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Abstract

During chronic injury, regeneration of the adult liver becomes impaired. In this context bipotent
Hepatic Progenitor Cells (HPCs) become activated and can regenerate both cholangiocytes and
hepatocytes. Notch and Wnt signalling during hepatic ontogeny are described, but their roles in
HPC mediated liver regeneration are unclear. Here we show in human diseased liver and murine
models of the ductular reaction with biliary and hepatocyte regeneration that Notch and Wnt
signalling direct HPC specification within the activated myofibroblasts and macrophages HPC
niche. During biliary regeneration, Numb is downregulated in HPCs, Jagged1 promotes biliary
specification within HPCs. During hepatocyte regeneration, macrophage derived canonical Wnt
signalling maintains Numb within HPCs, and Notch signalling is reduced promoting hepatocyte
specification. This dominant Wnt state is stimulated through engulfment of hepatocyte debris by
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niche macrophages and can directly influence the HPCs. Macrophage Wnt3a expression in turn
facilitates hepatocyte regeneration — thus exemplifying a novel positive feedback mechanism in
adult parenchymal regeneration.

Results

Chronic liver disease causes high morbidity and mortality worldwide. The WHO ascribed a
DALY of 37,760/100,000 people in 20041, The only cure for end-stage liver disease is liver
transplantation, however donor organ availability cannot meet demand and many patients
die 9necessary step is to understand the mechanisms controlling regeneration in chronic
liver disease and identify novel pathways that could be therapeutically targeted. Moreover
the liver provides a unique model of solid organ regeneration with a definite contribution
from HPCs3 4 In human disease the HPCs form a critical component of the ductular
reaction, which expands in an activated niche to regenerate the damaged liver* °. Injury and
regeneration are often described separately as discrete events; however the importance of the
inflammatory response in cellular regeneration has been highlighted in several organs
linking inflammation with both scar formation and restoration of a functional epithelium®-8

During ontogeny the Notch and Wnt pathways have been implicated in the lineage
specification of hepatocytes and cholangiocytes9-11. The Notch signalling pathway is
necessary for specification of the biliary tree, and Notch pathway ablation results in failure
of hepatoblast specification into cholangiocytes'?: 13 resulting in bile duct paucity, a
characteristic of Alagilles syndrome!3-16 furthermore ectopic activation of the Notch
pathway in foetal hepatoblasts by over—expression of the Nicd results in hyper—arborisation
of biliary ductules!’. The Notch pathway comprises a family of single span receptors as well
as ligand families Jagged and Deltal8. Receptor—ligand interactions result in the liberation of
the Notch intracellular domain (Nicd) which forms a heteromeric transcriptional complex.
and induces expression of Hes/Hey which act as transcriptional repressors®. Wnt ligand
binds to LRP/Frizzled receptors resulting in sequestration of the APC/GSK/CK1 complex to
the cell membrane, degradation of Ctnnb1 is prevented and Ctnnbl is free to translocate to
the cell nucleus where it binds Lef/Tcf transcription factors to enhancer elements of target
genes?0-22, Notch signalling is modified by multiple factors including the ubiquitin ligase
Numb which acts as a negative regulator of the Notch signalling pathway23-25. Numb is a
direct transcriptional target of the Wnt signalling pathway and therefore represents a node at
which these pathways can converge and interact during cell-fate determination26: 7.

In ductular reactions of chronic human disease we sought to define Notch and Wnt
signalling during lineage specification and have studied two disease patterns where ductular
reactions form and human HPCs (hHPCs) are activated: We focused on Primary Biliary
Cirrhosis (PBC) and Primary Sclerosing Cholangitis (PSC) when investigating biliary repair
and Hepatitis C Virus (HCV) infection to investigate the mechanisms of hepatocellular
regeneration. We modelled these disease states using mouse dietary regimes where a murine
activated HPC niche forms and HPCs have been proven to contribute regeneration of
hepatocytes and biliary epithelia® 28, We have utilised the Choline Deficient-Ethionine
supplemented (CDE)2%: 30 regime to model hepatocellular regeneration or 3,5—
diethoxycarbonyl-1,4-dihydrocollidine (DDC)3!: 32 to model biliary regeneration.

