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Graphical Abstract

Lay summary: Cholangiocyte organoids provide a powerful tool for character-
izing bile duct epithelium and expanding cholangiocytes for tissue engineering
purposes. However, organoid initiation typically requires invasive tissue-biopsies
obtained via surgical procedures associatedwith complications. To overcome this
limitation, organoid cultures were initiated from minimal invasive bile-samples
obtained during routine clinical procedures. Characterization revealed that these
bile-cholangiocyte organoids (BCOs) originate from extrahepatic biliary tissue
and are capable of repopulating human extrahepatic bile duct scaffolds. Upon
repopulation of scaffolds in vitro, the cells obtain a transcriptomic profile more
closely resembling primary cholangiocytes. By using bile as novel source for
extrahepatic cholangiocyte organoids, bile duct tissue engineering as well as per-
sonalized disease modelling become feasible.
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The well-established 3D organoid culture method enabled efficient expansion
of cholangiocyte-like cells from intrahepatic (IHBD) and extrahepatic bile duct
(EHBD) tissue biopsies. The extensive expansion capacity of these organoids
enables various applications, from cholangiocyte disease modelling to bile duct
tissue engineering. Recent research demonstrated the feasibility of culturing
cholangiocyte organoids from bile, which was minimal-invasive collected via
endoscopic retrograde pancreaticography (ERCP). However, a detailed analysis
of these bile cholangiocyte organoids (BCOs) and the cellular region of origin
was not yet demonstrated. In this study, we characterize BCOs and mirror them
to the already established organoids initiated from IHBD- and EHBD-tissue.
We demonstrate successful organoid-initiation from extrahepatic bile collected
from gallbladder after resection and by ERCP or percutaneous transhepatic
cholangiopathy from a variety of patients. BCOs initiated from these three
sources of bile all show features similar to in vivo cholangiocytes. The regional-
specific characteristics of the BCOs are reflected by the exclusive expression of
regional common bile duct genes (HOXB2 and HOXB3) by ERCP-derived BCOs
and gallbladder-derived BCOs expressing gallbladder-specific genes. Moreover,
BCOs have limited hepatocyte-fate differentiation potential compared to intra-
hepatic cholangiocyte organoids. These results indicate that organoid-initiating
cells in bile are likely of local (extrahepatic) origin and are not of intrahepatic
origin. Regarding the functionality of organoid initiating cells in bile, we demon-
strate that BCOs efficiently repopulate decellularizedEHBD scaffolds and restore
themonolayer of cholangiocyte-like cells in vitro. Bile samples obtained through
minimally invasive procedures provide a safe and effective alternative source of
cholangiocyte organoids. The shedding of (organoid-initiating) cholangiocytes
in bile provides a convenient source of organoids for regenerative medicine.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 INTRODUCTION

The biliary tree is a complex tubular system representing
the extrahepatic bile duct (EHBD) and the intrahepatic bile
duct (IHBD).1 In addition to the difference in anatomical
location, both these ductal structures originate from dis-
tinct progenitor cells during embryogenic development.2
The IHBD arises from bipotential hepatoblasts, while
the EHBD develops from a shared pancreaticobiliary
progenitor.2,3 Despite the divergent origin, a single layer
of highly specialized epithelial cells, cholangiocytes, are
lining the ducts of the entire biliary tree.1 Cholangiocytes
are responsible for modifying bile composition and form
an important barrier between the cytotoxic bile and
surrounding tissues. Defects in cholangiocytes can result
in severe diseases (cholangiopathies), often developing
into end-stage liver diseases, for which liver transplanta-
tion is the only curative therapy.3 The regional diversity
present in cholangiocytes is also reflected in different
cholangiopathies.4,5 For instance, Alagille syndrome
is only affecting intrahepatic cholangiocytes, in line
with the underlying autosomal mutation that prevents
proper hepatoblast differentiation towards IHBDs. Other
examples are primary sclerosing cholangitis (PSC) and
non-anastomotic bile duct strictures, diseases that are
predominantly affecting the EHBD.4–6 The presence of
regional diversity in the extrahepatic biliary tree was
recently confirmed by Rimland et al., where the authors
showed distinct gene-expression profiles in cholangiocytes
covering different parts of the EHBD.7 In this study, 3D
cholangiocyte organoids were cultured from both IHBD
and EHBD and it is demonstrated that only intrahepatic
cholangiocyte organoids (ICOs) could (partially) differ-
entiate towards hepatocyte-like cells. This result reflects
the embryogenic origin of this type of cholangiocytes.7
Initially, cholangiocyte organoids were initiated from liver
biopsies, and described as liver-derived bipotent stem
cells in vitro.8 However, elaborated studies demonstrate
that mature cholangiocytes, undergoing widespread
(epi)genetic remodelling into a highly proliferative state,
are the organoid-initiating cell type but not adult (biliary)
stem cells. Due to canonical Wingless-related integration
site (WNT)-stimulating culture conditions, cholangio-
cyte organoids start expressing adult stem cell markers/

