientific), dehydratlin graded ethanol and
Histoclear (National Diagnosticand mountedavith Permount (Thermo Fisher Scientific)

Biliary proliferation. Proliferating cells were labeled ByBromo-2'-deoxyuridine BrdU)

incorporation (50 mg/kgntraperitoneally 2 hours beforéissue collectiopn The PBG and BEC
areas wer@entified by cytokeratin 19 (CK19)mmunostaining. githelial versus stromal cell
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proliferation was measured using ImageJ software (National Institutes of Health, BethBsda, M
USA, https://imagej.nih.gov/ij/) by an author blinded to experimental conditions.

Morphometrics.EachEHBD section wasinalyzed for BD walthickness (excluding lume}
three points,200 pm apart. Ordgctions with wetalignedBD lumen and wall werased for
analysis. Organoid growth was monitored by taking pictures with an inverted LeicaBM IR
microscope(Wetzlar, Germany) using@lympus DP7 (Tokyo, Japan) camera. The area

occupied by‘organoids waseasured with ImageJ software

Quantitation efi\SHH ligand. Bloodwas collectedy cardiac puncturand serum was isolated
SHH ligandlevelswere measuredith a spectrophotometrienzyme-linked immunosorbent
assay ELISA) kit per manufacturer instructions (Sigrddrich). Absorbance was measuratd
450 nmusing a VICTOR3 microplate read@terkinEimeyInc., Waltham, MA, USA).

Mouse bilerduet organoid cultureeHBD wasisolated fran adult mice and dissociated in
Accutase (STEMCELLCambridge, MA, USA) at 37°C for 15 minutes, followedfittyation
through a«ZQim strainer (BD Bioscien¢g&an Jose, CA, USA) and centrifugation at 3@0for

5 minutes«@lls were resuspendedMuatrigel (Corning Tewksbury, MA, USA) and plated in
prewarmed 12- or 24ll plates followed by overlying with 300 or 600 pL culture media (50%
L-WRN [ATCC CRL-3276] conditioned medi&? 1X penicillin-streptomycin, 1X GlutaMAX,

10 mM HEPES, 1X Fungizone, 1X gentamicin, 1X B27, AKAN2 [ ThermoFisher Scientifi¢

in advanced:BMEM/F18nvitrogen]). Fibroblast growth factor 10 (100 ng/; PeproTech
Rocky Hill, NJ, USA) and epithelial growth factor (50 md/; Invitrogen) were added to the
culture media for the first 3 dayBile duct organoids (BOs) were passaged every@10 days

by mechanically, dissociating organoids with a 25-gauge needle and resuspending in lsiatrigel
1:3 to 14 ratios:BDO growth andoroliferationwere measured after administration of
recombinantdL-33100 ng/mL R&D System¥ or nuclear factokB (NF-kB) inhibitor N4-[2-
(4-phenoxyphenyl)ethyl]-4,6uinazolinediamine (QNZL uM, pretreatment for 1 hour; Cayman
Chemical, Ann Arbor, MI, USA).
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Quantitative realtime polymerase chain reactioeHBD was isolatednd paced into
RNAlater (Qiagen, Hilden, Germany). Tissue was transferrd®iRE buffer (RNeasy Micro Kit
Qiagen) and homogenized using a bead mill homogenizer (VWR, Radnor, PA, T¢EA).
RNA was isolated fromwhole EHBD tissueor organoidsafter DNasel digestion (Qagen) using
an RNeasy . Mini Kit or RNeasy Micro Kit (Qiagen). Complementary DNA (cDNA) was
generated from 500 ng total RNAing the iScript cDNA synthesis kit (BiRad, Hercules, £,
USA). Quantitative reatime polymerase chain reacti¢qPCR was performed in duplicate
reactions of 2QiL total volume using 100 uM of forward and reverse primers (Table 2), 1 pL
SYBR Geen | Nucleic Acid Stain (Lonz&ockland, MEUSA), and 0.1 puL Platinum Tag DNA
polymerase (Invitrogen; Carlsbad, CA, USA) ussnGFX96 Reallime thermocycler (Bidrad,
C1000; Hercules, CA, USA). Target gene expression was normalikgatttoontrol mRNA

abundance.

Cell lines.The L-WRN (CRL-3276) cell lin&? was purchased from ATCC (Manassas, VA,
USA) onNevember 6, 2015. The third and fdupassages were ustdgenerate conditioned
mediafor organoid culture. The ypecoplasma detection test (ATCC) was performed on all

culturesbefore experimentdast check omMay 18, 2A.8).

