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Abstract

Ductular reaction (DR) represents the activation of hepatic progenitor cells (HPCs)
and has been associated with features of advanced chronic liver disease; yet it is not
clear whether these cells contribute to disease progression and how the composition
of their micro-environment differs depending on the aetiology. This study aimed to
identify HPC-associated signalling pathways relevant in different chronic liver
diseases using a high-throughput sequencing approach. DR/HPCs were isolated
using laser microdissection from patient samples diagnosed with hepatitis C virus
(HCV) or primary sclerosing cholangitis (PSC), as models for hepatocellular or biliary
regeneration. Key signals were validated at the protein level for a cohort of 56
patients (20 early and 36 advanced stage). In total, 330 genes were significantly
differentially expressed between the HPCs in HCV and PSC. Recruitment and
homing of inflammatory cells were distinctly-different depending on the aetiology.
HPCs in PSC were characterised by a response to oxidative stress (e.g. JUN,
VNN1) and neutrophil-attractant chemokines (CXCL5, CXCL6, IL-8), whereas HPCs
in HCV were identified by T- and B-lymphocyte infiltration. Moreover, we found that
communication between HPCs and macrophages was aetiology driven. In PSC, a
high frequency of CCL28-positive macrophages was observed in the portal infiltrate,
already in early disease in the absence of advanced fibrosis, while in HCV, HPCs
showed a strong expression of the macrophage scavenger receptor MARCO.
Interestingly, DR/HPCs in PSC showed more deposition of extracellular matrix (e.g.

FN1, LAMC2, collagens) compared to HCV, where an increase of pro-invasive
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genes (e.g. PDGFRA, IGF2) was observed. Additionally, endothelial cells in the
vicinity of DR/HPCs showed differential immunopositivity (e.g. IGF2 and INHBA
expression). In conclusion, our data shine light on the role of DR/HPCs in immune

signalling, fibrogenesis and angiogenesis in chronic liver disease.
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Introduction

Chronic liver disease is associated worldwide with a high morbidity and mortality
rate. About 0.1% of the European population is affected by cirrhosis, corresponding
to 14 to 26 new cases per 100,000 inhabitants per year, or an estimated 170,000
deaths yearly [1]. Orthotopic liver transplantation is still the best curative option for
end-stage liver disease although donor organ availability cannot meet the demand,

meaning that many patients die whilst waiting for a suitable organ.

Persistent chronic injury of the liver epithelial cells leads to oxidative stress and
senescence, inhibiting the capacity to proliferate, and is believed to be a major
contributor in the progression of age-related liver diseases [2]. In response to this
cell damage, a reserve epithelial cell compartment becomes active, the hepatic
progenitor cells (HPCs), and attempts to restore liver homeostasis by differentiating
into either cholangiocytes or hepatocytes depending on the underlying disease [2].
Activation of HPCs is usually seen as a ductular reaction (DR) which comprises an
expansion of transit amplifying cells of the terminal branches of the biliary tree
located in the Canal of Hering [3]. In both acute and chronic liver diseases the
degree of DR has been reported to reflect disease severity and correlates with short-

term mortality [4-6].

HPCs reside in a specialised micro-environment, their so-called niche, which is
crucial in determining their cell fate. Laminins, as part of the extracellular matrix

(ECM), have been reported to control the expansion of HPCs in an undifferentiated
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state, and hence DR, during liver injury [7]. The reduction of laminin deposition by
treatment with iloprost has been described to result in enhanced differentiation of
HPCs into hepatocytes in a mouse model of chronic parenchymal damage [8]. The
disruption of the integrin receptor 6, an adhesion receptor that interacts with
fibronectin and transforming growth factor beta 1, inhibits the response of HPCs to

tissue damage [9].

Regeneration and injury are often described separately as discrete events, however
the inflammatory response does not only play a role in fibrosis but is also crucial for
liver regeneration. [10, 11]. Macrophages in particular have been described to
influence the polarisation and invasion of HPCs into damaged parenchyma [12].
Additionally they are a source of Wnt3a that stimulates hepatocyte differentiation in
rodents [13]. HPCs have a typical biliary phenotype meaning they express
cholangiocyte markers, such as keratin (K) 19 and EPCAM, which they gradually
lose upon differentiation towards hepatocytes [2]. Several pathways have been
described to drive HPCs towards a specific cell fate. The Notch and YAP-1 pathway
are important for cholangiocyte differentiation while inhibition of those pathways

commits HPCs to hepatocytes [13, 14].