WNT-target genes (LGR5), which are substantially over-
expressed when compared to in vivo cholangiocytes.9–12
By doing so, cholangiocyte organoids acquire a phenotype
comparable to rapid proliferating cholangiocytes in vivo
(ductal reprogramming).
As ICOs maintain patient-specific characteristics upon

expansion, they provide a powerful tool to study the
biology and pathophysiology of cholangiocytes.8 The
downside of this culture platform is that ICOs are gen-
erally initiated from liver biopsies which are collected
during potentially harmful interventions, or during liver
transplantation. This limits the use of COs in disease mod-
elling and studying disease progression to a limited subset
of patients, that is, patients who undergo liver transplanta-
tion due to end-stage liver disease. To overcome these hur-
dles, an elegant andminimally invasive alternative to initi-
ate patient-specific organoids was shown by Soroka et al.13
Here, the authors expanded bile cholangiocyte organoids
(BCOs) from bile samples collected during routine clinical
procedures via endoscopic retrograde cholangiopancre-
aticography (ERCP).13 However, it is still unclear from
which region in the biliary tree (intra- or extra-hepatic) the
BCO-initiating cells originate from. Furthermore, a recent
study demonstrated that cholangiocyte organoids derived
from human EHBD and cultured in non-canonical WNT-
stimulating conditions could efficiently repopulate colla-
gen scaffolds that were successfully transplanted intomice
as functional EHBDs.14 However, whether this is feasible
with patient-derived COs cultured in canonical WNT-
stimulating conditions obtained from in vivo collected bile
is still unknown.
Therefore, the aim of our study is to further character-

ize the properties of BCOs with a focus on determining the
anatomical origin of BCOs. Moreover, in addition to ERCP
as a source of BCOs, we extent the sources of bile with
collection via percutaneous transhepatic cholangiopathy
drainage (PTCD) and directly from resected gallbladders.
As a proof of principle, we show efficient repopulation of
human bile duct scaffolds using BCOs collected via ERCP
from patients and demonstrate that human EHBD scaffold
can help sustain organoids to form a functional cholan-
giocyte monolayer in vitro. Based upon this evidence, the
feasibility for the use of BCOs in personalized regenerative
medicine is near.
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TABLE 1 Patient and organoid culture characteristics

Culture type
Age patient
(years) Gender Cell source

Donor type or indication
ERCP/surgery

Freezed in
after passage

ECOa 8 13 M GB DBD 5
BCO 1, ICO 1, ECO 1 27 M Liver, EHBD, GB bile DBD 8
BCO 5 33 F ERCP bile Bile leakage 18
BCO 6 46 M ERCP bile PSC 26
ECOa 9 50 M GB Bile stones 5
BCO 3, ICO 3, ECO 3 56 F Liver, EHBD, GB bile Liver explant of a cirrhotic PSC liver 10
ECOa 10 59 M GB DBD 5
BCO 2, ICO 2, ECO 2 59 F Liver, EHBD, GB bile DBD 10
BCO 4, ICO 4, ECO 4 66 F Liver, EHBD, GB bile Liver explant of cirrhotic HCV liver

with HCC
6

BCO 7 68 F ERCP bile Bile stones 18

Abbreviations: AS, anastomotic bile duct stricture; BCO, bile cholangiocyte organoid; DBD, donation after brainstem death; ECO, extrahepatic cholangiocyte
organoids; EHBD, extrahepatic bile duct; ERCP, endoscopic retrograde cholangiopancreaticography; F, female; GB, gallbladder; GB bile, gallbladder bile; HCC,
hepatocellular carcinoma; HCV, hepatitis C virus; ICO, intrahepatic cholangiocyte organoids; M, male; PSC, primary sclerosing cholangitis.
aIndicates that these organoids are cultured using the previously published protocol14 stimulating non-canonical WNT culture conditions.

2 MATERIALS ANDMETHODS

2.1 Bile, brush and tissue collection

Bile samples (1 ml per patient) were obtained in vivo
from patients suffering from biliary diseases (Table 1
and Table S1) and which were undergoing ERCP
(n = 54) or PTCD (n = 3) for regular treatment regi-
mens at the Erasmus MC, Rotterdam, the Netherlands.
An additional brush specimen (n = 2) was collected from
the common bile duct (CBD) via ERCP if the patient
already underwent brush cytology for standard diagnos-
tics. Bile samples collected in vivo were transported at
4˚C and processed within 1 h after collection. All patients
gave written informed consent to use the bile collected
during these procedures for research purposes. This
study was approved by the local Erasmus MC Medical
Ethical Committee and registered under number MEC-
2016-743.
Bile (3 ml) was collected from gallbladders from donor

(n = 6) or explanted livers (n = 8) obtained during liver
transplantation procedures performed at the ErasmusMC,
Rotterdam andwas stored at 4˚C and processedwithin 24 h
after collection. All patients or next of kin gave written
informed consent to use the tissue for research purposes.
This study was approved by the local MEC of the Erasmus
MC under number MEC-2014-060.
Tissue biopsies from liver (circa 0.5–3 cm3, n= 4), extra-

hepatic bile duct (EHBD, circa 0.5–3 cm3, n = 4) and gall-
bladders (n = 3, scraped cells) were obtained from donor
livers (n= 5) or explant livers (n= 2) during liver transplant
procedures performed at the Erasmus MC, Rotterdam, the

Netherlands. For complete methodology, see Supplemen-
tary Materials and Methods.

2.2 Initiation and culture expansion of
organoids

Organoids from liver- and EHBD biopsies were processed,
initiated and expanded as previously published by Rim-
land et al.7 and Huch et al.8 For detailed methodology
and culture conditions, see Supplementary Materials and
Methods and Table S2.
Organoids from bile (BCOs) were initiated according

to an adapted protocol from Soroka et al.13 for culturing
BCOs from bile collected via ERCP. For detailed method-
ology and culture conditions, see Supplementary Mate-
rials and Methods and Table S2. All experiments were
performed with passage five organoids, unless otherwise
stated. When referred to ECO-cultures in experiments,
these cultures resemble canonical WNT-stimulated ECOs
(tissue obtained according to Rimland et al. and cultured
in theHuch et al. conditions, Table S2),7,8 unless otherwise
stated.