Organoid proliferation.BDOswere incubated iB-ethynyl-2-deoxyuridine EdU) (10 uM for 9
hours; Thermd-isher Scientific), washed witPBS,and fixed with 4% PFA for@ minutes at
RT. After washing with PBS and permeabilization wWitb% PBSTriton X-100 for 20 minutes,
BDOsweresineubated in the EdU reaction cocktail fra@lick-iT Plus EdU kit (Thermd-isher
Scientific). BDOswere then washed, resuspended irciolel PBS placed on a slide, and
mounted with ProLong Gold with DAPI (Life Technologies). A Nikon Eclipse B8@foscope
(Nikon, Tokyo, Japanyas usedo takeimages.

Statistical analysisGraphPadPrism 7 (La Jolla, CA, USA) was used for oray analysis of
variance ANQVA) and unpaired Studentest statistical analyseQuantitativevaues were
expressed as actual numbersNA expressionserum $H expressionBD thickness, oared
and compared withhe basehe (wild-type[WT] animal or vehicleyvhere applicable
Significance was set &< 0.05. Results were presented as meastahdard error of mean.
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RESULTS

HH signals to stromal celin EHBDs. We examined the cellular basis for HH signaling in
EHBD (Fig. 1A) to identify HH-responsive cells expressing the general HH pathway
component§* 3 UsingGli1>#* Gli2 '*#* | Gli3>#* andPtch®?* reporter micewe

identified putative sites of active HH respomsenouse EHBD#i.e., Glil-expressing and
Ptchl-expressingells) as well as those sites that are competent to transduce HH tigmadh
expression‘ofthe GLI transcriptional effectors (i&i;expressingells). As expected, WT mice
lacked p-gdactosidase activity (Fig. 1B). HH target gene expression wasrebd in stromal
cells inGli1*#* landPtch®?* mice (Fig. 1C,F); similar stromal expression was noted in
Gli2®?* andGli3*?* mice (Fig. 1D,E). We tested WT mouse EHBDs for mRNA abundance of
the HH ligandsshh andlhh. Althoughmouse EHBDs lacked detectalsteh expression at
baseline, they readily expresd&t mRNA (Fig. 1G). These findings indicate that EHBD
stromal cells are Hksignalingcells,and IHH is the dominant HH ligand in EHBDs.

pCMV-Shhand Gli1*““"** mice model chronicHH ligand overexpression and Glil

inhibition in EHBDs. We previously reported the use of geneticahgineered murine models
of HH ligand overexpressiopCMV-Shh) and the loss of the transcriptional activa®bil (Gli
laczllacZy 1o invEstigate the consequencesnoidulatingHH signalingon Helicobacter pylori—
induced stomach metapla&id’ We took advantage of these mouse models to examine the
contribution of HH signaling in mouse EHBDs. We identified the site of HH ligandseffector
Glil expression in EHBDs @dCMV-Shhmice by in situ hybridization (Fig. 2BD). EHBDs from
WT mice dd-not expresshh mRNA (Fig. 2A), consistent with the absence of detect&hle
MRNA expression in WT mouse EHBDs by qPCR (Fig. 1GpaMV-Shh mice,Shh mRNA
andlhh mRNA were expressed atatalized in epithelial cells (Fig.BC). Consistent with
findings inGlil™“* mice,Gli1 mRNA was localized in stromal celils EHBDs ofpCMV-Shh
(Fig. 2D). Additionally, GLI1 was stromal ipCMV-Shh; Gli1l*** andpCMV-Shh; Gli1'a/ac
mice (Fig.2E;F). FurthepCMV-Shh mice had an increased level of circulating SHH ligand in
serum comparedith WT andGli1'®*'® mice (Fig. ). Gli1, Gli2, andPtchl mRNA
abundancén pCMV-Shh mice, comparedvith WT andGli1%#'# mice was significantly
increasedFig. 2H-J).Thus,we usedhe pCMV-Shh mouse model to study the consequences of

This article is protected by copyright. All rights reserved



HEP418-0163.R1}10-

increased chronic HH pathway activigndGli1*#'® mice to study decreased canonical HH
pathway activity in EHBD stroman vivo.

