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Abstract
Background and Aims: Inextrahepaticbileduct(EHBD)cholangiopathies,
including primary sclerosing cholangitis, a reactive cholangiocyte phenotype 
is associated with inflammation and epithelial hyperproliferation. The sign-
aling pathways involved in EHBD injury response are poorly understood.
In this study,we investigated the role ofHedgehog (HH) signalingand its
downstream effectors in controlling biliary proliferation and inflammation after 
EHBDinjury.
Approach and Results: UsingmousebileductligationasanacuteEHBD
injury model, we used inhibitory paradigms to uncover mechanisms pro-
moting theproliferative response.HHsignalingwas inhibitedgenetically in
Gli1−/− mice or by treating wild- type mice with LDE225. The role of neutrophils 
was testedusingchemical (SB225002)andbiological (lymphocyteantigen
6complexlocusG6D[Ly6G]antibodies)inhibitorsofneutrophilrecruitment.
The cellular response was defined through morphometric quantification of 
proliferatingcellsandCD45+andLy6G+immunecellpopulations.Keysign-
alingcomponentexpressionwasmeasuredandlocalizedtospecificEHBD
cellular compartments by in situhybridization, reporterstrainanalysis,and
immunohistochemistry.Epithelialcellproliferationpeaked24hafterEHBD
injury, preceded stromal cell proliferation, and was associated with neutrophil 
influx.IndianHHligandexpressioninthebiliaryepitheliumrapidlyincreased
afterinjury.HH-respondingcellsandneutrophilchemoattractantC-X-Cmotif
chemokine ligand 1 (CXCL1) expression mapped to EHBD stromal cells.
Inhibition ofHH signaling blockedCXCL1 induction, diminishing neutrophil
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INTRODUCTION

Cholangiopathies are disorders that affect the biliary 
epithelium in intrahepatic and extrahepatic bile ducts
(IHBDs,EHBDs).[1] Biliary atresia and primary scleros-
ing cholangitis (PSC) are incurable cholangiopathies
with poorly understood mechanisms driving patho-
physiology that affect large EHBDs. Identification of
thepathwaysaffectingEHBDinjuryandrepairwillhelp
to uncover key contributors to maladaptive pathological 
responses. During the initial tissue insult through envi-
ronmentalexposure,microorganisminfection,orauto-
immune stimulation, cholangiocytes develop a reactive 
phenotype.[2,3] This phenotype includes up- regulation 
of cytokines and developmental signaling pathways, 
including Hedgehog (HH),[4] as well as an inflamma-
tory response.[5– 7] The reactive phenotype contributes 
to tissue restoration. Biliary proliferation is one of the 
central events during the EHBD response to injury
with cholangiocyte hyperproliferation induced to repair 
EHBDfunction.Afteracuteinsult,thetissueeitherre-
covers or proceeds to chronic inflammation, leading to 
biliary strictures, cholestasis, cirrhosis, and malignant 
transformation of the biliary epithelium. Most prior stud-
ieshavefocusedonliverandIHBDresponsestoinjury;
EHBDphysiologyandpathophysiologyare compara-
tively understudied.

Cytokines are commonly up- regulated in cholan-
giopathies, including IL- 6, IL- 8, IL- 17, IL- 33, C- X- C motif 
chemokineligand(CXCL)8,TNF-α,andTGF-β2.[2,8– 11] 
Our group and others recently demonstrated in mouse 
models that acute inflammatory challenge with IL- 33 
stimulatesbiliaryproliferationinEHBDs.[8,9,12]Further,
we showedan important role forHHsignaling in the
IL- 33 proliferative response.[8] Thus, transgenic over-
expressionofHHenhancedtheIL-33proliferativere-
sponse,andHHinhibitionthroughdeletionofthegene
encoding the key transcriptional effector GLI family
zincfinger1(Gli1)bluntedtheresponse.[8] Notably, the 
EHBDHHsignalingaxisinvolvedepithelial-stromalcell
crosstalk,whereIndianHedgehog(IHH)ligandexpres-
sioninEHBDcholangiocytessignaledtostromalcells
expressing transcriptional response genesGli1, Gli2, 
and Gli3andtheHHreceptorPatched1(Ptch1).[8] The 
identitiesoftheHH-dependentstromalcellsignalsthat
provide feedback to promote epithelial cell prolifera-
tionareunknown.HHsignalingup-regulationwasalso

reported in human PSC and mouse models of chronic 
cholestatic injury.[13– 17]

Inflammatory cells are recruited to sites of tissue in-
jury,wheretheyorchestratecomplextissueresponses
toresolveorexacerbatetheinjury.Neutrophilsinpar-
ticular play a major role after tissue injury, serving as 
first responders of the innate immune system to initiate 
tissue repair.[18] Although their involvement in liver dis-
eases, including PSC,[11,19] has been well established, 
specificneutrophilfunctionafterEHBDinjuryispoorly
understood. The potent neutrophil chemoattractant 
CXCL1 signaling through its receptor C- X- C motif 
chemokinereceptor2(CXCR2)hasbeenimplicatedin
severalEHBDinflammation-induceddisorders,includ-
ing biliary atresia[20] and cholangiocarcinoma,[21] sug-
gesting that the CXCL1-CXCR2-neutrophil axis may
playaroleinEHBDdisease.