Spatial variability in the HPC niche

HPC mediated liver regeneration is characterised by the emergence of a stereotypical
inflammatory niche which forms around emerging HPCs33. This activated HPC niche which
constitutes the ductular reaction in human disease and murine models consists principally of
macrophages and myofibroblasts and requires the de novo synthesis of ECM to facilitate
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appropriate HPC expansion?? (Fig. 1a). Using mouse models of both biliary and hepatocyte
regeneration we have digitally reconstructed the activated murine HPC (mHPC) niche in 3—
dimentions. We analysed serial sections for Macrophages (F4/80), Myofibroblasts (aSMA)
HPCs (panCK) and Collagen-I from which we digitally reconstructed and assessed niche
formation in these different regenerative contexts.

During biliary regeneration the activated mHPCs are surrounded by a thick layer of aSMA
positive myofibroblasts, which constitutes the bulk of the activated ductular reaction, (Fig
1b) these myofibroblasts form close associations with the emerging HPCs and are therefore
capable of influencing the mHPCs. Myofibroblasts are intimately associated with Collagen—
I, which is deposited as a thick sheath around the ductular reaction (Fig 1c), and excludes
macrophages from forming close associations with the mHPCs throughout biliary
regeneration and we therefore hypothesise that macrophages are incapable of influencing
mHPCs. During hepatocyte regeneration the mHPC niche consists predominantly of
macrophages and is more diffuse with fewer myofibroblasts and reduced Collagen-I,
allowing macrophages to associate closely with mHPCs. (Fig 1b,c).

Notch is involved in biliary regeneration

In both human biliary and hepatocellular diseases, NOTCH1 and NOTCHZare highly
expressed in Cytokeratin7 (Krt7) positive hHPCs isolated using laser—capture micro—
dissection (Fig 2a). NOTCH2 protein is found predominantly within the membrane and
cytoplasm of hHPCs within the ductular reaction during hepatocyte regeneration (Fig 2a). In
contrast, during biliary regeneration NOTCHZ2 protein is frequently localised to the
cytoplasm and nucleus of hHPCs, suggesting Notch pathway activation (Fig 2a). We
confirmed the activation of the Notch pathway in end—stage biliary disease and regeneration
by analysing the HES/HEY family of Notch targets. In biliary regeneration we saw high
MRNA expression of both the Notch receptor targets #£SZ and HEY1 (Fig 2a) when
compared to those hHPCs isolated during hepatocyte regeneration, indicating that in
hepatocyte regeneration there is restricted activation of the Notch pathway. In both human
disease patterns the Notch receptors are expressed at high levels, however the Notch
pathway ligand JAGGED1 is modulated and expressed higher in the ductular reaction
during biliary rather than hepatocyte regeneration. JAGGEDL protein is consistently
localised to the hHPC cell surface in PBC/PSC (Fig 2a) indicating active Notch signalling
during biliary regeneration

To investigate the mechanisms underpinning these human observations we utilised murine
models of mHPC derived hepatocellular and biliary regeneration. mHPCs were isolated
using size and EpCAM positivity. In sorted mHPCs Notchl and NotchZ2 are highly
expressed during biliary regeneration compared to mHPCs isolated during hepatocellular
regeneration (Fig 2b). Furthermore the Notch pathway effectors Hes5and HeyL are more
highly expressed in mHPCs during biliary regeneration than hepatocyte regeneration (Fig
2b). Activation of the Notch signalling pathway was confirmed though visualisation of
cleaved Notchl in the nucleus of mHPCs during biliary regeneration, but was rarely seen in
hepatocellular regeneration (Fig 2b) indicating these disease models appropriately reproduce
the human Notch pathway paradigm. In murine biliary injury, Jagged1 ligand is expressed
by mHPC associated myofibroblasts whereas in hepatocellular injury Jaggedl is not
detectable in mHPC associated myofibroblasts (Fig 2b).

Notch inhibition results failure of biliary specification

We isolated mHPCs from mice with hepatocyte injury and co—cultured them with Jagged1
positive myofibroblasts (Supplementary Fig 1a). This induced Notch pathway activation
confirmed through induction of HesZ and Hes5as well as HeyZ and HeyL and reflects the
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Notch high state we describe during biliary regeneration (Supplementary Fig 1a). These co—
cultures were treated either with DAPT (N-[N—(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester), a y—secretase (GS) inhibitor or vehicle alone. GS inhibition
resulted in significant reduction in the expression of Notch effectors Hes1, Hes5, HeyI and
HeylL (Fig 2c); The reduction in Hes/Hey gene expression is associated with an reduced
expression of both the early transcription factor HnfZg and the mature biliary genes Hnf6
and Gyt (Fig 2c¢).