HH overexpressiommplifies IL-33-inducedepithelial cell proliferation in vivo. In chronic
progressive fibroproliferative disordesjch agprimary sclerosing cholangitishronicinjury is
associated.withip-regulation ofnflammatorycytokines®® Cholangiocarcinomayhich
frequentlycomplicatescholangiopathies, is associated with upregulation of HH signaling and
also cytokines 33 and IL-61"?*29 Thus,we examined human EHBD cholangiocarcinoma
and adjacent nopancerous tissu@r expression of inflammatory cytokinesth
immunohistoehemistryWe demonstratedhat IL-33, which is an alarmin and potent biliary
mitogen{>2Y was expressed imon-cancerous EHBRNd waverexpressed in
cholangiocarcinoma (Fig. 3A). Further, normal adjacent bile ducEaizD

cholangiocarcinomaellsstronglyexpresed thelL-6R receptorIL-6) (Fig. 3B).

We testedithesHH mouse models to determihether increaseldH signaling synergizes with
inflammatory eytokines to promote cell proliferatidie showedthat mouse EHBDs express the
IL-33 receptor ST2, whicis primarily localized in epithedl cellsat baseline@ndin both
epithelial.and stromal cells after-B3 treatmen(Fig. 4A). We treated¢he pCMV-Shh and
Gli1*#%Z mouse modelwith IL-33 (Fig. 4B schemi We examined EHBDs of WRCMV-

Shh, andGli1l*#'*Z mice macroscopically and histologically and observed no gross
morphologicaldifferenceisetween 133 and vehicldreated micgFig. 4CD, upper panels).
However, BD:thickness, an indicator of hyperplasia, was increased in tted@&apCMV-Shh
mice comfaredwith WT controls andsli1'®#'® mice (Fig.4E), with increased cellularity
observed by H&E staining (Fig. 4D).

Analysis of BrdU incorporation demonstrateal difference in epithelial and stromal cell
proliferationdA" EHBDs of WTpCMV-Shh, andGli1*#'®Z yehicletreatedmice (Fig. 5A, upper
panel; quantified in B). As expected, proliferation was verybbesause cholangiocytes are
virtually mitotically dormant at baselif®.IL-33 induced proliferation of both epithelial and
stromal cells (Fig5A-C). However, HH overexpression amplified the proliferative effect of IL
33 onepithelial cellsbut not on stromal celi@ig. 5A-C). FurtherGlil ablation blunted the IL-
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33-induced epithelial cell proliferation (Fi§A,B). The resultsuggest that £33 is the pimary
driver of EHBD cell proliferatiorandHH signaling enhances cytokine-inducsathelial cell

proliferation

IL -6 increase.is associated withH and IL-33 synergismBoth HH and IL-33 signalingre
associated.with H6 upregulation in human cholangiopathies. Therefore, we hypothesized that
IL-6 may contribute to te synergistic effect of HH and 183 signaling on biliary proliferation in
EHBDs. We'demonstrated tHat-33 increases H6R expression in epithelial and stromallse

in WT mouse EHBDs (Fig. 6A). Although'T andpCMV-Shh mice exhibited similaincreasen

116 MRNA expressiomfter IL-33 treatment(lil ablation blunted thH6 mRNA response to IL-
33242 (Fig. 6B). These findings suggested that HH signaérimportant for 11-33-induced

116 expression

We next examined the effect of-B3 on expression of HH components by
immunohisteechemistry and gPCR. We demonstrated that after treatment \8BhGLi 1
expressiomemained stromalSupportingrFig. S1A-C). We further showed, that mMRNA
abundance.of HH components was not significantly changed in variousthed&t8d mouse
strains(Supporting Fig. S1D-H)n particular,Shh mRNA still was not expressed in WT and
Gli1*'aZ mice even after £33 treatment (Supporting Fig. S1DYhile Glil mMRNA
expression.remained undetectablSIil'*?'®“ mice treated with 133 (SupportingFig. S1F).
Collectively;these data indicated thiat33 does not have a direct effect on HH signaling
modulatorexpression. However, HH signaling, and specifically GLI1, primes EHBD for the
proliferative response to 1B3.

IL -33induces epithelial cell proliferationin vitro. To study the direct effect of IB3 and HH

on biliary cell proliferationwe examinedNT mice-derived BDOs. We examined organoids for
MRNA abundance a2 and the HH signaling effect@lil. As expected from the mouse tissue
expression‘patternsf( Fig. 1) BDOs expressefi2 butlacked Glil mRNA expression (Fig.