2.3 Flow cytometry

Flow cytometry analysis was performed to evaluate the
presence and frequency of EPCAM+ cells in the collected
bile samples from ERCP patients. Bile cells were stained
with antibodies against human CD326 (EpCAM) (Biole-
gend 324203; mousemonoclonal – FITC conjugated, 1:100)
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according to the manufacturer’s instructions. Flow cytom-
etry analysis was performed using a Canto flow cytometer
(BD Biosciences) and cell populations were analysed using
Flowjo (version v10.6.1, BD).

2.4 RNA extraction, cDNA synthesis
and RT-qPCR

Total RNA was collected after removal of the culture
medium by adding 700 μl of QIAzol lysis reagent (Qiagen)
to a 24 well containing organoids (two 25 μl basement
membrane extract -BME-/matrigel domes). RNA was
isolated using the miRNeasy kit (Qiagen) according to the
manufacturer’s protocol15 and the concentration was mea-
sured using a NANOdrop 2000 (ThermoFisher). cDNA
from 500 ng RNA was prepared using 5x PrimeScript RT
Master Mix in a 2720 thermal cycler (Applied Biosystems).
RT-qPCR was performed with the primer sets provided
in Table S3. RT-qPCR data are presented as mean with a
95% confidence interval or as standard error of the mean.
RT-qPCR values are relative to the housekeeping gene
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
or Hypoxanthine-guanine-fosforibosyl-transferase
(HPRT).

2.5 Immunofluorescence staining

To evaluate protein expression of the organoids,
immunofluorescence (IF) was performed with selected
antibodies for cytokeratin (KRT)-7, KRT-19, SRY box
(SOX)9, Albumin, mucin-1 (MUC-1), secretin receptor
(SCTR) and cystic fibrosis transmembrane conductance
regulator (CFTR) (complete list of antibodies and dilutions
used is displayed in Table S4), as previously described
for ICOs.8 For detailed methodology, see Supplementary
Materials and Methods.

2.6 Ussing chamber assay

COs cultured from tissue and bile were seeded on a tran-
swell culture plate (24 well plate 6.5 mm, Corning) to grow
COs in a 2D fashion. Upon forming a confluentmonolayer,
transwells were placed in an Ussing chamber (Physiologic
Instruments, San Diego, CA, USA) set up to analyse
functional cholangiocyte-specific transporter channels
(CFTR and Ca2+-activated Cl– channel) using Acquire
& Analyze Software 2.3 (Physiologic Instruments). For
detailed methodology, see Supplementary Materials and
Methods.

2.7 Glutamyltransferase assay

Supernatant (10 μl) of BCOs (n = 3) and, as a positive
control, of ECOs cultured in non-canonical WNT condi-
tions (n= 3), was collected. These specific ECOs were cho-
sen since they were shown to excrete the same amount of
ϒ-glutamyltransferase (GGT) as primary cholangiocytes.14
GGT activity was determined using a colorimetric assay
kit (MAK089; Sigma-Aldrich), performed according to the
manufacturer’s protocol.

2.8 Rhodamine-123 transport
functionality

Functionality of the multidrug resistance (MDR)-1 trans-
porter was assessed using the Rhodamine-123 assay.16
Specificity was determined by blockingMDR-1 transporter
with Verapamil (10 μM, Sigma Aldrich) for 30 min at
37˚C prior to Rhodamine-123 incubation (100 μM, Sigma
Aldrich). Subsequent confocal images were acquired using
a Leica SP5 confocal microscope (LEICA) equipped with a
488 nm laser and a 20x zoom dipping lens.

2.9 Cell proliferation assessment

Cell proliferation characteristics of BCOs, ICOs and
ECOs were measured by PrestoBlue Metabolic Assay
(Life Technologies) and 5-Ethynyl-2′-deoxyuridine (EdU)-
incorporation (ThermoFisher). For detailed methodology
and gating strategy, see Supplementary Materials and
Methods and Figure S3A and B.