DR has been associated with fibrosis and portal inflammation in chronic liver
diseases though the differences between aetiologies are still poorly understood [4,
15-17]. A thorough identification of the hepatic DR and of the signals that govern the

proliferation, neo-angiogenesis and differentiation of HPCs into mature epithelial
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cells might lead to the development of clinically feasible methods to induce liver
repopulation from these endogenous cells. This study aims to characterise the
human hepatic DR/HPCs and its surrounding in chronic liver disease by using a
high-throughput sequencing approach. Samples obtained from patients diagnosed
with primary sclerosing cholangitis (PSC) or hepatitis C virus (HCV) were included in

this study as examples of pure biliary or hepatocellular damage and regeneration.

Materials and methods

Patient selection

Sixty seven patients diagnosed with primary HCV or PSC without any secondary
aetiology and treated at the University Hospitals Leuven, Belgium between 2008 and
2014 were included in this study. Diagnosis was based on the WHO criteria. Patients
with recurrent HCV infection or features of PSC following a liver transplantation were
excluded. The explorative cohort consisted of eleven snap frozen samples obtained
from end-stage diseased explant livers (PSC n=6, HCV n=5). Clinical data can be
found in supplementary material, Table S1. The validation cohort comprised 56
formalin-fixed paraffin-embedded (FFPE) liver samples: 36 advanced disease (F3-F4
fibrosis, n=18 per group) and 20 diagnostic needle biopsies (FO-F1 fibrosis, n=10 per
group). This retrospective study was approved by the ethical committee of the

University Hospitals Leuven, Belgium.
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Laser capture microdissection

Cryosections cut at 10 ym thickness were mounted onto metal frame polyethylene
terephthalate slides (Leica Microsystems Gmbh, Wetzlar, Germany). DR/HPCs were
visualised on the first slide by immunohistochemistry using a mouse anti-human
keratin 7 (RTU, Dako, Glostrup, Denmark) as described below and the cell
populations of interest were isolated on consecutive slides. These slides were fixed
at room temperature in a 95% ethanol solution for 1 min and subsequently
transferred to 75% and 50% ethanol for 15 s before staining with a 2% Cresyl Violet
solution for 2 min (Ambion Inc., Foster City, CA, USA). The sections were
dehydrated using an ethanol series (50%, 75%, 95%, 100%). Laser Capture
Microdissection was performed on the Leica LMD 6500 system (Leica
Microsystems). An average area of 10° um? was isolated for each population. Total
mRNA was extracted using the RNeasy® Plus Micro kit (Qiagen, Hilden, Germany)

according to the manufacturer’s instructions.

High-throughput RNA sequencing

RNA integrity (RIN) was assessed using the Agilent RNA 6000 Pico kit (Agilent,
Santa Clara, CA, USA) and had an average value of 6.61 + 0.47 (SD). The
SMARTer Universal Low Input RNA Kit (Clontech Laboratories, Mountain View, CA,

USA) was used to generate cDNA. Samples were fragmented with the Adaptive
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Focused Acoustics™ (AFA) shearing method (Covaris Inc., Woburn, MA, USA) and
subsequently processed with the NEBNext Ultra Library Prep kit (New England
Biolabs, Ipswich, MA, USA). Sequencing was performed on the HiSeq 2000 platform
(lumina Inc., San Diego, CA, USA). Data are available on the NCBI GEO repository

(GSE118373).
Bioinformatics

Reads that were shorter than 35 bp after adapter trimming with FastX 0.0.13 were
removed. RNA sequencing reads were aligned to the reference genome GRCh37.73
using Tophat v2.0.8b and quality filtered with SAM Tools v0.1.19 [18, 19]. Counting
was performed with htseq-count 0.5.4p3 [20]. Statistical comparative analysis was
undertaken in R/Bioconductor using edgeR 3.4.0 to fit a genewise negative binomial
generalised linear model [21]. Genes were considered differentially expressed if they
exhibited an absolute fold change > 1 and a p-value <0.001. Data were further
analysed using STRING, Gene Set Enrichment Analysis and Ingenuity® Pathway
Analysis (Qiagen), and visualised using the Cytoscape plugin EnrichmentMap 3.0

and GOPIlot 1.0.2 [22-26].
Immunohistochemistry

FFPE and frozen human samples were stained using the Bond™ Polymer Refine
Detection kit on a Bond Max autostainer (Leica). Heat-induced epitope retrieval was
performed using citrate or EDTA buffers. Primary antibodies were directed against