To investigate molecular mechanisms of biliary 
cell responses to injury, bile duct ligation (BDL) in
mice is commonly used to emulate typical features 
of human cholestatic liver diseases including biliary 
obstruction, inflammation, and bile acid stasis.[22] 
Interestingly, following 5- day BDL- induced cholesta-
sis, IHH was reported to signal to GLI1-positive
mesenchymalcellssurroundinglargeIHBDs[14] and 
was associated with neutrophil recruitment into the 
injured liver.[23]ThissuggeststhatHHsignalingmay
play a role in neutrophil recruitment into the hepato-
biliary system.

In the current work, we investigated the mechanisms 
promotingEHBDbiliary cell proliferation inacuteob-
structiveinjury.Herewedemonstratethat,inresponse
to short- term bile duct obstruction, there is a major 
biliary proliferative surge at 24 h, which rapidly sub-
sides.Duringthisproliferativeresponse,IHHligandis
induced, which stimulatesGLI1-positive stromal cells
to up-regulate expression of the neutrophil chemoat-
tractant CXCL1. In turn, CXCL1 recruits neutrophils into 
EHBDtissuetopromotebiliaryproliferationinanHH-
dependentmanner. Thiswork highlights the complex
epithelial- stromal- inflammatory cell interactions that 
occurduringtheearlyresponsetoEHBDinjury.Italso
mechanisticallyunveilsapreviouslyunrecognizedlink
betweenHHsignalingandtheCXCL1-CXCR2signal-
ingaxistomodulateepithelialcellproliferation,apro-
cess potentially relevant to a broad spectrum of organ 
systems.

recruitment and the biliary proliferative response to injury. Directly targeting 
neutrophils by inhibition of the CXCL1/C- X- C motif chemokine receptor 2/
Ly6Gsignalingaxisalsodecreasedbiliaryproliferation.
Conclusions: HH-regulatedCXCL1orchestratestheearlyinflammatoryre-
sponseandbiliaryproliferationafterEHBD injury throughcomplexcellular
crosstalk.
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MATERIALS AND METHODS

Mouse experiments

All mouse experiments were approved by the
University of Michigan Institutional Animal Care and 
Use Committee. For genetic inhibition of HH signal-
ing, Gli1lacZ/lacZ mice (Gli1−/−) containing a nuclear β- 
galactosidase construct knocked into exon 2 of the
mouse Gli1 gene were used.[24]HHsignalingcellswere
identified using Ptch1lacZ/+ reporter mice.[25] LDE225, 
asmallmolecule inhibitorof theHHsignalingprotein
Smoothened, was used for pharmacologic inhibition of 
HHsignaling (Chemietek).SB225002wasusedasa
selective small molecule CXCR2 antagonist (B8200,
ApeXBio). For lymphocyte antigen 6 complex locus
G6D(Ly6G)neutralization,miceweretreatedwithrat
anti-mouse Ly6G (clone 1A8, BE0075-1, BioXcell).
Furtherdetailsonmouseexperiments, includingBDL
procedure and pharmacological and genetic models of 
HH,CXCR2,andLy6Ginhibition,canbefoundinthe
Supporting Materials.

Human samples

Human EHBD tissue from cholangiocarcinoma and
adjacent noncancerous tissue was collected at the 
UniversityofMichigan.HumanEHBD tissueaffected
by PSC with and without dysplasia was procured dur-
ing liver transplantation at the University of Nagasaki, 
Japan. Tissues were collected with Institutional Review 
Board approval at both institutions according to the 
principlesembodiedintheDeclarationofHelsinki.For
this archived sample analysis, the requirement for in-
formed consent was waived by the institutional review 
committee. Paraffin- embedded human tissue was sec-
tioned at 5 μm for analysis.