2.10 RNA sequencing data obtaining
and analysis

RNA was isolated from three biological replicates from
different types of organoids (ERCP bile, GB bile, ICO
and ECO). Five hundred nanograms of total RNA was
used for library construction using KAPA RNA Hyper
+ RiboErase HMR kit (Roche 08098140702). RNA-
sequencing (RNAseq) libraries were sequenced paired-
end (2×38bp) on Illumina NextSeq 500 platform. After
sequencing, the qualities of the reads were checked using
fastqc. An average of 20 million paired-end reads were
aligned to human genome (hg38) using STAR17 (2.7.0f)
with default settings. BAM files were sorted and indexed
using SAMtools18 (1.7). The number of mapped fragments
was quantified at gene level using featurecount19 (1.6.4)
with the following parameters, -p -g gene_name, based
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on Gencode annotation (v30). The R package DESeq220
(1.22.2 on R 3.5.1) was used for differential gene expression
analysis and generating principal component analysis
(PCA) and heatmap plots. Genes with less than two frag-
ments were removed from the differential gene expression
analysis. All the differentially expressed genes are deter-
mined according to adj-p<0.05. Vst normalized counts
were generated using vst function from DESeq2, and
transformed to Z-scores. Pheatmap package was used to
generate heatmap plots using either vst normalized counts
or Z-scores as input. Pathway analyses were performed
by Enrichr web tool21 using the significantly differentially
expressed genes as input with default settings. RNAseq
data from gallbladder- and CBD tissue as published by
Rimland et al.7 was used as a reference gene set for
cholangiocytes and RNAseq data from 2D cultured pri-
mary hepatocytes was obtained from Schneeberger et al.22
as a reference gene set for hepatocyte gene-expression. For
comparing the transcriptome between the ERCP-BCOs
cultured in 3D (hydrogel) and ERCP-BCOs that were cul-
tured on scaffolds, RNA samples were isolated from three
biological replicates. The library construction was done as
mentioned before, and the libraries were sequenced pair-
end (2×42bp). The analysis was performed using the same
strategy as mentioned before, but using the tools with dif-
ferent versions (STAR version = 2.7.6a, SAMtools version
= 1.7, featureCounts version = 2.0.1, R version = 3.6.1 and
DEseq2 version = 1.26.0). In particular, before generating
the count table, subsampling was applied to have the sam-
ples with comparable sequencing depths using SAMtools.
Differentially expressed genes are determined based on
adj-p<0.05 and |log2(Fold change) | > 1. The R package
fgsea23 (1.12.0) was used for gene set enrichment analysis
(GSEA). Genes upregulated in either 3D (hydrogel, BME)
or scaffold culture system were used as input, and then
compared to the differentially gene set published by Rim-
land et al.7 (tissue vs. organoid of CBD). Cell cycle-related
genes (involved in G2M and S phases) from R package
Seurat (3.2.3)24 were used for the heatmap. RNAseq data
from this study was disposed to the GEO dataset (number:
GSE156519).

2.11 Upregulation of hepatocyte-related
genes

BCOs, ICOs and ECOs (from the same patient, n = 3 indi-
vidual patients) were differentiated towards hepatocyte-
faith. The hepatocyte differentiation protocol used was
adapted from Huch et al.8 with slight modifications
(Clevers et al. patent: WO2017149025A1).25 For detailed
methodology, see Supplementary Materials and Methods.

2.12 Repopulation of EHBD scaffolds

Decellularized human EHBD scaffolds were reseededwith
BCOs. For this, EHBD tissue (n = 3, length: 4 cm)
was obtained from research livers that were deemed
unsuitable for transplantation. EHBD scaffolds were cre-
ated according to the previously published protocol by
Willemse et al.26 using a Triton-X-100-based decellulariza-
tion method. EHBD scaffolds were reseeded with single-
cells derived from ERCP-BCOs (passage 5–9) and cultured
for 21 days. For detailed methodology, see Supplementary
Materials and Methods.

2.13 Statistical analyses

All statistical analyses were conducted using SPSS (soft-
ware version 21, SSPS Inc, Chicago, IL, USA). Qualitative
data were analysed with the χ2 or Fisher exacts tests and
were presented with numbers and percentages. Continu-
ous variables were tested using an independent T-test or
Mann–Whitney-U test and presented with normal distri-
bution as means with standard deviation and if not nor-
mally distributed, they are presented as range. In all tests,
a p value of <0.05 is considered significant.

3 RESULTS

3.1 Human bile harbours
organoid-initiating cells

Human bile was collected using the ERCP or PTCD pro-
cedure or from gallbladders after resection (Figure 1A,
B). After obtaining and washing the cell fraction from
bile, organoid cultures were initiated. Furthermore, cells
obtained by CBD brushes were included and cultured as
organoids.
BCOs could be initiated from healthy individuals as

well as from a variety of patients with different underly-
ing biliary diseases (Table 1 and Table S1), although with
mixed success rates between sources. Upon initial issues
with bacterial infections, vancomycinwas added to the cul-
ture medium to prevent the loss of cultures without losing
viable cells (Figure S1). In addition, to prevent fungal infec-
tions, which were frequently observed in patients suffer-
ing from PSC or cholangiocarcinoma (CCA), BCO cultures
of these patients were supplemented with 1% antibiotic-
antimycotic instead of vancomycin for the first 3 days, as
previously published.13 As shown in Figure 1C, after addi-
tion of treatment for micro-organisms, organoid-initiation
was successful in 78% (42/54) of bile samples from ERCP.
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F IGURE 1 Culture of bile cholangiocyte organoids. (A) Schematic overview of initiation of bile cholangiocyte organoids (BCOs) from
different sources of bile and from endoscopic retrograde cholangiopancreatography (ERCP)-brushes of the common bile duct (CBD). (B)
Representative organoid cultures from ERCP-brushes and ERCP-derived bile at different passages. Passage 0 (48 h after culture initiation), P1
(picture taken 72 h after passage 1) and P5 (picture taken 120 h after passage 5) (p), scale bars indicate 1000 μm. (C) Successful culture
percentage from different sources of bile and CBD brushes. (D) Flow cytometry analysis of cells within ERCP-derived bile (n = 3) revealed
that a mean 44.3%±19.7 is of biliary (EpCAM+) origin
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The success rate for brushes was 100% (2/2) and for bile
samples fromPTCD67% (2/3). Organoids collected from ex
vivo bile (resected gallbladders, >12 h after surgery) could
be cultured with a lower 33% (2/6) success rate. This is
possibly due to the longer storage time of the bile as com-
pared to the rapidly processed ERCP and PTCD bile (cul-
tured within 1 h after collection). Indeed, gallbladder bile
processed within 12 h after resection had a 75% (6/8) suc-
cess rate of BCO initiation (Figure 1C) and ERCP-derived
bile stored for 4 h before processing yielded no viable
organoids (Figure S2). Furthermore, we could not find any
difference in successful culture percentages between dif-
ferent underlying (biliary) conditions or between cultures
derived from livers transplanted after brain death or circu-
latory death donation. As shown in Figure 1B, organoids
from bile and brushes have a cystic morphology, similar
to previous publications of organoids cultured from IHBD
or EHBD tissue.7,8 BCOs could be passaged long-term
(>passage 15,>5months) and could be viably frozen at dif-
ferent time points (Table 1). Previous research showed for
ICOs that the organoid-initiating cells are EpCAM+ cells
and likely a subset of cholangiocytes.8 As shown in Fig-
ure 1D, approximately 50% (mean 44.27% ±19.74, n = 3) of
the cells present within bile are EpCAM+. These EpCAM+