7A). Thus BDOs whicharecomprised of only epithelial cells, do not exhibit canonical GLI1-
mediated HH signaling. ¥investigated the effect of {83 on epithelial cell proliferation in
BDOs. Consistent with oun vivo data, we found that IL-3&timulatedncreased BDO growth
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(Fig. 7B,C) throughincreased epithelial cell proliferatipas measured by EdU incorporation
(Fig. 7DE). Further, there was no difference in the3B-inducedproliferative response between
WT, pCMV-Shh, andGli1*#'®Z mice-derived organoidsHig. S2A,B). This result is consistent

with thein vivo abservation that HH signaling occurs in stromal cells.

To identifysthe potential mechanism of I1L-33-induced BDO proliferation, we useNE«xB
inhibitor; @NZE? as 1L-33 has been previously reported to signal throughkBLE® Pre
treatment'of BDOs with QNZ effectively prevented3B induced BDO proliferation (Fig.
7D,E). Together, our findings sugdehat IL.-33 can directly stimulate epithelial proliferation
an NF«xB-dependent manner, attthtthe HH pathway indirectly supports IL-33—driven

epithelial proliferatiorthroughactivation of signaling in stromal cells.

DISCUSSION

Our currentresults demonstrate that EHBD stromal cells express the HH transcriptional effectors
GLI1, GLI2, and GLI3, as well as the receptor PTCH1, and thus appear to be the paghsary c
responding to HH ligand. They also demonstrated that HH ligam@sipn is limited to the
epithelium, and,that IHH is the predominant HH ligand exprelsstttunder basal conditions

and aftérinflammatory challenge with-B3. We use@CMV-Shh mice as a model to study the
consequences of HH ligand overexpression in EHBDs because IHH and SHH both signal
through the"same receptor and GLI effectdPsAlthough the CMV promoter expressing t&eh
transgene should be napecific, it has been demonstrated to preferentiilye expression in
certain cells within different organ systefff$For example, in the stomach, expression of SHH

in pPCMV-Shh mice was enriched in gastric chief céfldn our genetically engineered mouse

model of:HH:ligand overexpressiodhh andlhh were localized to epithelial cells. Therefore,

our observation of HH ligand expression in epithelial cells and GLI1 in stromal cells is
consistenwith HH signaling from epithelial to stromal cells, as observed in other organ systems

including’the stomach and intestiié* *?
Our studies furthesuggesthat increased HH signaling alone is insufficient to induce EHBD
epithelial cell proliferation. However, HH overexpressaugmented the proliferative effect of

the inflammatory cytokine and alarmin I1L-33 on EHBD epithelial cellg,not stromal cells.
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Interestingly, reduction in canonical HH signaling in receptive stromal cells attenuated3Be IL
effect on epithelial proliferatigrindicative that synergism between HH and IL-33 signaling
involves GLI1-positive stromal cells. These findings suggest that BECs respoitd to H
upregulation differentially with no changes in cell proliferation at basal conditions andrwith
enhanced proliferative response under inflammatory challenge. However, the Hidlelgpe
factor that enhances epithelial cell response 183lis unknown.

As both HH"and IL-33 pathways are reported to signal throught.28? we explored the
potential role of interleukin 6 (H6) in the synergism between HH and IL-33 signaling in I1L-33-
induced cell preliferation in EHBDs. We demonstrated the@3landIL -6 receptor IL6R are
expressediin human cholangiocarcinoma and adjacent normal EHBD tissue. We also
demonstrated that 183 induces expression b6, which is in part dependent on GLI1-positive
stromal cellsTherefore, GLI1expressing stromal cellsight be important in epithelial cell
responses.to inflammatory cytokines. It is possible that HH ligand overexpression “primes”
GLI1-positiverstromal cells and activates GLI1 gene targets, vihdtrectly affects cytokine
signaling i EHBDepithelial cels. Alternatively, IL-33 signaling “primes” the epithelial cells to
be more responsive to HH-dependent stroma-derived factors (Fig. 8).