Immunostaining and histological staining

MouseEHBDandlivertissuewasisolated12,24,or
48hafteroperationandfixedin10%neutralbuffered
formalin(ThermoFisherScientific)at4°Covernight,
followed by processing for immunofluorescence as 
described.[8] Antibodies for immunofluorescence 
are listed in Table S1.Hematoxylinandeosin(H&E)
staining was done following manufacturer’s proto-
col (Vector Labs). X-gal stainingwas performed as
described.[8]

Cell proliferation

Proliferatingcellswerelabeledwith5-ethynyl-2′-deox-
yuridine(EdU;2.5mg/kginphosphate-bufferedsaline)

administered intraperitoneally 2 h before tissue collec-
tion and detected usingClick-It EdUAlexaFluor 488
ImagingKit(LifeTechnologies).Epithelialcellcompart-
mentwasmarkedbycytokeratin19(CK19)immunore-
activity. Epithelial and stromal cell compartments were 
analyzedforthepercentageofproliferatingEdU+ cells, 
whichwereexpressedasaproportionofeitherepithe-
lial cells in the CK19+ cell compartment or DAPI+ cells, 
respectively. Proliferating EdU+ IHBDs epithelial cells
were quantified among CK19+ cells.

Supplementary materials

Additional information on staining, morphometric anal-
ysis, in situ hybridization, quantitative real timePCR,
growth factor gene expression using the PCR array
and statistical analysis can be found in the Supporting 
Materials.

RESULTS

Acute EHBD injury induces a surge in 
biliary cell proliferation

To examine the dynamic response ofmouseEHBD
to acute injury, we conducted BDL (FigureS1) and
analyzed tissue responses, including proliferation,
at 12, 24, and 48 h after injury (Figure 1).H&E im-
aging showed injury-inducedexpansionof both epi-
thelial and stromal cell compartments by 24 h after 
BDL (Figure 1A).We examined proliferating cells in
epithelial (CK19+) and stromal cell compartments
(Figure 1B– D).EHBD tissuewasquiescent insham
controls at all examined timepoints (Figure 1B). In
contrast, we observed extensive cellular prolifera-
tion in both epithelial and stromal cells after BDL 
(Figure 1B). Morphometric analysis demonstrated
that epithelial cell proliferation peaked at 24 h after 
BDLat the timesanalyzed (Figure 1C).Stromalcell
proliferation was less profound and developed more 
slowly, with a significant increase observed 48 h after 
BDL(Figure 1D).Thus,acuteEHBDinjuryleadstoa
rapid surge in biliary epithelial cell proliferation and a 
delayed stromal proliferative response.

Because cholangiopathies also affect the intra-
hepatic biliary tree, we examined proliferative re-
sponses in IHBDs (FigureS2). Unlike EHBDs, there
was no increase in cholangiocyte proliferation in small 
(Figure 2A– C) and large (Figure 2D–F) IHBDsat 24
hafterBDLbasedonH&E,immunofluorescence,and
morphometric analyses. There was a modest increase 
in small (Figure S2A– C) and large (Figure S2D–F)
IHBD cholangiocyte proliferation at 48 h after BDL.
These data suggest that the early epithelial proliferative 
surgeisspecifictoEHBDs.
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F I G U R E  1  EHBDcellproliferationafteracuteinjury.WTmouseEHBDH&Eat12,24,and48haftershamorBDL(A).EdU(green)
markedproliferatingcells,CK19(red)markedepithelialcells,andDAPI(blue)markednuclei(B).Proliferatingcellswereenumerated,
expressedasapercentageofeitherepithelialcellsintheCK19+cellcompartment(C)orDAPI+cellsinthestromalcompartment(D)
comparedwithsham.AsterisksmarkEHBDlumen;arrowsandarrowheadsmarkepithelialandstromalcells,respectively.Thedataare
presented as the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. n=3mice/group.One-wayANOVA.Scalebars,50μm
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HH signaling is up- regulated in 
injured EHBDs

TheHHsignalingpathway is induced inhepatobiliary
tissues in response to chronic obstructive cholestatic in-
jury.[5,14,16]WeconfirmedthatHHsignalingwasinduced

after acute BDL in EHBDs. Measuring whole EHBD
mRNAabundanceforHHsignalingcomponentsat24
h after BDL showed up- regulation of Ihh (Figure 2A)
butnotSonicHedgehog(Shh)ligand(Figure 2B),sug-
gesting that IHH is the primary HH ligand in EHBD
tissues during both homeostasis and injury. Further,
twoHH-responsivegenes,Gli1(Figure 2C)andPtch1 
(Figure 2D),werebothsignificantlyup-regulated.

Todefine theEHBD tissuecompartments involved
in HH signaling during acute obstructive injury, we
conducted in situ hybridization for Ihh mRNA and X- 
gal staining in Gli1lacZ/+ and Ptch1lacZ/+ reporter mice. 
These analyses showed that Ihh mRNA was restricted 
tobiliaryepithelialcells(Figure 2E),whereasGli1 and 
Ptch1wereexpressedinstromalcells(Figure 2F,G)in
shamandBDLmice.ThesefindingssuggestthatHH
signaling occurs from epithelial to stromal cells.