cells in bile are the likely organoid-initiating cells; how-
ever, direct evidence is still lacking. Direct cells sorting of
EpCAM+ or EpCAM– cells from bile using flow cytome-
try failed to yield viable cells for organoid-initiation, thus
indicating that likely due to cell stress-related difficulties,
we are unable to grow organoids from EpCAM+ cells from
bile (Figure S2C). In summary, human bile samples are an
effective source for cholangiocyte organoids.

3.2 Bile cholangiocyte organoids
resemble functional cholangiocyte-like
cells in vitro

All bile-cholangiocyte cultures from either ERCP (n = 3)
or gallbladder (n = 3) were analysed on gene-expression
by RT-qPCR and normalized read counts from RNA-
seq data of BCOs compared to open access data from
primary cholangiocytes and hepatocytes.7,22 Overall, it
is clear that the BCOs follow the transcriptomic pro-
file of cholangiocytes and have limited expression of
classical hepatocyte markers compared to primary hep-
atocytes (Figure S4A–C). Typical biliary markers, such
as KRT7, KRT19, sodium-depended bile acid transporter
(ASBT, also known as SLC10A2), SOX9, CFTR, hepato-
cyte nuclear factor (HNF)-1β and Trefoil factor (TFF)1
and TFF2, were detected (Figure 2A and S4A). Interest-
ingly, ERCP-derived BCOs (bile collected from the CBD)
expressed TFF2 at somewhat higher levels when anal-

ysed by RNA-seq, while gallbladder-derived BCOs did
not, but showed more expression of SOX17 (Figure 2A
and S4A and B). These results are in line with a recent
publication demonstrating the local differences between
cholangiocytes.27 Gallbladder-BCOs had a high expres-
sion of Albumin (2/3 samples) and a low expression of
CYP3A4, while ERCP-derived BCOs show the opposite
expression profiles (Figure 2A and S4C). Although this
high expression of Albumin in GB-BCOs could not be con-
firmed by RNA-seq analysis and did not reach statistical
significance, a difference between ERCP- andGB-obtained
BCOs still seems to be present (Figure S4C). In addi-
tion, ERCP-BCOs showed higher expression of the api-
cal SLC10A2-transporter and the luminal SLC12A2––also
known as NKCC1-receptor when compared to GB-BCOs
(Figure 2A and S4A). Additionally, both BCOs express
the WNT-target gene leucine-rich-repeat-containing-G-
protein-coupled receptor (LGR)5 (Figure 2A and S4A)
known to be higher expressed in cholangiocyte organoids
compared to primary cholangiocytes (Figure S4C).9,11
Overall, it is clear that BCOs not fully represent mature
cholangiocytes, which is reflected in less expression of
functional markers AQP1, GGT and CFTR (Figure S4A),
similar to previous results.7 IF revealed protein expression
of KRT-7, KRT-19, CFTR, MUC-1, SCTR and SOX9 (Fig-
ure 2B and S4D), but the absence of ALB (Figure S4E) in
BCOs. In addition, the functionality of BCOs was assessed
by determiningGGTactivity,multidrug resistance protein-
1 (MDR1) activity and ion channel activity. Figure 2C
demonstrates that GGT expression levels of BCOs were
similar to those found in ECOs cultured in non-canonical
WNT-stimulating conditions (mean 9.01±SD0.2 vs. mean
8.60±SD0.13, p = 0.1). Previous published data showed
that these specific ECOs have a similar GGT expression
level when compared to primary cholangiocytes,14 provid-
ing indirect evidence that GGT levels produced by BCOs
might be similar to cholangiocytes. MDR1 activity was
assessed by the ability to transfer Rhodamine-123 into the
lumen of the organoids. Upon incubation, Rhodamine-123
was transported into the organoid lumen (Figure 2D). By
blocking the MDR1 channel with MDR1 antagonist vera-
pamil, this luminal accumulation was prevented, confirm-
ing the functional MDR1 transporter channel activity in
BCOs. The presence of functional cholangiocyte-specific
ion channels in BCOs was analysed on organoids grown
on a 2D-monolayer, using an Ussing chamber setup. Incu-
bation with forskolin (cAMP-activator) caused an increase
in short circuit current (Isc), which could be inhibited by
GlyH-101 (CFTR-inhibitor). It is important to state that
prior to forskolin stimulation, forskolin was still present
in the culture medium. Therefore, upon addition, Isc
responses (sometimes) can be limited; however, the spe-
cific inhibition by GlyH-101 undoubtedly demonstrated
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F IGURE 2 Bile cholangiocyte organoids represent functional cholangiocyte-like cells in vitro. (A) Expression of typical cholangiocyte,
hepatocyte and stemness/WNT-target associated genes relative to GAPDH (presented as 2–dct method) analysed using RT-qPCR in BCOs
(n = 6, BCO1-3 and BCO5-7). Mature cholangiocyte markers (KRT7, KRT19, TFF1 and TFF2) were expressed relatively high compared to the
expression of hepatocyte and stemness/WNT-target genes. (B) Protein expression by immunofluorescence of the cholangiocyte markers:
KRT-19, KRT-7, MUC-1 and SOX9 (red) and nuclei (DAPI, blue) on BCOs (n = 3, BCO1, 5 and 7), scale bars indicate 100 μm except for SOX9,
where it indicates 200 μm. Images displayed are from BCO 5 and 7. (C) Gamma-glutamyltransferase activity of BCO supernatant as measured
by fluorescence is similar between BCOs (n = 3, BCO5-7) and ECOs (ECO8-10, n = 3) grown in non-canonical WNT-stimulating conditions.14