C-C motif chemokine ligand 28 (CCL28; GTX108432, GeneTex, Irvine, CA, USA;
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citrate, 1/200), CD34 (QBENnd 10, Dako; EDTA, ready-to-use), collagen type XVII
alpha 1 chain (COL17A1; HPA043673, Sigma-Aldrich, St. Louis, MO, USA, citrate,
1/200), fibronectin 1 (FN1; A0245, Dako; EDTA, ready-to-use), hepatocyte nuclear
factor 4 alpha (HNF4A; HPA004712, Sigma-Aldrich; EDTA, 1/50), Inhibin Subunit
Beta A (INHBA; HPA020031, Sigma-Aldrich; citrate, 1/50), Insulin Like Growth
Factor 2 (IGF2; MAB2921, R&D systems, Minneapolis, MN, USA; citrate, 1/500), Jun
proto-oncogene, AP-1 transcription factor subunit (JUN/c-Jun; ab32137, Abcam,
Cambridge, UK; EDTA, 1/200), keratin 7 (K7; OV-TL 12/30, Dako; EDTA, ready-to-
use), keratin 19 (K19; RCK108, Dako; EDTA, ready-to-use), laminin subunit gamma
2 (LAMC2; HPA024638, Sigma-Aldrich; citrate, 1/500), macrophage receptor with
collagenous structure (MARCO; HPA008847, Sigma-Aldrich; citrate, 1/50) and
Neural Cell Adhesion Molecule 1 (NCAM1; 123C3, Dako; EDTA, ready-to-use).
Horseradish peroxidase visualisation was performed with 3,3'-diaminobenzidine or 3-
amino-9-ethylcarbazole (Leica). Haematoxylin was used as a counterstain (Leica).
Picro-Sirius Red staining was using a Leica ST5010 Autostainer and sections
subsequently processed for IHC on a Bond Max (Leica). Quantification of
immunopositive cells was done in three high power fields of the portal tract area in
the end-stage specimens and at least one in the needle biopsies (magnification
400X). An absolute quantification was used for CCL28 and for MARCO an intensity
score range (0= negative, 1= weak, 2=moderate, 3=strong). CD34 positivity was
analysed with ImageJ based on staining without any haematoxylin counterstaining

(https://imagej.nih.gov/ij). The statistical significance of differences was evaluated
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using an unpaired Student’s t-test. Significant differences between experimental

groups were * p<0.05, ** p <0.01, ***p<0.001.

Results

High-throughput RNA sequencing stratifies DR from parenchyma

DR in the periportal area, also referred to as Type 2A DR, and its close surrounding
area with pericellular fibrosis were isolated from frozen end-stage liver samples with
underlying HCV (n=5) and PSC (n=6) [3]. Additionally, matching parenchyma were
isolated from six patient samples, three per aetiology. A keratin 7 immunostain was
used to discern the HPCs from intermediate or dedifferentiated hepatocytes (Figure
1A). DR in PSC showed the typical ductal plate formation at the interphase between
the portal tract and parenchyma (Figure 1A). Heatmap plots of RNA-seq data
revealed a distinct separate clustering of the hepatocytes and the DR. When
comparing DR with hepatocytes, 2451 genes were differentially expressed in HCV
and 1696 in PSC (Figure 1B). Both diseases had 512 up-regulated genes in
common in the isolated DR/HPC population when compared to the corresponding
hepatocytes, including genes as GSTP1, FZD1, CD44, JAG1, S100A6 and ANXA4
(supplementary material, Table S2). Gene set enrichment analysis showed an
increase in networks involving ECM, adhesion and immune signalling in the DR of
both diseases, while nodes up-regulated in the hepatocytes clustered in metabolic

networks (e.g. lipid metabolism, oxidation-reduction reactions, carbohydrate
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metabolism and catabolic processes) (Figure 1C,D). Additionally, the DR in PSC
showed networks enriched in morphogenesis and cytoskeleton organisation,
whereas in HCV enrichment for cell movement and receptor activity was observed.
Taken together these results show that DR/HPCs have a distinct different gene

signature from the liver parenchyma in both aetiologies.