It was reported that H33 promotes cholangiocyte proliferation indirectly through type 2 innate
lymphoid €ell IL-13*® However, in our biliary organoid culture, we demonstrated that IL-33
also can directly induce proliferation in biliary progenitor cells. Thi83Lproliferative effect on
biliary progenitor cells is NixB-dependent. The latter observation is interesting, as 1L-33
induces cytokine expression via MB-“? In addition, NF«B activation in cholangiocytes
exposed to liver. fluk©pisthorchis viverrini is associated with upregulation of-B.and 1L-8%%
and IL-33 overexpression occurs in hepatobiliary parasitic infection clonostHlasid visceral
leishmaniasi§:? Thus, IL-33 can affect EHBD responses both directly and indirectly through
regulating.another cytokine function.

These datathave relevance to human diseases;Gagérexpression was recently described in
cholangiocarcinomas arising in patients withmary sclerosing cholangitis associated with
extensive PBG hyperplasf& HH signaling upregulation was also reported in patients with
primary sclerosing cholangitis and PBG hyperpl&diain association between {83 and IL-6
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has been showin patients with cholangiocarcinoma, where IL-33 overexpression was observed
in cancer involving large versus small bile ducts, and was associated s@ith 1L

overexpressioff’

In summaryswe report a previously unknown role for HH signaling in the regulation of EHBD
homeostasis by promoting context-dependd€ proliferation contributing to EHB
hyperplasia:“This involves crosstalk between HH ligaratiucing cells and receptive GEI1
positive stromal cell§Fig. 8). We also showed that the alarmin3i®-can directly induce
epithelial cell proliferation. Future studies identifying the prolifeasignals from HH
respondingsldd-positive stromal cells toward epithelial cells ahdmechanisms of HH
signaling and inflammatory cytokine interactions will be needed. They could provide iimstght
how and, importantly, when HH and/or cytokine signaling can be targeted to prevent EHBD
hyperplasia, which can be preneoplastic in chronic biliary conditsuté, agprimary sclerosing
cholangitis.
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Table 1. Antibody list IgG — immunoglobulin.

Table 2. Primer list bp —base pair.

FIGURE LEGENDS

FIG. 1. The.HH,signaling receptive cells are located in the EHBD strom&louseEHBDs

were isolaed from wildtype (WT) and reporte6lil'®@* Gli2'*?* Gli3*#* andPtch1'®#*

mice and stainedy H&E (A) andfor p-gdactosidasectivity (X-gal) (B-F). The BD lumen was
marked withtheasterisks, epithelial cells with arrows, and stromal eglls arrowheadsScale
bars: 50_unfrepresentative images 2-5samples per genotype). Total RNA was isolated from
EHBDs ofWimice and analyzed for mRNA expressigrgPCRof Shh andlhh referenced to
Hprt (G) (m=+1516 animals per grouplResults are expressed as the meaSEM.

FIG. 2. pCMV=Shh and Gli1*“*"**“ mice model chronicHH overexpression and inhibition in
EHBDs. EHBDs from wildtype (WT),pCMV-Shh andGli1'*#'® mice were studied for
expression of HH ligands and signaling targéts. analyzedeHBDs from WTandpCMV-Shh
mice within situ hybridization (RNAscop#@ for expression oghh mRNA (A and B)(arrowg
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andEHBDs frompCMV-Shh micefor expression ofhh mRNA (C) andGli1 mRNA (D)
(representative images of two sampl€¥)1 expressiomwasalsostudiedby

immunofluorescence for B-gdactosidasgE and F, redfarrows)in pCMV-Shh; Gli1'*#* and
PCMV-Shh; Gli1®#1%Z mice Cell nuclei were marked with DAPI (blu@epresentative images
of one and.two samples, respectivelf)e epithelial cells were marked by arrgwgsromal cells
were marked by arrowhegdmd lumen by asteriskScale bars: 20 um. The serum level of the
SHH ligand"was measured by ELISA in WIGMV-Shh, andGli1'®*#'®? mice G). Total RNA
was isolated"fronEHBDs of the WT pCMV-Shh, andGli1%#'#“ mice and analyzed for mRNA
expressioby gRPCRof Glil (H), Gli2 (1), andPtchl (J) referenced tdiprt. Results were
expressedsassthe mean $SEM (G-J) (n = 8-1%nimals pegroup; oneway ANOVA). *P <

0.05, *P <0.01, ****P < 0.0001, ns — natignificant

FIG. 3. CytokineslIL -33and IL-6 are expressed in human EHBDHuman extrahepatic
cholangiocarcinoma and adjacent reamcerous tissue were examined for expression-88IL
(A) andIL -6receptor (IL6R) (B) by immunohistochemistriarrows- epithelial cells,

arrowheads stromal cells) The BD lumen was marked with theterisks. Scale bars: 100 um