(D) BCOs (n = 3, BCO1, 5 and 7) have clear MDR-1 activity as Rhodamine 123 was actively transported out of the cells into the lumen of the
organoid. Specificity was confirmed by inhibition with Verapamil, scale bars indicate 100 μm. (E) Representative ion-channel functionality of
2D-grown BCOs (n = 4, BCO1-3 and 5) in an Ussing chamber. Stimulation with cAMP-activator forskolin (both sides) resulted in an increase
in short circuit current. This was completely blocked by cystic fibrosis transmembrane conductance regulator (CFTR)-inhibitor, GlyH-101,
demonstrating specific CFTR-mediated activity. It also shows calcium-dependent chloride excretion ion-channel activity, specifically
stimulated by UTP and inhibited by T16Ainh-A01, indicating anoctamin-1 activity. *Indicates a significant difference (p<0.05)
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the presence of functional CFTR-receptors. Incubation
with uridine 5’-triphosphate (UTP) resulted in an increase
in Ca2+-dependent channel activation (via purinergic R),
which could be inhibited by T16Ainh-A01 (Figure 2E).
These results indicate the presence of functional cholan-
giocyte ion-channels CFTR and Anoctamin-1 (ANO1). All
together, these results indicate that BCOsmaintain several
functional characteristics of cholangiocytes in vitro, but do
not represent a fully mature cholangiocyte.

3.3 Bile cholangiocyte organoids show
similar characteristics as ECOs and ICOs

To investigate how BCOs relate to previously published
cholangiocyte organoids derived from tissue,7,8 paired
organoid cultures were initiated from EHBD and IHBD
tissues (ECOs and ICOs, respectively)28 and from bile
obtained from the gallbladder all from the same patients
(n = 3, Figure 3A). Morphologically, no obvious differ-
ences were observed between the three paired organoid
types.7,8 The metabolic activity of the three organoid types
was analysed using PrestoBlue assay. The increase in
metabolic activity over time in BCOs was similar to ECOs
(fold change 2.18±SD0.73 vs. 2.08±SD0.82, day 4 activity,
relative to day 1) and both had a higher fold change
compared to ICOs (fold change 1.47±SD0.32, Figure 3B),
although this did not reach statistical significance (p= 0.1).
We hypothesized that this was caused by lower numbers of
proliferating cells in ICOs. However, since the Prestoblue
assay only measures broad metabolic activity and not
proliferation in particular, we could not rule out that other
cellular processes contributed to this difference. Therefore,
we quantified the percentage of proliferating cells by flow
cytometry analysis of EdU incorporation. As shown in Fig-
ure 3C, the EdU-positive cell subset was similar between
BCOs and ECOs (15.17%±SD3.38 vs. 15.53%±SD4.18, p =
0.91, Figure 3C), while both had a higher positive subset
compared to ICOs (mean 9.1%±SD2.21, p= 0.03), confirm-
ing our hypothesis. As shown in Figure 3D, ion-channel
functionality of ICOs and ECOs compared to BCOs was
assessed. Both ICOs, ECOs and BCOs from the same
patients showed similar responses to forskolin and UTP
stimulation. When all three organoid pairs were quanti-
fied, no significant differences could be found in CFTR-
or ANO-1 ion-channel activity between ICOs, ECOs and
BCOs (Figure 3E). These results indicate that the activity
of cholangiocyte ion-channels CFTR and ANO-1 is com-
parable between these three organoid types. To identify
possible differences between ICOs, ECOs or BCOs, we
performed genome-wide gene expression analyses using
bulk RNA-seq. In Figure 3F, a PCA plot calculated using
the top 500 variable genes is shown. Even for the most

variable genes, all samples displayed no clear differences
to one another and only the BCO samples seem to cluster.
When looking at transcriptomic correlation between these
samples using heatmap-clustering for all genes tested (Fig-
ure 3G), we do not observe any specific clusters for either
source or donor. This indicates that culture conditions, in
which (non-malignant) cholangiocytes are expanded as
organoids, are mainly driving the general transcriptomic
profile but not the source of the organoids or underlying
diseases.