Our /n vitro data demonstrates that Notch signalling is required for the specification of
HPCs into bile ducts. To demonstrate a functional role for Notch /n vivo we blocked Notch
receptor cleavage /n vivo using DAPT as previously described34 35 . Mice were given
biliary damage for two weeks and received intravenous DAPT or control for the final five
days of injury. GS inhibition resulted in a decreased number of mHPCs (Fig 2d). Isolated
mHPCs demonstrated reduced expression of the Notch pathway effectors HesZ and Hes5
from DAPT treated animals versus control. Furthermore Hnfip and Hnf6 - genes associated
with biliary phenotype, were reduced (Fig 2e). GS inhibition caused no change in the levels
of the hepatocyte transcription factor Hnf4a (Fig 2e), suggesting that Notch signalling is not
involved in hepatocyte regeneration. To confirm this we gave intravenous DAPT to mice
undergoing two weeks of mHPC mediated hepatocyte regeneration and found no significant
difference in the number of mHPCs versus controls. Moreover isolated mHPCs showed no
change in expression of early liver enriched transcription factors HnflB, Hnf6 and Hnf4a
versus controls (Supplementary Fig 1b). DAPT had no effect upon the niche composition or
fibrosis indicating that loss of mHPCs is likely due to a differentiation defect, rather than a
failure of mHPC maintenance by the surrounding activated niche (Supplementary Fig 2a—c).

Numb facilitates hepatocyte differentiation

Notch receptor is present in the ductular reactions of both human disease patterns and to a
lesser degree during murine regeneration; we hypothesise that there was a second tier of
Notch receptor inhibition. From our published array work we demonstrated an elevated
expression of NUMB a post-transcriptional regulator of the Notch signalling pathway in
HCV samples compared to PBC/PSC groups3®. In order to confirm the underlying factors
which regulate Notch during hepatocellular and biliary regeneration we characterised
NUMB. During hepatocellular regeneration hHPCs from the ductular reactions express
NUMB at high levels in end—stage pathology. In contrast, NUMB is consistently lost within
the ductular reactions during human biliary disease and regeneration; this is reflected in the
levels of NUMB protein within the ductular reactions (Fig 3a). In the mouse models of
hepatocellular regeneration we found a persistence of Numb protein throughout the biliary
network and mHPCs over the two week time course we studied (Fig 3b). This was
confirmed in isolated mHPCs where Numb was highly expressed. (Fig 3b). Induction of
biliary regeneration results in a rapid loss of Numb from mHPCs at both the level of mMRNA
and protein (Fig 3b and Supplementary Fig 3a).

We used RNAI targeted to Mumb in a well characterised mHPC line, BMOL37, which
becomes positive for Hnf4a and Numb when treated with canonical rhWnt3a (Fig 3c). Here
we achieve a significant knockdown of Mumb transcript levels using two sequences targeted
to different domains of the ANumb mRNA molecule (Numb RNAI1 (Fig 3d) and Numb
RNAI2 (Supplementary Fig 3b)) compared to cells transfected with a scrambled RNAI
control. Numb knockdown results in the activation of the HesZ, indicating that the Notch
pathway has become activated, as well as increased Hnf1g and Hnf6 expression conferring
biliary specification (Fig 3d).
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Wnt drives hepatocyte differentiation in vivo

Stabilised CTNNBL1 is found within the cytoplasm and nucleus of hHPC within ductular
reactions of HCV infected liver, whereas in PBC/PSC CTNNBL1 is predominantly localised
to the cell surface, suggesting low activation of the canonical Wnt signalling pathway
(Supplementary Fig 4a). We also observed comparable localisation of stable Ctnnb1 in our
murine models of hepatocellular and biliary regeneration (Fig 4a). We confirmed this
variation in Wnt pathway activation by expression analysis of the Wnt targets Axin2, Sox9,
Mycand Twist138. 39, All of which are more highly expressed during hepatocellular than
biliary regeneration (Fig 4a).