FIG. 4. HH-signaling synergizes with [-33 in EHBD hyperplasia. EHBDs from wildtype
(WT) micetreated with either vehicle or 183 (1 pg/mouse/day for 4 days; necropsy on day 5)
were analyzetly immunohistochemistry for ST2 expression (@presentative images three
samples)EHBDs from WT,pCMV-Shh, andGli1'*#'a“ micetreated with either vehicle (Veh)
or mitogeniik=33 intraperitoneallfB) (schemajvere examined macroscopica(ly)
(representative photographs; ruler scale: 1 mm) andldgscally with H&E (D) (scale bars: 20
pm). The BD lumen was marked with thstersks.The BD wall thicknesfrom
immunohistochemistrimages was measured using ImageJ softaadecompared between WT,
PCMV-Shh,.andGli1%7'*? mjce treated with either vehicle or-B3 (D) (n = 7-11 animals per
group).Resultsare expressed as the meanSEM; oneway ANOVA. *P < 0.05, *P < 0.01,

*** P < 0.004,****P < 0.0001, ns — not significant.

FIG. 5. HH signaling synergizes with 1-33 to promotebiliary cell proliferation. EHBDs
from the WT,pCMV-Shh, andGli1*#'* mice treated witleither vehicle (Veh) or K33 (1
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png/mouse/day for 4 days; necropsy on daywéle analyzed with immunofluorescence for cell
proliferation. Proliferating cells were labeled by BrdU incorporation 88)rig/kg,
intraperitoneally, 2 hours before necropggd). Cell nuclei were marked with DAPI jAblue)
and biliary epithelial cells with CK19 (Ag(een; original magnification 40QxProliferating
cells werequantified in theepithelial 8) (arrows)andstromal C) (arrowheadsgell
compartmentsvith Imagel softwarerf = 5-6 anima pergroup;> 5 high power field88D; >500
cells/animal)."Results were expressed as the me&EM B-E); oneway ANOVA. *P < 0.05,
** P < (0.0, ***P < (0,0001, ns — not significant.

FIG. 6. IL-33-induced IL-6 expression in mouse EHBDs involveslil. EHBDs from wild

type (WT) mice were analyzdyy immunohistochemistry for 1I6-receptor (IL6R) (A)

expressiorafter treatment witleither vehicle (Veh) arecombinantL -33 intraperitoneally
(representative imaged two samples). The BD lumen was marked withasterisksepithelial

cells with arrows, and stromal cells with arrowheads. Scale bars: 10 um. Total RNA was isolated
from BDs ofithe WTpCMV-Shh, andGli1'*#'®? mice treated with either vehicle or-B3 and
analyzed for mRNA expressidoy qPCRof 116 (B) referenced téiprt. Results werexpressed

as the mean +5EM (n =5-8 animals per group; orveay ANOVA). *P < 0.05, ns — not

significant:

FIG. 7. IL-83-induced BDO cell proliferation in vitro. Total RNA was isolated from the WT
mouse—derived organoids and analyzed for mRNA expressi@g ahdGlil (A) (n =3
organoid l[ines)BDOswere treated with vehicler recombinant IL33 (100ng/mL) for72 hours
(D3) starting24 hoursafter passage of established BDédsl analyzed for growtB(C) (n = 6
technical teplicateper group. In a separate experimeBIDOs were treated with either vehicle
or pre-treated.for 1 hour with the NdB- inhibitor QNZ (1 uM) and then treated with
recombinant 1L=33 (100 ng/mL) for 72 hours (D3) after passaging of established BDOs. BDOs
were analyzed foproliferation O,E) (n = 3technical replicateper group. The organoids were
incubated with. EAU for 9 hours to lakh@bliferating cells D) (green) among all BDO cell®}
(cell nuclei, DAPI, blue) (D) (original magnification 600*mageJ software was used to
enumerat@roliferating cells (E)Results were expressed as the measSEM; oneway

ANOVA (C,B). ** P < 0.001, ****P < 0.0001.
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FIG. 8. Model of HH and IL -33 synergy in IL -33-induced EHBD epithelial cell

proliferation. IHH is secreted by epithelial cells and activates Ghdsitive stromal cellsAfter
EHBD injury, IL-33 signals to GLI1-positive stromal aegithelial cells through STi&ceptor.
IL-33 signaling involve thetranscriptional effectoNF-«B in epithelial cellsIL-33 inducedL-6
expressiopwhieh can signal to both epithelial and stromal cells. Increased epithelial cell
proliferation‘induced byl -33is partially HHdependent through an yatcharacterized stromal

factor.