DR is associated with aetiology-dependent inflammatory signatures and

transcriptional regulators

To investigate the differences in DR between the different aetiologies, we performed
a direct comparison of the DR transcriptome from HCV (n=5) and PSC (n=6). In total
330 genes were differentially expressed between the two aetiologies, 141 associated
with HCV and 189 with PSC (supplementary material, Table S3). The top 40
differentially expressed genes based on P value are listed in Table 1. Gene Ontology
clustering of the 330 differentially expressed genes revealed an enrichment in genes
related to ‘regulation of immune system process’, ‘extracellular region’, ‘regulation of
lymphocyte and leucocyte activation’, ‘regulation of cell activation’ and ‘regulation of
response to stimulus’ (Figure 2A and supplementary material, Figure S1).
Furthermore, DR from PSC samples showed an increase in the HPC/biliary markers
EPCAM, TACSTDZ2, PROM1 and NCAM1, whereas DR from HCV only showed an
increase in some metabolism-/hepatocyte-markers (e.g. CYP1A1 and FADS?2)

(supplementary material, Table S3). Of note, no significant differences were found in
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the expression of KRT19, KRT7 or SOX9, suggesting that a similar number HPCs
was isolated in both aetiologies. Histological analysis showed that HCV samples
were characterised by lymphoid aggregates at the peri-portal area, while PSC
samples showed a high infiltration of neutrophils, typical features used in the
clinicopathological diagnosis of the diseases, confirming the observed gene
signatures (Figure 2B). Immunohistochemical analysis for NCAM1 showed an
abundant expression in the HPCs of PSC when compared to HCV, which is

consistent with the gene expression (Figure 2B).

Using the Regulator Effect tool of Ingenuity Pathway Analysis (with a cut-off of
absolute activation Z-score >2) several transcriptional regulators were identified in
HCV (SMAD7, MYCN, HNF4A, KLF2 and PAX5) and PSC (NFKBIA, REL, STATS3,
CTNNB1, CDKN2A, JUN, TP63, KLF4, NFE2L2 and STAT4) (Figure 2C). Nuclear
HNF4A was observed focally in the HCV-associated DR/HPCs, in contrast nuclear
JUN expression was more predominant in PSC compared to HCV (Figure 2 D,E).
Interestingly, a weak and focal HNF4A positivity was observed in the intermediate
ductules and bile ducts of HCV samples, while the bile ducts in PSC samples
showed a strong nuclear JUN expression compared to HCV (supplementary
material, Figure S2). Taken together, analysis of all the differentially expressed
genes indicates aetiology-dependent differences and activation of specific

transcriptional regulators.
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Dynamics in immune signalling associated with DR

In order to better understand the differences in DR, especially regarding to
inflammatory signals, the genes associated with HCV (n=141) and the genes
associated with PSC (n=189) were compared with each other. Applying STRING
analysis to predict protein-protein interactions indicated an up-regulation of the GO-
network ‘Positive regulation of immune system response” (FDR<0.001) in the HPCs
of HCV, and an up-regulation of “ECM organisation” (FDR<0.001) and “Cytokine
activity” in PSC (supplementary material, Figure S1). Ingenuity Pathway Analysis
showed a similar shift in ‘Diseases and Biological Functions’ in both aetiologies, e.g.
‘cell movement’, ‘inflammatory response’ and ‘growth of connective tissue’
(supplementary material, Figure S3). Although DR in both diseases showed enriched
GO annotations for ‘immune response process’, ‘extracellular space’ and ‘cell
adhesion’, differences were observed in genes associated with these pathways
(Figure 3A). DR in HCV showed an enriched expression of CD5L, CD19, CD22,
HLA-DQAZ2 and the macrophage scavenger receptor MARCO, while PSC-associated
DR had high expression of neutrophil-chemoattractant genes CXCL1, CXCLS6,
CXCL5 and CXCLS8, and cytokines CCL28, INHBA. Moreover, the HPC niche in PSC
displayed in an increase in fibronectin 1 (FN1), LAMCZ2 and collagens (COL1A1,
COL3A1, COL4A1, COL9A2 and COL10A1), while in HCV an increase of invasion-
related markers was observed (e.g. PDGFRA, IGF2) (Figure 3A). Histopathological
analysis showed a 2.6-fold increase of infiltrating CCL28-positive macrophages in

the portal area of PSC-related end-stage cirrhotic liver samples compared to HCV

This article is protected by copyright. All rights reserved.