We used a transgenic mouse which expresses a Tamoxifen (TM) responsive Cre under the
control of the Krt19 promoter (Krt19CreERT)40. We activated the canonical Wnt pathway
by stabilising Ctnnb1 though conditional deletion of Exon3 (Ctnnb12EX3), making Ctnnb1
resistant to degradation and causing its nuclear accumulation (Fig 4b). All mice contained
the Krt19 driven CreERT and either a WT or AEx3 Ctnnb1 locus. Activation of the Ctnnb1
mutant and the subsequent accumulation of nuclear Ctnnb1 in mHPCs does not result in an
increase in the number of Ctnnbl high hepatocytes within the liver parenchyma when the
mice are healthy (Fig 4c) indicating that the Cre line is not unselectively activated in adult
hepatocytes and that activation of the Ctnnb1 mutant does not cause mMHPCs to become
hepatocytes in the absence of damage (Fig 4b). During two weeks of biliary damage there is
only a small proportion of hepatocytes which demonstrate a high level of Ctnnbl detected in
the nucleus (approximately 3%) when Ctnnbl is wild-type (Fig 4c). Upon TM
administration to Krt19CreERT/Ctnnb12EX3 double transgenic mice the number of
hepatocytes which are positive for nuclear Ctnnb1 increases significantly from
approximately 3% to 12.5% (Fig 4c), indicating that during biliary damage, ectopic
activation of the canonical Wnt pathway though stabilization of Ctnnb1 redirects mHPCs
from a cholangiocytic fate into a hepatocellular one.

Bile ducts form in the absence of hepatic macrophages

Our data indicate that Wnt signalling is required for HPC specification into hepatocytes. To
address the source of Wnt expression observed during regeneration of hepatocytes we
isolated F4/80 positive macrophages from mice undergoing either biliary or hepatocyte
regeneration. Macrophages from animals undergoing hepatocyte regeneration express high
levels of Wnit3a (Fig 5a); during biliary regeneration expression of Wnt3ais reduced
compared with control animals (Fig 5a). The Wnt3a protein can be readily seen as punctuate
positivity in mononuclear cells in the activated niche forming close associations with panCK
positive mHPCs during hepatocyte regeneration (Fig 5a). Wnt3a positive cells are only
found very infrequently associated with mHPCs during biliary regeneration, where they are
restricted to the inflammatory region, outwith the myofibroblast niche (Supplementary Fig
4b).

The interaction of macrophages with hepatocyte debris induces Wnt expression. We
exposed murine bone—marrow derived macrophages to sonicated hepatocyte debris.
Phagocytosis of this resulted in the upregulation of both canonical ligands Wnt3aand Wnt7a
(Fig 5b); this phenotype is induced only through the phagocytosis of biological debris, and
not synthetic phagocytic substrates (latex beads or liposomes)*!. Co—culture of post—
phagocytic macrophages with primary mHPCs in vitro results in an increased expression of
Whnt target genes in these direct co—cultures which are not expressed in the single cultures
alone (Supplementary Fig 4d). Treatment of these co—cultures with the Wnt inhibitor
rhWIF1 results in a significant reduction in the expression of Wnt pathway targets AxinZ,
Myc, Sox9and Twist1. Moreover treatment of the mHPC/macrophage co—cultures with
rhWIF1 resulted in the reduced expression of the hepatocyte genes Hnf4a and Hnfla whilst
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promoting the expression of biliary genes Hnf1g and Hnf6, suggesting that /n vitro
macrophage derived Wnt is important in the maintenance of hepatocyte phenotype and the
suppression of biliary differentiation (Fig 5c). In this co—culture system it is possible that
activation of the canonical Wnt targets is also occurring in macrophages however as
macrophages do not express liver enriched transcription factors (Supplementary Fig 4e), we
can conclude that the canonical Wnt pathway promotes hepatocyte specification within the
mHPCs; to confirm this we decided to remove macrophages during mHPC mediated
regeneration and address whether canonical Wnt targets and mHPC phenotype is altered /in
Vivo.

We ablated liver macrophages using liposomal clodronate*2 every three days during two
weeks hepatocellular injury and regeneration which was confirmed as the pan-macrophage
marker F4/80 was lost following clodronate but not in controls (Supplementary Fig 5a).
Liposomal clodronate did not have off target affects and the remainder of the non—
parenchymal cells remain intact during regeneration (Supplementary Fig 5b). Ablation of
macrophages during hepatocyte regeneration resulted in mHPCs forming peri—portal biliary
structures with a clear lumen akin to bile ducts rather than infiltrating the parenchyma to
regenerate hepatocytes (Fig 6a), There was no nuclear Ctnnbl seen in mHPCs of
macrophages depleted animals, whereas in controls Ctnnb1 localises to the mHPC nucleus,
implying activation of the canonical Wnt pathway (Fig 6a and Supplementary Fig 6a).
During macrophage ablation the levels Wnt pathway targets AxinZ, Myc, Sox9and Twist!
in mHPCs are decreased versus controls suggesting that macrophage ablation results in a
loss of the canonical Wnt signalling to mHPCs (Fig 6b). The promoter region of Numb
contains TCF/LEF binding sites and may be directly regulated though the canonical Wnt
signalling pathway26. During macrophage ablation the levels of Mumb transcript fall
significantly, moreover macrophage ablation during hepatocellular regeneration results in
loss of the hepatocyte transcription factors Hnf4a and Hnfla whilst inducing the expression
of Hes1, as well as the biliary genes Hnf1p and Hnf6 indicating that in the absence of
macrophages, mHPCs form bile ducts as a default lineage pathway and exit from this fate
occurs in a Wnt dependent manner (Supplementary Fig 6b). Ultimately ablation of
macrophages results in an increase in the number of Hn71g positive mHPCs (Fig 6¢) and a
reduction in the number Hnf4a positive mHPCs (Fig 6c).