Genetic and pharmacologic HH pathway 
inhibition decreases epithelial cell 
proliferation after EHBD injury

To determine the contribution of HH signaling to the
proliferativeresponsetoacuteobstructiveEHBDinjury,
we used genetic (Figure 3A– C) and pharmacologic
(Figure 3D–G)inhibitoryparadigms.Weconfirmedthe
absence of Gli1expressioninEHBDsfromGli1−/− mice 
(FigureS3A). As expected, BDL induced Ihh mRNA 
in Gli1−/−mice(FigureS3B),whereas theGLI1 target
Ptch1remainedunchanged(FigureS3C),demonstrat-
ingeffectiveHHpathwayinhibitioninGli1−/− mice. We 
also used a pharmacologic approach, inhibiting HH
signaling with LDE225, which is used clinically for treat-
ment of basal cell carcinoma.[26] A hair pluck assay con-
firmedsuppressionofHHsignalinginLDE225-treated
mice[27](FigureS3D).Further,Gli1 mRNA abundance 
wasdecreasedinligatedEHBDsfromLDE225-treated
animals(FigureS3E),demonstratingeffectivepharma-
cologicHHsignalinginhibitioninEHBDtissue.

H&EanalysisofEHBDtissuesectionsshowedde-
creased cellularity in the epithelial cell compartment of 
Gli1−/−miceafterBDLascomparedwithwild-type(WT)
controls (Figure 3A). Morphometric analysis of EdU+ 
cells in Gli1 null mice showed a blunted proliferative 

F I G U R E  2  EHBDHHligandandtargetgeneexpression
afteracuteinjury.EHBDswereanalyzed24haftershamorBDL.
mRNA abundance for Ihh(A),Shh(B),Gli1(C),andPtch1(D)was
determined by quantitative Reverse Transcription PCR in whole 
EHBDfromWTmiceandexpressedasfold-changeoversham.In 
situhybridizationforIhh mRNA 24 h after sham or BDL procedures 
(E)(n=5mice/group).X-galstaininginGli1lacZ/+(Gli1−/+;F)and
Ptch1lacZ/+mice(G)(n=2–3mice/group).Arrowsandarrowheads
mark epithelial and stromal cells, respectively. Dashed lines 
demarcate the epithelial compartment. The data are presented as 
the mean ± SEM. *p < 0.05, ***p < 0.001. n = 5– 8 mice/group  
(A–D).UnpairedStudentt test. Scale bars, 150 μm
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F I G U R E  3  HHpathwayinhibitionreducesEHBDcellproliferationafteracuteinjury.EHBDsofWTandGli1−/−micewereexamined
24-hafteroperationwithH&E(A)andimmunofluorescence(B)(proliferatingcells,EdU,green;epithelialcells,CK19,red).Proliferating
cellswereenumeratedandcomparedwithWTcontrols(C).ExperimentalschemaofWTmicetreatedwiththeVehicle(Veh)orHHinhibitor
LDE225(LDE)beforeshamorBDLoperationwithanalysisafter24h(D).LDE-orVeh-treatedmouseEHBDswereexaminedwithH&E
(E)andimmunofluorescence(F).MorphometricanalysisofLDE-orVeh-treatedmice(G)whereproliferatingcellswereenumeratedand
comparedwithVeh-treatedcontrols.ProliferatingcellswereexpressedasapercentageofallepithelialcellsintheCK19+ cell compartment. 
AsterisksmarkEHBDlumen;arrowsandarrowheadsmarkepithelialandstromalcells,respectively.Thedataarepresentedasthe
mean ± SEM. ***p < 0.001, ****p < 0.0001. n=3–5mice/group.One-wayANOVA.Scalebars,50μm
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response (Figure 3B,C). Similarly, mice subjected to
pharmacologicHHinhibition(Figure 3D)hadablunted
response to BDL, based on H&E staining analysis
(Figure 3E)andEdU+ cell enumeration in the CK19+ ep-
ithelialcellcompartment(Figure 3F,G).Together,these
findings suggest that stromal HH signaling through
GLI1promotes theproliferativeepithelial response to
acuteobstructiveEHBDinjury.

HH induces CXCL1 to recruit 
neutrophils and promote biliary 
proliferation in injured EHBDs

ToidentifypotentialHH-regulatedgrowthfactorsthat
mightaffectproliferation,weperformedanexplora-
tory gene expression analysis of 84 growth factors
using the Qiagen RT2 Profiler PCR array on whole 
EHBDRNAs isolated at 12, 24, and 48 h after op-
eration. Interestingly, this screen showed an increase 
in Cxcl1mRNArapidlyfollowingEHBDinjury(Figure
S4A).Thearraydataareavailable inGEOwithac-
cession number GSE182049. CXCL1 is a potent 
neutrophil chemoattractant relevant to the patho-
physiology of inflammation- mediated diseases.[28] 
Notably, mRNA abundance of Cxcl12, encoding a 
cytokine that is important for the recruitment of T- 
lymphocytes and monocytes, but not neutrophils,[29] 
was decreased in acutely injured EHBDs (Figure
S4B). We validated BDL-related induction of Cxcl1 
mRNA by quantitative PCR analysis, showing a 38- 
fold increase in Cxcl1 mRNA abundance at 12 h after 
operation(FigureS4C).