(p<0.001) (Figure 3B). No epithelial positivity was observed for CCL28. Interestingly,
the infiltrating CCL28-macrophages were more prominent in areas with DR than in
areas with larger bile ducts (supplementary material, Figure S2). In early stage
disease, fibrosis stage FO to F1, a 3.7-fold increase of CCL28-positive cells was
seen in PSC when compared to HCV (p<0.01) (Figure 3B). Immunopositivity for
MARCO was observed in the Kuppfer cells of all liver samples and focally a
membranous positivity was seen in the HPCs. Interestingly, the HPCs in cirrhotic
HCV samples showed a stronger intensity in MARCO expression, a 1.3-fold increase
(p<0.01), when compared to PSC samples (Figure 3C and supplementary material,
Figure S2). Moreover, focal positivity was observed in cholangiocytes of larger bile
ducts in the end-stage HCV cohort (supplementary material, Figure S2). No
significant differences in immunopositivity for MARCO were seen in early-stage liver
diseases. These results demonstrate the aetiology-dependent dynamics of immune

signalling in the HPC niche during chronic liver disease.

Spatial differences in ECM deposition and angiogenesis

Apart from the differences in up-stream regulators and immune signals in the DR,
discrepancies in genes related to ECM deposition were observed. Overall, DR in
PSC showed a strong increase in ECM-associated genes (e.g. COL1A1, COL3A1,
COL9A2, COL10A1, LAMC2, FN1, FNDC1, STMNZ2), while DR in HCV only showed

an increase in COL717A1 and the ECM degrading enzyme ADAMTSS. At the protein
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level, COL17A1 was observed in the cytoplasm of and in the basal membrane
surrounding HPCs in end-stage HCV. Moreover, sinusoidal lining cells and a few
cholangiocytes showed focal positivity for COL17A1 in HCV samples (supplementary
material, Figure S2). Cytoplasmic LAMC2 positivity was mainly seen in HPCs of PSC
samples (Figure 4A). The basal membrane surrounding the bile ducts and ductular
reaction showed a weak positivity for LAMC2 in all the samples (Figure 4A and
supplementary material, Figure S2). In addition, sequential staining showed that the
HPCs in PSC were surrounded by dense FN1 deposition whereas areas of strong
DR in HCV coincide with weak FN1 immunopositivity (Figure 4B). Furthermore, local
differences within the same HCV samples were seen, especially between peri-portal
areas, e.g. areas with DR, and the central portal areas, e.g. areas with bile ducts
(supplementary material, Figures S2 and S4). Areas with DR showed a 1.35 fold
increase (p<0.01) of CD34-positive capillaries in HCV compared to PSC, suggesting
more angiogenesis (Figure 4C and supplementary material, Figure S5). Gene
network analysis of the PSC-associated HPCs linked collagen coding genes with
INHBA, reported to inhibit the growth of endothelial cells, while networks in HCV
clustered around the pro-angiogenic factor IGF2 (supplementary material, Figure S6)
[27, 28]. Immunohistochemistry showed a strong protein expression of IGF2 in the
endothelial cells and the surroundings of the DR in HCV compared to PSC, while
INHBA was strongly positive in the endothelial cells in PSC (Figure 4D and

supplementary material, Figure S2). Collectively these data show spatial and
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phenotypic differences in ECM and endothelial cells in the DR/HPCs of different

chronic liver diseases.