Discussion

Here we describe for the first time the mechanisms by which HPCs in the adult liver are able
to acquire divergent cell fates in response to diverse disease and how the local cellular
microenvironment can be modulated to achieve a defined progenitor specification. Notch
signalling has been described in the ontogeny of bile ducts from an equipotent population of
foetal hepatoblasts*3, abrogation of which results in the biliary malformations seen in
Alagilles syndrome®*. Here, we observe that during adult biliary regeneration there is a
requirement for an activated Notch signalling pathway in order to specify biliary epithelium
from naive HPCs, and that in the mouse there is a recapitulation of the portal mesenchyme
seen during development*®. We found Jagged1 ligand in close proximity to Notch receptor
on the HPCs, which express higher levels of Notch signalling pathway targets Hes and Hey
during biliary regeneration. /n vitroand in vivo inhibition of Notch signalling demonstrates
that Notch is required for adult biliary specification, with a reduction /n vivo of biliary cell
numbers and liver enriched transcription factors associated with biliary fate*6. 47.

We describe a canonical Wnt dependent action for the ubiquitin ligase Numb, which is
required for the exit of HPCs from a biliary specification and acquisition of a hepatocyte
cellular fate. In a mHPC cell line stimulation with canonical Wnt3a, a ligand implicated in
multiple stages of hepatocyte differentiation 48, drives Numb expression. Moreover
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inhibition of Numb facilitates the activation of the Notch signalling, as previously
described?®: 50 and activates a biliary phenotype. This study has identified a novel role for
the canonical Wnt signalling pathway in mHPC specification to hepatocytes /n vivo, where
ectopic activation of the Wnt pathway commits mHPCs to a hepatocyte fate (summarised in
Supplementary Fig 7). Importantly this data demonstrates that interactions between
pathways are critical for correct HPC specification. Other signalling pathways may also be
implicated in HPC specification. Sox9 is a mHPC marker3 28 . Sox9 is regulated by both
canonical Wnt signalling and Hedgehog (Hh) signalling®; the latter also acting as a
modifier of the canonical Wnt pathway®2. Hh signalling has also been extensively
implicated in the phenotype of Alagilles Syndrome and has a critical role in biliary
remodelling®3: 54 indicating that there may be a node at which the Hh/Wnt/Notch could
interact in order to regulate the relationship between HPC proliferation and fate.%>

The inflammatory stroma has been understudied as a component of the hepatic regenerative
response however the pathological analysis of other organs considers this a key component
of regeneration. In kidney regeneration macrophage derived Wnt7b is required for renal
tubular epithelial regenration’: 6. In liver disease the hepatic immune component has been
demonstrated to play a critical role in the survival and maintenance of hepatocytes®’: %8,
Here we describe how hepatic macrophages play a role in HPC mediated regeneration of
hepatocytes where Wnt3a is expressed by macrophages as a result of the phagocytosis of
biological debris, implicating macrophages in environmental sensing and correct epithelial
repair from HPCs®°. Animals which lack macrophages /n vivo fail to specify hepatocytes
from mHPCs, their mHPCs up-regulate biliary genes, fail to migrate and form aberrant
tubules, akin to regeneration during biliary disease®®. In severe liver disease marked ductular
reactions and failure of adequate hepatocyte regeneration is often seen. Understanding the
biology of this may open a therapeutic target to stimulate healthy regeneration.