SUPPLEMENTAL FIGURE LEGENDS

FIG. S1. I=83<does not directly modulate HH signaling in EHBDEHBDs fromGli1'®#*
(A), Glil*?*Z(B) andpCMV-Shh; Gli1'*#1%Z(C) mice were analyzefbr expression of p-
gdactosidaséhistologically (Xgal, blue, arrowheagland with immunohistochemistry (f-gal,
red arrowhead) after intraperitoneadministration ofecombinant 1E33 (representative
imagesof 1=8rsamples)Cell nuclei were marked with DAPLQ) (blue). Scale bars02um. Total
RNA was isolated from EHBDs of the WRCMV-Shh, andGli1'*#'?? mice treated with either
vehicle orill-33 and analyzed for mRNA expression by ge€Cghh (D), Ihh (E), Glil (F), Gli2
(G), andPtehl (H) referenced tédprt. Results were expressed as the mea®SEM (n = 519
animals per group; onsay ANOVA). ns— not significant.

FIG. S2.Synergism between HH andL -33 signalingwas not observedn BDO culture.

BDOs weregenerated from the WPCMV-Shh, andGli1*#'#“ mice andreated with either

vehicle orirecombinant IL-33 (100 ng/mL) for 72 hours (D3) starting 24 hours after passage of
established BDOG). BDOs wereanalyzed for proliferation (A,B) (n = 3 technicaplicates

per group)..Lhe organoids were incubated with EAU for 9 hours to label proliferatsm@ell
(green) among/all BDO cells (cell nuclei, DAPI, bl{a) (original magnification 600x). ImageJ
software was'used to enumerate proliferating cells (E). Results were expressed as the mean +/
SEM; oneway,ANOVA (C,E).ns — not significant.
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TABLE 1. Antibody List

Razumilava et al. -1-

Target Primary Antibody Secondary Antibody

ST2 Rabbit, 1:200, ProSci (3363) Biotinylated donkey, ImmunoResearch
(712-065-153)

BrdU Sheep, 1:200, Abcam (AB2284) | Alexa Fluor 594-Streptavidin, Invitrogen
(S11227)

CK19 Rabbit; 1:250, Abcam (AB53119) | Alexa Fluor 488-labeled donkey IgG
(H+L), Invitrogen (A21206)

IL-6Ra Rabbit; 1:200, Santa Cruz (SC661] Biotinylated donkey, ImmunoResearch
(712-065-153)

IL-33 (human)s | Goat; 1:20, R&D Systems (AF362% Biotinylated donkey, Abcam (AB6884)

TABLE 2+Primer list

Gene | Accession Primer Sequence Product Size
Number (base pairs)

Hprt NM_013556 Forward >AACTTGCGCTCATCTTAGGCTTTG-3 173 bp
Reverse 5SAGGACCTCTCGAAGTGTTGGATAC-3

Shh NM_009170 Forward 5 TCATCACAGAGATGGCCAAG-3 122 bp
Reverse 5GGAACTCACCCCCAATTACA-3

Ihh NM_010544 Forward 5> TGACAGAGATGGCCAGTGAG-3 119 bp
Reverse 5AGAGCTCACCCCCAACTACA-3

Glil NM_010296 Forward > TATGTCAGGGTCCCAGGGTTATG-3 110 bp
Reverse 5GAGCCCGCTTCTTAGTCAGTTTG-3
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Razumilava et al. -2-

Gli2 NM_001081125 | Forward 5CCATTATGACCCTCACTCTGTC-3 102 bp
Reverse 5GGGTGTGGAGAAAGTCGTATC-3

Ptchl NM._008957 Forward 5CTGCTGTGGTGGTGGTATTC-3 120 bp
Reverse 5GGCTTGTGAAACAGCAGAAA-3

St2 NM_001025602 | Forward 5ATTCAGGGGACCATCAAGTG-3 117 bp
Reverse 5SCGTCTTGGAGGCTCTTTCTG-3

I1-6 NM_031168.2 Forward 5°-TTCCATCCAGTTGCCTTCTTGG3’ 175 bp
Reverse 5>-TTCTCATTTCCACGATTTCCCAGS3’
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