Discussion

Ductular reaction (DR) is believed to be an expansion of the hepatic progenitor cell
(HPC) compartment in an attempt of the liver to restore homeostasis and has been
associated with features of progressive disease, such as portal inflammation and
fibrosis [29]. In this present study we explored differences in DR in samples obtained
from patients diagnosed with HCV or PSC using a high-throughput RNA sequencing
approach. Our data showed that DR in the biliary diseases has a strong interaction
with different extracellular matrix (ECM) markers, while the DR on a background of
chronic hepatocellular damage was characterised by neo-angiogenesis. In part, our
results support the hypothesis that DR is the post-natal equivalent of ductal plate
formation during embryonic liver development [3]. During embryogenesis, interaction
of the hepatoblast with the hepatic stellate cell precursor is crucial for the formation
of intrahepatic bile ducts, while the interaction with the sinusoidal endothelial cell is
pivotal for differentiation towards mature hepatocytes [30, 31]. In vitro formation of
cholangiocyte-like cells also requires a strong interaction with the ECM as shown by
using 3D Matrigel, whereas laminin-332 has been reported to sustain biliary features
through integrin signalling [32, 33]. This study showed that DR in HCV is associated

with intense vascular remodelling at the interface hepatitis which is consistent with
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previous reports [34]. Moreover, our results showed that HCV-associated HPCs and
its surrounding were enriched in metastasis-related markers, such as IGF2, NTS and
PDGFRA [35-37]. The similarity with cancer progression, e.g. invasion into the
parenchyma and angiogenesis, is remarkable. How the HPCs resolve ECM and
induce the formation of new blood vessels in a context of chronic hepatocellular
damage, and whether it is a direct or indirect effect through cross-talk with immune
or endothelial cells, is still unclear. Though this indicates that even in an end-stage
cirrhotic liver disease focal resolution of fibrosis can be found, which opens the

discussion on how terminal the tissue scarring in cirrhotic livers is.

Although very few mature epithelial cell markers were found to be differentially
expressed between the diseases, some transcriptional regulators were already
focally expressed, indicating that the HPCs are at least already primed or pushed
towards a certain cell fate. The hepatic nuclear factor HNF4A, which is essential for
hepatocyte differentiation during mouse embryogenesis and for glycogen
metabolism, was observed in periportal HPCs of HCV samples [38]. In PSC the
HPCs showed a strong nuclear expression of JUN, also known as c-Jun, a proto-
oncogene which has been associated with proliferation and oxidative stress, and has
been reported to induce CXCL5 secretion in alveolar epithelium [39-41].
Interestingly, even the bile ducts showed a degree of plasticity as HNF4A and JUN
were focally observed in cholangiocytes of HCV and PSC respectively, indicating

transdifferentiation (supplementary material, Figure S2).
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In this study, several neutrophil-attractant chemokines (e.g. CXCL5, CXCL8 ) and
oxidative stress-related genes (e.g. VNN1, NFE2L2) were found to be increased in
the HPCs of PSC [42, 43]. Infiltration of neutrophils is classically one of the features
to diagnose PSC and is believed to be a response to oxidative stress. In other
words, c-Jun could be a mediator induced to cope with oxidative stress in PSC and
consequently regulating the transcription of neutrophil-attractant chemokines.
Besides neutrophils, PSC-associated DR/HPCs were characterised by a high
infiltration of CCL28-positive macrophages. The ligand CCL28 has been reported to
play an important role in attracting lymphocytes in biliary diseases [44]. Whereas in
HCV samples, typical portal lymphoid follicles were observed [45]. Moreover, HCV-
associated HPCs showed higher expression of MARCO, a scavenger receptor which
has been implemented in bacterial clearance as part of the innate immune response
[46]. In a mouse model of pulmonary fungal infection, the absence of Marco has
been reported to result in a pro-inflammatory phenotype [47]. In this study,
expression of MARCO was observed in the HPCs and Kupffer cells, and could
reflect an anti-inflammatory state. Why HPCs express the scavenger receptor is not
clear. One possibility is that MARCO expression is the result of a bacterial influx and
hence reflects a hampered gut-liver signalling axis [48]. Overall, our data supports
that HPCs play a crucial role in immune signalling, whether it is pro- or anti-

inflammatory.