Animal Work

8 week—old male wild-type C57BI6, S129S2/SvHsd mice from Harlan UK or
Krt19CreERT/Ctnnb1AEX3 mice were held under specific—pathogen—free conditions in 12h
light/dark cycles. C57BI6 mice were fed on Choline-Deficient diet (MP Biomedicals) for
upto 2 weeks and water supplemented with 0.15% w/v DL-Ethionine (Sigma). S129S2/
SvHsd mice were treated 3, 5-diethoxycarbonyl-1, 4—dihydrocollidine (DDC) (0.1% Purina
5015 mouse chow) for upto 14 days. Cre expressing animals were induced with 1 IP
injection of TM at 80mg kg1 at day 5 of the experiment. All experimental procedures were
approved by the UK home office.

mHPC culture

Livers were minced in Leibovitz—15 containing Collagenase B and DNAse | and passed
through a 40m cell strainer (BD falcon). Cells were centrifuged over a discontinuous
Percoll gradient and cultured as previously described3’. For co—cultures 5x10° mHPCs were
co—cultured with 1x10° myofibroblasts/macrophages in differentiation medium33, DAPT
(Tocris) used at 10mM. rhWIF-1 (R&D Biosciences) used at 250ng mI~1. hrwnt3a
(Peprotech) used at a concentration of 30ug mI~1 and co—cultured for 3 days. BMDMSs were
generated from the bone-marrow of wildtype mice cultured in DMEM supplemented with
L929 conditioned medium in low adhesion flasks (Corning). Myofibroblasts for the co—
culture studies were isolated from healthy murine livers and separated based on density
using Ficoll-Paque (GE lifesciences); cells where plated on plastic and allowed to activate
in DMEM containing 10% FCS.

Nat Med. Author manuscript; available in PMC 2012 October 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Boulter et al. Page 8

Immunohistochemistry

Formalin or methacarn fixed tissue was cut to 5.m. Sections were antigen retrieved with
sodium citrate. Sections were blocked using H,O, (Sigma), followed by Avidin/Biotin
blocking and species specific serum (Dako). Primary antibodies were incubated overnight
(panCK #0622 (Dako), DIk—1 #ab21682, NUMB #14140, EpCam #32392, F4/80 #ab6640
(Abcam); Jaggedl #sc—8303, Notchl #sc—6014, Notch2 #sc—7423, Hnfda #sc—6556 and
Hnf1p #sc—7411 (Santa Cruz Biotechnology) Wnt3a #09-162 (Millipore), aSMA #BMK-
2202 (Vector) Collagen-I . Species specific anti-IgG biotinylated antibodies (DAKQO) were
used for detection. ABC HRP detection kit was supplied by Vector. DAB substrate was
supplied by DAKO or alternatively fluorescent conjugated secondary antibodies (Alexa555/
Alexa568 and Alexa488) were used (all from Invitrogen). All photographs were taken using
a Nikon Eclipse e600 microscope and camera (DXM1200F) and acquired using NIS—
Elements D software (Nikon)

FACS separation of mHPCs: Cells were incubated with 40pg ml~1 EpCam antibody (clone
G8.8) Bioledgend #118211 and sorted using a FACS Diva (Becton Dickinson and Co.).

gPCR Preparation and Analysis

RNA was using Trizol reagent (Amersham). Precipitated RNA was applied to an RNAmini
spin column (Qiagen) and prepared according to manufacturer’s instructions. RNA was
reverse transcribed using QuantiTect reverse transcription kit (Qiagen). Gene expression
analysis was achieved using pre-validated QuantiTect primers with Quantifast SYBR
reagent (Qiagen).

Macrophage ablation

200ul of clodronate liposomes or control PBS were injected 1.V. for the duration of CDE
treatment. Liposomes contained Phosphatidylcholine (LIPOID E PC) obtained from Lipoid
GmbH, Ludwigshafen, Germany. Cholesterol is purchased from Sigma

Image analysis

Adjacent, non—overlapping images were taken from three lobes in treated vs. control mice
(n=45 per mouse). All images had a matched exposure time and light intensity. Control mice
were used to establish parameters for image analysis. Data is represented as function of
positive pixels over total pixels per field.