3.4 Organoid-specific and regional gene
profiles indicate BCOs are of local
(extrahepatic) origin

One of the major questions considering bile organoids is
whether they originate from an intrahepatic location or
cholangiocytes of the EHBDs. To investigate this, we com-
pared the transcriptomes of BCOs, both ERCP and gall-
bladder derived, to ICOs and ECOs. As displayed in Figure
S5A and B, PCA of top 500 most variable genes between
ERCP-BCOs and gallbladder BCOs does not result in spe-
cific clustering of either type of BCOs towards either ICOs
or ECOs. Thus, further analysis was performed focusing
on differently expressed (DE) genes between ICOs and
ECOs. These ICO- and ECO-unique gene sets are shown
in Figure 4A. As shown in Figure 4A and Figure S5C and
D, two out of three ICOs had a unique expression profile
compared to BCOs and ECOs. One ICO-line (ICO3) did
had absence of ECO-specific genes, but did not show the
unique ICO-regional gene-expression (Figure 4A and S5E)
that are mostly absent in BCOs from both sources as well
(Figure S5E, F), indicating similarities between ECOs and
BCOs. Next, we looked at regional gene-expression profiles
that are preserved in cholangiocyte organoids of different
parts of the biliary tree tissue as was previously published.7
These genes were also specifically analysed in BCOs
derived from ERCP and gallbladders. As shown in Fig-
ure 4B and C, the typical CBD regional genes HOXB2 and
HOXB37 are highly expressed in ECOs and ERCP-BCOs,
but significantly lower in ICOs and GB-derived BCOs (Fig-
ure 4D). Interestingly, in GB-derived BCOs, expression of
regional-preserved gallbladder-specific genes7 was more
pronounced compared to all other sources of organoids
(Figure 4E). Finally, we investigated the transcriptomic
difference between ERCP-derived and GB-derived BCOs.
With this analysis, we could identify 279DE genes (Supple-
mentary data file 2), indicating that different sources of bile
organoids have unique expression profiles and enriched
pathways (Figure S6). Overall, these gene-expression anal-
yses of organoids from different sources indicate that they
are highly comparable, but BCOs resemble ECOs more
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F IGURE 3 Paired analysis of ICOs, ECOs and BCOs from same donors reveals global similarity and specific differences in cell
proliferation. (A) Schematic layout of culture of BCOs, ICOs and ECOs from the same three donors (all experiments performed with donors
1–3). (B) Metabolic activity in the three organoid types as measured by PrestoBlue at day 4 did not increase when compared to day 1 after
passaging. (C) Cell proliferation as measured by EdU incorporation. Both BCOs and ECOs have a higher number of EdU-positive cells
compared to ICOs (15.17%±SD3.38 vs. 15.53%±SD4.18 vs. 9.1%±SD2.21, p = 0.03). (D) Representative ion-channel functionality of 2D-grown
ECOs (top line) and ICOs (bottom line) in an Ussing chamber. Stimulation with cAMP-activator, forskolin (addition to both sides), resulted in
an increase in short circuit current. This was completely blocked by CFTR-inhibitor, GlyH-101, in addition to the luminal side demonstrating
CFTR-mediated activity. Also, the calcium-dependent chloride excretion ion-channel activity (anoctamin-1) could be specifically stimulated
by UTP. (E) Quantification of the Ussing chamber data showed that both CFTR-activity (as defined by inhibition of the CFTR
channel-activity) and anoctamin-1-activity (as defined by UTP stimulation) were similar between cholangiocyte organoids from all three
sources. (F) Principal component analysis (PCA), based on top 500 most variable genes determined by RNA-seq of organoids from all three
sources (n = 3), showed no clear clustering based upon donor; however, the BCO samples do seem to cluster. (G) Heatmap-clustering showing
sample-to-sample distances on the same samples as used in the PCA plot. Scale bar represents the distance between samples. The lower the
distance is, the more correlated the samples are. This shows no clear clustering on either source or donor
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F IGURE 4 Regional-specific gene-expression suggests that BCOs are of local extrahepatic originate. (A) Heatmap of the differentially
expressed (DE) genes between ICOs and ECOs (n = 3, for detail of genes, Supplementary data file 2), on all organoid samples, showing that
ECOs and BCOs cluster more closely. Moreover, BCOs lack the typical ICO-specific, but do express the ECO-specific genes. (B) Heatmap of
regional-specific genes preserved in cholangiocyte organoids derived from the common bile duct and gallbladder.7 We confirm that ICOs lack
expression of HOXB2 and HOXB3 as reported.7 Both ECOs and ERCP-derived BCOs express common bile duct genes. Moreover, it was clearly
shown that in two (GB bile 1 and 2) out of three samples derived from gallbladder bile, expression of gallbladder tissue–related genes was
upregulated compared to other organoids. (C) Heatmap showing Z-score of the same gene set from B on BCOs from ERCP-bile and
gallbladder-bile showing the expression of either CBD-specific or gallbladder tissue-specific genes, demonstrating regional diversity between
BCO sources. (D) Normalized read counts for BCOs (from either GB bile or ERCP), ICOs and ECOs for common bile duct-specific markers
HOXB2 and HOXB3 show higher expression in ECOs (for HOXB3) and ERCP (HOXB2)-derived samples compared to ICOs. (E) Normalized
read counts for BCOs (from either GB bile or ERCP), ICOs and ECOs for 12 GB tissue-specific genes. Significantly higher expression of 5 of the
12 GB genes was observed in GB-BCOs as compared to ERCP-BCOs or ICOs and ECOs. Error bars represent the SEM from three biological
replicates. p-values displayed are calculated via t-test and corrected for multiple testing. All experiments in Figure 4 are performed with
donors 1–3 and 5–7



12 of 18 ROOS et al.