In mouse models with chronic extra-hepatic biliary obstruction, the sonic hedgehog

pathway has been reported to protect HPCs from apoptosis [49]. In line with these
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findings, our results showed an increase in SHH expression in the PSC-associated
HPCs, together with elevated expression of the downstream transcription factor
FOXJ1, which has been described to regulate cilia formation during embryogenesis
[50]. Moreover, an increase in epiregulin, a mitogen of HPCs in mouse models of
biliary damage, was observed in the PSC cohort [51]. This highlights the complexity
in intertwined signalling cascades. DR in PSC governs growth factors to stimulate
morphogenesis and protect from cholestasis, whereas DR in HCV suggests invasion
of HPCs into the parenchyma. Notably, in this study we did not find any significant
differences in members of the Notch pathway, a pathway pivotal for cholangiocyte
differentiation [13]. Though there is a trend towards an increase in PSC, the fact that
we isolated the DR/HPCs with the close surroundings rather than single HPCs could

explain the lack of significance.

Although we explored the different signalling pathways in DR/HPCs, our study is
limited due to its focus on end-stage liver disease and its retrospective character.
The hepatocytes in end-stage PSC are often cholestatic, meaning that the
comparison with HPCs should be interpreted with care. Furthermore, many of the
included PSC samples have few to no remaining bile ducts, hence the alternative
name vanishing bile duct disease, which translates in the lack of a proper
comparison with damaged and/or normal cholangiocytes. Future work should focus

on earlier stages of liver disease, not only including DR and damaged
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hepatocytes/cholangiocytes but also do a comparison with the HPC niche under

healthy circumstances.

In conclusion, this present study highlighted aetiology-dependent differences in the
DR/HPCs in chronic liver disease. Understanding how HPCs communicate with their
surroundings might offer new therapeutic possibilities to stimulate liver regeneration
and reduce inflammation, and potentially reduce fibrosis, already at an early stage of

the disease.
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Table 1. Top 40 differentially expressed genes comparing DR/HPCs of HCV to PSC.

Gene Description log2 fold-change P value
IGHG1 immunoglobulin heavy constant gamma 1 (G1m marker) 3.58 211E-11
CYP1A1 cytochrome P450, family 1, subfamily A, polypeptide 1 6.89 2.83E-10
IGKV3D-20 immunoglobulin kappa variable 3D-20 6.56 5.24E-10
CD5L CD5 molecule-like 5.42 7.29E-10
GPR83 G protein-coupled receptor 83 6.02 9.26E-10
RD3L retinal degeneration 3-like 5.81 5.85E-09
IGHV3-43  immunoglobulin heavy variable 3-43 7.20 1.14E-08
IGFBP3 insulin-like growth factor binding protein 3 2.86 1.78E-08
GP2 glycoprotein 2 (zymogen granule membrane) 6.36 3.77E-08
MARCO macrophage receptor with collagenous structure 6.38 4.07E-08
VIPR1 vasoactive intestinal peptide receptor 1 5.54 4.11E-08
IGHG3 immunoglobulin heavy constant gamma 3 (G3m marker) 2.84 7.79E-08
NTS neurotensin 4.25 1.30E-07
RORB RAR-related orphan receptor B 5.55 2.60E-07
IGFBP5 insulin-like growth factor binding protein 5 1.70 3.88E-07
CR2 complement component (3d/Epstein Barr virus) receptor 2 6.61 7.22E-07
IGHGP immunoglobulin heavy constant gamma P (non-functional) 2.04 1.03E-06
MS4A1 membrane-spanning 4-domains, subfamily A, member 1 3.47 1.24E-06
DARC Duffy blood group, chemokine receptor 3.04 1.26E-06
TSPAN32  tetraspanin 32 5.51 1.53E-06
RGS4 regulator of G-protein signaling 4 -3.18 1.08E-11
EREG epiregulin -5.62 7.57E-10
INHBA inhibin, beta A -2.94 1.43E-09
IL8 interleukin 8 -3.92 3.27E-09
RFX4 regulatory factor X, 4 -6.64 3.28E-09
CXCL6 chemokine (C-X-C motif) ligand 6 -2.78 1.22E-08
CCL28 chemokine (C-C motif) ligand 28 -2.93 1.42E-08
ALCAM activated leukocyte cell adhesion molecule -2.03 1.90E-08
CA12 carbonic anhydrase XI| -6.57 3.57E-08
WEE1 WEE1 homolog (S. pombe) -1.88 8.68E-08
DSG2 desmoglein 2 -1.80 1.21E-07
SLC23A1  solute carrier family 23 (nucleobase transporters), member 1 -4.92 1.96E-07
BARX2 BARX homeobox 2 -5.58 2.04E-07
SOX4 SRY (sex determining region Y)-box 4 -2.59 2.15E-07
CLDN1 claudin 1 -1.61 4.88E-07
FOXJ1 forkhead box J1 -5.68 8.05E-07
VTCN1 V-set domain containing T cell activation inhibitor 1 -2.50 8.95E-07
TNFSF11  tumor necrosis factor (ligand) superfamily, member 11 -5.21 9.70E-07
PLOD2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 -1.49 1.02E-06
MMP7 matrix metallopeptidase 7 (matrilysin, uterine) -2.71 1.12E-06
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Figure legends