We performed immunostaining to determine which 
tissue compartment expressed CXCL1 24 h after
operation.This analysis localizedCXCL1 to stromal
cells and confirmed a marked increase in protein 
levels after BDL inWTmice (Figure 4A). Because
EHBDstromal cells areHH-responsive,wehypoth-
esized that CXCL1 was induced by HH signaling.
To test this hypothesis, we examined EHBDs from
Gli1−/− (Figure 4A) and LDE225-treated (Figure 4B)
mice. This analysis showed that both CXCL1 protein 
(Figure 4A,B) andmRNA (Figure 4C,D) levelswere
significantlydecreased in injuredEHBDsongenetic
(Figure 4A,C) and pharmacologic (Figure 4B,D)HH
signaling inhibition. These findings demonstrated 
HH-dependent induction of CXCL1 in acute biliary
injury. To investigate potential direct regulation of 
Cxcl1 expression, we conducted an in silico anal-
ysis for the presence of high affinity consensus 
Glioma-Associated Oncogene binding sites (GBS)
GACCACCC[30]usingtheApEtool(https://jorge nsen.
biolo gy.utah.edu/wayne d/ape/)intheneighborhoodof
the mouse Cxcl1 and human CXCL1 loci, including 50 
kb upstream and 10 kb downstream to cover potential 
promoter and enhancer regions. In both species, we 

identifiedasingleGBS270bpdownstreamofCxcl1 
and 2687 bp downstream of CXCL1(FigureS5),sug-
gesting potential direct transcriptional regulation of 
Cxcl1byHHsignaling.

CXCL1 induction in EHBDs of patients 
with cholangiopathies

Histological analysis of a limited number of patient
tissues, includingPSCwithout (FigureS6A)andwith
dysplasia (Figure S6B) and extrahepatic cholangio-
carcinoma (Figure S6C), also showed CXCL1 in the
bile duct stroma. Increased CXCL1 was observed in 
5/10 patients with PSC without dysplasia, 2/2 patients 
withPSCwithdysplasia,and2/3patientswithextra-
hepatic cholangiocarcinoma (FigureS6A– C). Due to
biliary obstruction, patients with cholangiopathies often 
have biliary infection treated with antibiotics and bile 
acid dysregulation treatedwith ursodeoxycholic acid,
a secondary bile acid, and bile acid binders.We ex-
amined if these treatments were associated with in-
creased CXCL1 expression in our patient samples.
Patients who received antibiotics were more likely to 
demonstrateCXCL1immunoreactivity(7/9)thanthose
who did not receive antibiotics (1/6; Table S3). This
suggests thatCXCL1expressionmightbeassociated
with inflammation and neutrophil recruitment during in-
fection in cholangiopathies. We observed no effect of 
ursodeoxycholicacidandbileacidbindersonCXCL1
immunoreactivity (TableS3).Toexpand thisanalysis,
weexaminedCXCL1mRNAexpressionin36patients
with intrahepatic cholangiocarcinoma in the Cancer 
Genome Atlas database,[31] demonstrating increased 
expression in comparison to normal controls (Figure
S6D).Thesedatasuggestthatbileductsfromasub-
setofpatientswithcholangiopathiesexhibitincreased
stromal CXCL1expression.

HH signaling regulates influx of 
neutrophils into injured EHBDs

WepostulatedthatBDLinducesIHHligandinbiliary
cells to signal to stromal cells, stimulating secretion 
of factors recruiting leukocytes into injured EHBDs.
Accordingly, we demonstrated by histological stain-
ing that, 24 h after BDL, CD45+ leukocytes infiltrated 
theEHBDstroma(Figure 5A).Wetestedwhetherthis
cellular influxwasHH-dependentbyanalysisof the
HH inhibition models. Morphometric analysis dem-
onstratedthattheBDL-inducedinfluxofCD45+ cells 
waseffectivelysuppressedbygenetic(Figure 5A,B)
and pharmacologic (Figure 5C,D) inhibition of HH
signaling.