Human Work

Human biopsies were obtained from explants livers of patient with end—stage liver disease.
The diagnosis is based on clinical and radiological data, and confirmed by histology
(Supplementary Fig 8). Several aetiologies were included: The use of human tissues for this
study was approved by the Local Commission for Medical Ethics of the University of
Leuven. 10pum frozen sections of human liver biopsies (chronic hepatitis C: n=6, primary
biliary cirrhosis: n=6, primary sclerosing cholangitis: n=4) and LCM was performed as
previously described34,

Quantitative PCR

Total RNA was extracted from microdissected samples using Arcturus PicoPure RNA
Isolation kit (Applied Biosystems) according to the manufacturer’s instruction. RNA quality
after LCM was determined with an Agilent BioAnalyzer—2100 (Agilent) in combination
with RNA 6000 Pico—LabChip. The RNA was amplified with the WT—Ovation™ Pico RNA
Amplification System (NUGEN Technologies)34. The amplified product was purified with
DNA Clean&Concentrator™-25 kits from Zymo research (Baseclear Lab Products).qPCR
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experiments were conducted on an ABI PRISM 7900 sequence detector system (Applied
Biosystems) with predesigned primers and RT2 Real-Time SYBR Green/Fluorescein master
mix (SABiosciences), according to the manufacturer’s instruction. Reference genes: 18s
ribosomal RNA, hypoxanthine phosphoribosyltransferase 1, ribosomal protein L13a,
ribosomal protein L19, glyceraldehyde 3—phosphate dehydrogenase and p—actin.

Immunohistochemistry

for KRT19, NOTCH1, NOTCH2, NUMB, JAGGED1 CTNNB1 was performed on serial
paraffin sections. 5um sections were used. Target retrieval was performed with EnVision™
FLEX Target Retrieval Solution (Dako, Denmark). Endogenous peroxidase activity was
blocked using EnVision™ Peroxidase—Blocking Reagent (Dako). Sections were incubated
with primary antibody. Subsequently, the slides were further processed using the
EnVision™ Dual Link (Dako) against primary species. The complex was visualized with
DAB (Dako) Using Leica DC300 camera with the software IM50 Image Manager from
Leica.Statistical Analysis We performed statistical analyses with GraphPad v3.0. We used
the Mann-Whitney test to evaluate differences between treatments due to non—-normal
distribution of the data. All analysis was two—tailed. In all cases, P < 0.05 was considered
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatial regulation of the HPC nicheis dependent on adult disease pattern

(a) Upper photomicrographs: Healthy adult liver with panCK positive mHPCs, F4/80
positive macrophages, aSMA positive myofibroblasts with collagen—1 surrounding the
vasculature. In biliary regeneration (middle photomicrographs) a SMA positive
myofibroblasts, as well as collagen—I surround mHPCs, F4/80 macrophages around the PT
but not associated with the mHPCs. During hepatocellular (lower photomicrographs)
damage mHPCs are associated with both F4/80 positive macrophages and diffuse aSMA
positive myofibroblasts, with little collagen deposition around the mHPCs. (b) 3D
reconstruction of the mHPC niche. mHPCs (red, denoted with white arrows) expand as
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pseudo—ducts or chords of mHPCs in biliary and hepatocyte regeneration respectively. In
biliary regeneration mHPCs are closely associated with myofibroblasts (green) close to the
portal tract between the mHPCs and macrophages (blue). During hepatocyte regeneration
there is little association of myofibroblasts (green) and mHPCs (red), macrophages (blue)
are closely associated with mHPCs. (c) Addition of collagen—I to the 3—-D constructs reveals
that there is an extracellular barrier between mHPCs and macrophages that is more
prominent during biliary injury and regeneration than hepatocellular injury and regeneration.
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Figure 2. Modulation of the Notch pathway in vitro and in vivo affects biliary regeneration