Figure 1. Isolation of the human ductular reaction (DR) / hepatic progenitor cells
(HPCs) and matching parenchyma. (A) Experimental overview. Human HPCs were
isolated from frozen tissue samples from patients diagnosed with HCV (n=5) and
PSC (n=6) using laser microdissection. Matching hepatocytes were dissected from 3
patient samples per group. (B) Comparison of HPCs with hepatocytes identified
2451 differentially expressed genes in HCV and 1696 in PSC. (C, D) Gene set

enrichment analysis of hepatocytes vs DR/HPCs in HCV (C) and in PSC (D).

Figure 2. Analysis of differentially expressed genes of DR/HPCs in HCV and PSC.
(A) Top 10 gene ontology enrichment of the differentially expressed genes. (B) H&E
staining showing aggregates of lymphocytes typically seen in HCV, while infiltration
of neutrophils is seen in PSC. IHC shows a high expression of NCAM1 in the HPCs
of PSC compared to HCV (n=36). (C) Candidate up-stream regulators. Regulatory
network of HNF4A and JUN/cJun. (D) Immunohistochemical staining for Keratin 19,
HNF4A and JUN in end-stage chronic liver disease (n=36). Arrows indicate DR,

asterisks parenchyma. (Scale bars 100 um)

Figure 3. Dynamics in immune signalling in DR/HPCs. (A) Differently expressed
genes upregulated in HCV (red) or PSC (blue) involved in GO clusters ‘immune
system process’, ‘extracellular space’ and ‘cell adhesion’. (B,C)
Immunohistochemical analysis and quantification for CCL28 (B) and MARCO (C) in
early- (n=20) and end-stage (n=36) liver samples from patients diagnosed with HCV

or PSC. Arrows indicate DR, asterisks Kupffer cells. Data are presented as average
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number of immunopositive cells per three high power fields, standard error of the

mean, Student’s t-test, *p<0.05, **p<0.01. (Scale bars 100 pm)

Figure 4. Differences in extracellular matrix deposition. (A, B) Immunohistochemical
analysis for COL17A1, LAMC2, K19 and FN1 in end-stage HCV or PSC liver
samples (n=36). (C) Chromogenic double staining for K19 and CD34. CD34 positivity
was analysed in areas with DR/HPCs and the entire portal tract. Data are presented
as standard error of the mean, Student’s t-test, *p<0.05, **p<0.01. (D)
Immunohistochemistry for IGF2 and INHBA in end-stage HCV or PSC liver samples.

(E) Graphical abstract. (Scale bars 100 um)

SUPPLEMENTARY MATERIAL ONLINE

Supplementary materials and methods NO

Supplementary figure legends NO because legends are embedded in the

Suppl Figures

Figure S1. Gene Ontology Analysis

Figure S2. Immunohistochemistry for HNF4A, JUN, CCL28, MARCO, COL17A1,

LAMCZ2, FN1, IGF2 and INHBA
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Figure S3. Ingenuity Pathway Analysis

Figure S4. Immunohistochemistry for fibronectin 1 (FN1) and keratin 19 (K19)

Figure S5. Quantification of CD34-positive areas

Figure S6. Ingenuity Pathway Analysis.

Table S1. Clinical data discovery cohort

Table S2. Overlap up-regulated genes between the comparisons DR/hepatocytes in

HCV and DR/hepatocytes in PSC

Table S3. Differentially expressed genes comparing HPCs of HCV to PSC
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