CXCL1 is a potent neutrophil attractant.[28] To 
confirm that neutrophils were included among the 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182049
https://jorgensen.biology.utah.edu/wayned/ape/
https://jorgensen.biology.utah.edu/wayned/ape/
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infiltrating CD45+ cells, we examined the expres-
sionof theneutrophilmarkerLy6Gby immunostain-
ing, showing damage- induced ingress of neutrophils 
(Figure 5E). Comparing the number of CD45+ cells 
with thenumberof Ly6G+ cells suggested that neu-
trophilsaccountforapproximatelyhalfoftheinfiltrat-
ing leukocytes at 24 h after BDL. To further confirm 
neutrophilidentity,weinspectedH&E-stainedEHBDs
at high power for the characteristic neutrophil nuclear 
morphology,confirmingasignificant influxofneutro-
phils into EHBDs after acute obstructive cholestatic
injury (FigureS7A).Together, these findingsdemon-
straterobustrecruitmentofneutrophilsinEHBDsafter
BDL.

WenexttestedwhethertheneutrophilinfluxwasHH
signaling- dependent. Analysis of Gli1−/−(Figure 5E,F)
and LDE225-treated (Figure 5G,H) mice showed a
significant reduction in neutrophil influx 24 h after
BDL. Finally, we showed that induction of the neu-
trophil marker and CXCL1 receptor Cxcr2 mRNA was 
blunted inHH-inhibitedmice (FigureS7B,C). These
datasupportourhypothesis thatstromalHHsignal-
ing inducesexpressionof thegrowth factorCXCL1,

which recruits neutrophils into the acutely damaged 
EHBDs.

Blocking recruitment of Ly6G- expressing 
cells into damaged EHBDs decreases 
epithelial cell proliferation

To determine whether the HH-GLI1-CXCL1 axis-
dependentneutrophilinfluxisimportantforbiliarycell
proliferation, we blocked CXCL1- CXCR2 interaction 
with the selective CXCR2 antagonist SB225002. Mice 
were treated with SB225002 or vehicle 1 h before and 
6 h after operation, with tissue analysis 24 h after BDL 
(Figure 6A).CXCR2 inhibitionreduced thenumberof
Ly6G+neutrophils(Figure 6B,C)and,moreimportantly,
suppressed epithelial cell proliferation compared with 
vehicle-treatedcontrols(Figure 6D,E).Thesefindings
suggest that neutrophils play an important role in stimu-
latingthecellularproliferativeresponsetoacuteEHBD
injury.

It was reported that Ly6G expression directly cor-
relates with neutrophil differentiation and maturation 

F I G U R E  4  HH-dependentCXCL1expressionafteracuteEHBDinjury.EHBDsofWTandGli1−/−mice(A)orVeh-andLDE-treated
WTmice(B)wereexaminedforexpressionofCXCL1(green)byimmunofluorescence24hafteroperation.Cxcl1 mRNA abundance in 
wholemouseEHBDtissuewasmeasuredbyquantitativeReverseTranscriptionPCRinGli1−/−(C)andLDE(D)miceandcomparedwith
respectivecontrols.DAPI(blue)marksnuclei,asterisksmarkEHBDlumen,andarrowheadsmarkCXCL1.Thedataarepresentedasthe
mean ± SEM. ***p < 0.001, ****p < 0.0001. n = 3– 6 mice/group. Unpaired Student t test. Scale bars, 100 μm
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F I G U R E  5  ImmunecellrecruitmentintoEHBDafteracuteinjury.EHBDsofGli1−/−(A,B)andLDE-treated(C,D)micewereexaminedfor
pan-leukocytemarkerCD45(red)byimmunofluorescenceandcomparedwithWTcontrolsandVeh-treatedmice,respectively.Enumerated
CD45+cellswereexpressedasapercentageofDAPI+stromalcellsafterBDL(B,D).ActivatedneutrophilsweredetectedbyLy6G
immunostaining(red)inGli1−/−(E)andLDE-treated(G)mice,quantifiedasasubsetofDAPI+ stromal cells after BDL and compared with 
respectivecontrols(F,H).Asterisksmarklumen,andarrowheadsmarkeitherCD45+orLy6G+ cells. The data are presented as the mean ± 
SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. n = 3– 8 mice/group. Unpaired Student t test. Scale bars, 100 μm
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F I G U R E  6  CXCR2inhibitionreducesepithelialcellproliferationafteracuteinjury.WTmiceweretreatedwithSB225002orVeh(A),
andEHBDswereexamined24hafterBDL(B–E).NeutrophilsweremarkedwithLy6G(red)usingimmunofluorescence(B),enumerated,
expressedasapercentageofallstromalcells,andcomparedwithVeh-treatedcontrols(C).Proliferatingepithelialcellsweremarkedwith
EdU(green)(D),enumerated,expressedasapercentageofallepithelialcellsintheCK19+cellcompartment,andcomparedwithVeh-
treatedcontrols(E).AsterisksmarkEHBDlumen,arrowsmarkepithelialcells,andarrowheadsmarkLy6G+ cells. The data are presented 
as the mean ± SEM. **p < 0.01, ****p < 0.0001. n = 4– 6 mice/group. Unpaired Student t test. Scale bars, 100 μm(B)and50μm(D)
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F I G U R E  7  Ly6Ginhibitionreducesepithelialcellproliferationafteracuteinjury.Ly6G+cellsweredepletedinWTmicewithanti-Ly6G
antibody(A),andEHBDswereexamined24hafterBDL(B–E).NeutrophilsweremarkedwithLy6G(red;arrowheads)(B),enumerated,
expressedasapercentageofallstromalcells,andcomparedwithcontrolantibody-treatedmice(CT)(C).Proliferatingepithelialcellswere
markedwithEdU(green)(D),enumerated,expressedasapercentageofallepithelialcellsintheCK19+ cell compartment, and compared 
withcontrolantibody-treatedmice(E).DAPI(blue)marksnuclei,asterisksmarkEHBDlumen,arrowsmarkepithelialcells,andarrowheads
markLy6G+ cells. The data are presented as the mean ± SEM. *p < 0.05, ****p < 0.0001. n = 5– 7 mice/group. Unpaired Student t test. Scale 
bars, 100 μm(B)and50μm(D)
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and is required forneutrophil influx intodamaged tis-
sues.[32]WeblockedLy6Gby treatingmicewithneu-
tralizingantibody(1A8)beforeoperation(Figure 7A)as
an alternative approach to inhibit neutrophil function. 
Asexpected,Ly6Gneutralization,butnot2A3isotype
control administration, effectively reduced neutrophil 
tissue infiltration (Figure 7B,C)andblunted theprolif-
erativeresponse toacuteEHBDinjury (Figure 7D,E).
Together,our findingsshow thatLy6G+ neutrophil in-
fluxintoinjuredEHDBsplaysaroleinpromotingbiliary
proliferation.