(a) MRNA expression of the NOTCH signalling pathway components in isolated ductular
reactions of both hepatocellular and biliary patterns of disease. Immunohistochemistry for
NOTCH2 and JAGGED1 with positivity during biliary disease (upper photomicrographs),
however in hepatocellular regeneration only NOTCH2 protein is detectable (lower
photomicrographs). (b) Notch pathway expression in murine models of biliary (upper
photomicrographs) and hepatocellular (lower photomicrographs) regeneration; Notchl
protein (red) in the EpCAM positive biliary tree (green) and Jaggedl (red) in the
surrounding ductular stromal aSMA positive fibroblasts (green). (c) mMRNA expression of
Notch targets and liver enriched transcription factors after inhibition of the Notch pathway
with DAPT in direct co—cultures of mHPCs and myofibroblasts /n vitro (d) Quantification of
absolute mHPC numbers in animals treated with DAPT /n vivo vs. vehicle alone control. (€)
Expression of Notch pathway targets and liver enriched transcription factors in mHPCs
isolated from DAPT treated animals vs. vehicle alone controls. Data is expressed as means +
S.E.M; *P<0.05, ** P<0.01, ***P<0.001. Human: PBC/PSC n= 10 HCV n= 6. Murine
CDE n=4DDC n= 4. Scale bar = 50pm
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Figure 3. Numb repressesthe Notch signalling pathway and allows hepatocyte differ entiation
(a) NUMB mRNA expression and presence (white arrows) or absence (black arrows) of
NUMB protein in human ductular reactions isolated from HCV or PSC/PBC disease
patterns. (b) Expression of murine Numb protein in healthy liver and during hepatocyte
regeneration (black arrows) the loss of Numb in mHPCs during biliary regeneration is
highlighted (red arrows); these changes are reflected in Numb mRNA expression levels
from isolated mHPCs. (c) Expression levels of Hnf4a and Numb in isolated mHPCs when
stimulated with Wnt3a /n7 vitro. The Numb protein (green) can be identified in the mHPC
BMOL cell line using immunohistochemistry. (d) Expression of Numb, Notch pathway
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targets and liver enriched transcription factors in response to Numb RNAI, a similar affect is
seen using a second independent Numb sequence (Supplementary Fig 3b). Data is expressed
as means + S.E.M; *P< 0.05, **P< 0.01, ***P< 0.001. Human: PBC/PSC n=10 HCV n=
6. Murine CDE 7= 4 DDC n = 4. Scale bar = 50um. /n vitro n=12.
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Figure 4. The Wnt pathway drives exit of mHPCsfrom a biliary fateinto a hepatocyte
phenotype

(a) Photomicrographs demonstrating immunohistochemistry for nuclear Ctnnb1 in mHPCs
during hepatocellular and biliary regeneration. Relative expression of canonical Wnt targets
AXxin2, Myc, Sox9 and Twistl in mHPCs from hepatocellular vs. biliary regeneration. (b)
Immunohistochemistry for stabilized Ctnnb1 (black arrows) in Krt19-Cre expressing cells
harbouring the Ctnnb12EX3 or Ctnnb1WT locus . Central photomicrographs showing nuclear
Ctnnb1 in hepatocytes of Ctnnb1AEX3 mutants or Ctnnb1WT (inset image) after biliary
damage; Quantification of hepatocytes with nuclear Ctnnb1l in animals harbouring the
Ctnnb1AEX3 ys, Ctnnb1WT. Data is expressed as means + S.E.M; *P < 0.05, **P < 0.01,
***P < 0.001.CDE n=4 DDC n= 4, Wnt3a treated HPCs n= 6, Fed BMDMs 1= 6,
LRP5/6 n=4 - 6. Scale bar = 50pm
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Figure 5. M acrophages ar e a sour ce of canonical Wnt ligand in the regenerating adult liver

(a) Expression of the canonical ligand Wnt3a in F4/80 positive macrophages isolated from
healthy animals versus animals undergoing biliary or hepatocyte regeneration. The Wnt3a
protein (red) localised around mononuclear cells adjacent to mHPCs (green) during
hepatocyte regeneration (b) Quantification of Wnt3a and Wnt7a expression by macrophages
cultured with hepatocyte debris, latex beads or liposomes /7 vitro. (c) Gene expression
analysis of Wnt pathway targets and liver enriched transcription factors in co—culture of
post—phagocytic macrophages and mHPCs in the presence of rhWIF1 or vehicle alone. Data
is expressed as means + S.E.M; *P< 0.05, **P< 0.01, ***P< 0.001.CDE n=4 DDC n=4,
Fed BMDMs n= 6, co—cultures n=12. Scale bar = 25um
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Figure 6. Ablation of Macrophagesin vivo resultsin the re-specification of mHPCs

(a) Upper panels panCK positive mHPCs during hepatocyte regeneration in the presence or
absence of macrophages; lower panels, localisation of Ctnnb1 in mHPCs during hepatocyte
regeneration in the presence or absence of macrophages. (b) Transcript expression of Wnt
pathway targets and liver enriched transcription factors in mHPCs isolated from animals
depleted for macrophages compared to PBS controls (c) Photomicrographs of Hnf1p (upper
panels) and Hnf4a (lower panels) in mHPCs of livers depleted of macrophages or controls.
This positivity is quantified as absolute number of Hnf1p or Hnf4a positive cells (upper and
lower histogram respectively) in control vs. macrophage depleted animals. Data is expressed
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as means + S.E.M; *P<0.05, **P< 0.01, ***P< 0.001. liposomal clodronate and control »
=10. Scale bar = 100pum

Nat Med. Author manuscript; available in PMC 2012 October 01.