DISCUSSION

Key hallmarks of cholangiopathies include the pres-
ence of inflammation, epithelial cell hyperproliferation, 
fibrosis, and biliary obstruction. Regulation of biliary 
proliferation iscentral torestorationofEHBDhomeo-
stasis after injury. Accordingly, the focus of the present 
study was to investigate mechanisms regulating biliary 
hyperproliferationafteracuteobstructiveEHBDinjury.
Using an obstructive cholestatic EHBD injury model
and testing inhibitory paradigms in mice, we demon-
stratedthatIHHligandup-regulatedininjuredcholangi-
ocytes promotes biliary proliferation through epithelial 
to mesenchymal signaling and engagement of the in-
flammatoryCXCL1-CXCR2-neutrophilaxisthroughup-
regulationofCXCL1(Figure 8).Notably,ouranalysisof
humanEHBDtissuessuggeststhatthismechanismis
conserved across species.

To date, cholangiopathy and cholangiocarcinoma 
research has primarily focused on IHBDs. However,
a better understanding of the fundamental biological 
differencesbetween IHBDsandEHBDshas recently

revealed a significant knowledge gap in EHBD chol-
angiopathies, preventing the development of effective 
therapies for these disorders.[17] IHBDs and EHBDs
have distinct embryonic origins, progenitor cell com-
partments, and microenvironment composition.[33] 
CholangiocytesinIHBDsareincloseproximitytohe-
patocytes, resident liver immune cells, hepatic stellate 
cells,andperiportalfibroblasts;stromalcellsofEHBDs
are less well-characterized but appear to be mainly
represented by myofibroblasts and blood vessels.

TheroleofHHsignalingingastrointestinal injuries
differs between organs and the type of injury (e.g.,
acute versus chronic). Thus, HH signaling has been
implicated in cholestatic liver disorders in humans 
(e.g.,PSC)andexperimentalanimalmodelsofchronic
cholestasis,whereafter chronicBDL, IHH isoverex-
pressed in both cholangiocytes and myofibroblasts 
and associated with progenitor cell proliferation and 
fibrogenesis.[13– 17] Interestingly, cholestasis is associ-
ated with dysregulation of bile acid metabolism,[17] and 
bileacidprecursors,oxysterols,modulateHHsignal-
ing through receptor Smoothened.[34,35] We previously 
showed that IHH is important for EHBD proliferative
responses to acute cytokine IL- 33– induced inflamma-
tion.[7] Inmousemodelsofchemicalcolitis, IHHacts
as a suppressor of inflammation through inhibition 
of CXCL12 secretion by fibroblasts.[36] This finding is 
consistent with decreased Cxcl12expressionfromthe
growth factor array in our study. In contrast, in the stom-
ach,SHHligandissecretedbyparietalcellsandacts
directly as a chemoattractant of myeloid- derived sup-
pressor cells during chronic Helicobacter infection.[37] 
Our current study that focused on acute obstructive 
damage revealed a rapid and highly dynamic epithelial 
cell proliferative response after BDL that utilizes HH
signaling components expressed by epithelial (IHH+, 
HH-producing) and stromal (GLI1+, HH-responding)
cells to facilitate early inflammatory and biliary prolif-
erative responses. This early proliferative response 
was absent in IHBDs in our acute obstructive injury
model, which suggests that mechanisms involved in 
responses to injuryaredifferentbetween IHBDsand
EHBDs.

The roleof theCXCL1-CXCR2-neutrophil axishas
been previously reported in liver injury, though not nec-
essarily cholangiopathies. It was demonstrated that 
increased CXCL1 expression in hepatic stellate cells
after BDL for 4 weeks results in recruitment of sinusoi-
dal neutrophils interacting with cholangiocytes, causing 
microthrombi development with portal hypertension.[38] 
In an alcohol- associated hepatitis study, the CXCL1- 
neutrophil axis is linked to worsening of cholestasis
through inhibition of bicarbonate secretion from chol-
angiocytes through c- Jun up- regulation.[39] In polycys-
ticliverdisease,CXCR2overexpressionisassociated
with increased cyst cholangiocyte proliferation; how-
ever, it was not indicated to be a neutrophil- mediated 

F I G U R E  8  ModelofproposedHHandCXCL1signaling
interactionsinthebiliaryproliferativeresponse.IHHinducedin
cholangiocytesafterinjurysignalstoGLI1+ stromal cells to induce 
CXCL1expression,whichrecruitsCD45+Ly6G+ neutrophils to 
promote a proliferative response in cholangiocytes
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effect.[40] CXCL1- CXCR2 receptor signaling is linked to 
immune- mediated fibroproliferative disorders, such as 
biliary atresia, and cancer promotion, including chol-
angiocarcinoma, stomach, colorectal, breast, esopha-
geal, pancreatic, lung, and ovarian cancers.[20,21,41,42] 
CXCR2 overexpression is associated with increased
cell proliferation, migration, and poor patient progno-
sis in intrahepatic cholangiocarcinoma.[43] CXCR2 in-
hibition protected mice from liver injury 3 and 14 days 
after BDL, although this effect was independent from 
neutrophil accumulation.[44]OurdatasuggestthatHH
signalinginducesCXCL1expressioninEHBDstromal
cellstorecruitLy6G+ neutrophils, which induce biliary 
proliferation(Figure 8).

CXCL1 chemokine expression is regulated byNF-
κB and STAT1 transcription factors in murine hepato-
cytes during hepatocellular carcinogenesis, malignant 
andimmortalizedmelanocytes,pancreaticβ- cells, and 
cancer- associated fibroblasts in esophageal squamous 
cell cancer.[28,45– 47] Our discovery of a high affinity con-
sensusGBSincloseproximitytothemouseCxcl1 and 
human CXCL1 genes suggests a potential mechanism 
ofHHinductionofCxcl1 through transcriptional regu-
lation.Futurestudieswillberequiredtovalidatedirect
GLI-mediatedregulationofCxcl1expression.

Neutrophils have dual roles during tissue injury. They 
can intensify the immune response by affecting epithe-
lialcell integrityandreleaseofcytotoxiccomponents,
but they can also mediate inflammation resolution by 
clearing infection, secreting growth factors enhancing 
angiogenesis, facilitating debris clearance, and signal-
ing to other immune cells to cease the inflammatory 
reaction.[6,18,19] Notably, neutrophils were identified as 
a major cell type of the immune landscape in bile ducts 
of patients with PSC.[11] In our human sample analy-
sis,CXCL1expressionwas increased inbileductsof
patients with cholangiopathies, especially those who 
received antibiotics for cholangitis, which is consistent 
with recruitment of inflammatory cells in biliary infec-
tion. Our work implies that recruitment of neutrophils, 
thefirstrespondersduringacuteinflammationinEHBD
injury, promotes biliary proliferation, suggesting that 
neutrophils contribute to tissue repair in this context.
Accordingly,HHpathwayinhibitionnotonlydampened
neutrophil recruitment but significantly bluntedEHBD
proliferation after injury.

OurstudydemonstratedthatHHsignalingpromotes
an early inflammatory response to EHBD damage.
Cholangiopathies, such as primary biliary cholangi-
tis and PSC, are thought to be immune- mediated and 
occur when an early inflammatory response evolves 
into a chronic process.[48] The ability to direct immune 
responses toward EHBD repair is very attractive for
clinical management of cholangiopathies, and sev-
eral therapeutic approaches have been proposed tar-
geting HH[49] or CXCL1- CXCR2[41] pathways. In this 
study,we determined thatHH signaling promotes an

early inflammatory response to EHBD injury through
CXCL1- mediated neutrophil recruitment. Recognition 
of this HH-CXCL1-CXCR2-neutrophil axis regulating
the inflammatory and epithelial proliferative response 
to EHBD injury offers potential targets for disease-
modifyingagentsinEHBDcholangiopathiesandother
immune- mediated disorders.
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