F IGURE 5 BCOs, similar to ECOs, lack the ability to acquire hepatocyte-like properties. (A) Schematic overview and pictures of
cholangiocyte-organoids from gallbladder-derived BCO, ICOs or ECOs (all experiments in Figure 5 are at least performed in three biological
replicates with donors 1–4) grown in either in expansion medium containing canonical-WNT stimulatory factors (left) or after 14 days in
hepatic medium (HM, right). Scale bar indicates 2 mm. (B) Gene-expression by RT-qPCR for the hepatocyte-related genes (Albumin, HNF4α,
CYP3A4 and Α1AT) in organoids cultured in HM (n = 2). As indicated, only ICOs could upregulate all four hepatocyte-related genes in
individual donors, whereas BCOs and ECOs do not. (C) Gene-expression by RT-qPCR relative to the housekeeper gene HPRT1 for
stemness/WNT-target markers (LGR5 and CD133) from all three sources (n = 2) showing the downregulation of stemness/WNT-target
markers for ICOs in HM compared to paired samples in expansion medium

closely when looked at regional-specific genes. Moreover,
different regions of the EHBD are partially preserved in
organoids cultured from bile obtained from these regions,
showing a high indication that the (majority of) organoid
initiating cells come from locally obtained cells; however,
some contamination from IHBD cells cannot be excluded.

3.5 BCOs and ECOs both lack potential
to acquire hepatocyte-related properties

Previous studies showed that ICOs but not ECOs have
the potential to upregulate hepatocyte-specific genes
in ‘Hepatic medium (HM)’ conditions (Figure 5A).7,28
Since the gene-expression profiling results indicate that
BCOs more closely resemble ECOs, we investigate their
ability to acquire hepatocyte-like potential under these
conditions.7,8,28,29 To account for inter-donor variation, we
initiated BCOs, ICOs and ECOs from tissue and bile col-
lected from the same patients (n= 4). In line with previous
studies,7,27 big differences in the ability of ICOs to upregu-
late hepatocyte-related markers, Albumin and CYP3A4, in

HM conditions were observed between donors. Only two
of the four ICO-lines showed a clear upregulation of these
hepatocyte markers (Figure 5B). For the analysis of differ-
entiation of BCOs and ECOs, only the good differentiat-
ing donors were included. As shown in Figure 5B, only
ICOs and not BCOs or ECOs could upregulate all four hep-
atocyte markers (Albumin, CYP3A4, HNF4α and Α1AT) in
individual donors when cultured in HM condition. Also,
downregulation of stem cell/WNT-target genes LGR5 and
CD133wasmost profound in ICOs compared to BCOs (Fig-
ure 5C). Only one BCO-line showed 33-times upregulation
ofAlbumin in HM conditions compared to the 120-times in
ICOs from the same donor and ismaybe due to contamina-
tion of intrahepatic cholangiocytes in this BCO line. When
cultured under cholangiocyte-maturation conditions, all
organoids from all sources behaved similar (Figure S7).
Overall, our results indicate that none of the ECOs could
potentially acquire hepatocytes-like properties, which is in
line with previous results.7,27 Moreover, we demonstrate
that BCOs have little to no ability to upregulate hepatocyte-
markers aswell, confirming that the (bulk of) organoid ini-
tiating cells for BCOs aremost likely of extrahepatic origin.
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3.6 BCOs can pave bile ducts scaffolds
and acquire tissue-like cholangiocytes
properties in vitro

Sincemost likely BCOs are of extrahepatic origin,we inves-
tigated if they could repopulate EHBD scaffold. In Fig-
ure 6A, a schematic overview of the experiment is pre-
sented. The absence of cells in the EHBD scaffolds after
decellularization was confirmed using hematoxylin and
eosin (H&E) (Figure 6B, left panel). Repopulation of the
EHBD scaffolds with ERCP-derived BCOs resulted in full
coverage of the luminal side of the scaffold surface by
a confluent monolayer of cholangiocyte-like cells after
21 days (Figure 6B, right panel). Cells showed columnar
morphology with nuclei on the basolateral side of the
cells, while cytoplasm was more prominent at the lumi-
nal side, consistent to the histology of bile ducts in vivo
(Figure 6B, right panel).30 Cross-sectional imaging of IF
staining showed the presence ofmature cholangiocyte pro-
teins KRT-7, KRT-19, CFTR and SCTR (Figure 6C and
S8A). No upregulation of Albumin protein expression was
observed (Figure S8A). Whole mount confocal imaging of
reseeded EHBDs shows nearly complete paving of the bile
duct lining by BCO cells. Furthermore, the ostia located
in large bile ducts (peribiliary glands) were repopulated by
the cells. All cells stained positive for F-actin (stained by
Phalloidin) andmost cells expressed cholangiocytemarker
KRT-7 (Figure 6D and S8B, Video S1) and KRT-19 (Fig-
ure 6E and Video S2).
To gain more insight in cholangiocyte-like phenotype

of the BCO cultured as a monolayer on a human EHBD
scaffold, bulk RNA-seq was performed to look at global
gene expression profiles and to compare to those of BCOs
cultured in a normal BME hydrogel. As shown in Fig-
ure 6F, PCA demonstrates that gene-expression profiles
of BCO cells grown on scaffolds or in a hydrogel display
clear differences. Similar differences were also seen using
heatmap analyses (Figure S8C). Importantly, 54% of vari-
ance in gene expression (PC1) was related to the substrate
(scaffold vs. hydrogel), whereas 23% of variance (PC2) was
related to the organoid donor (Figure 6F). Overall, when
looking in depth at specific cholangiocyte, hepatocyte- and
cell cycle-related genes, it is clear that there is no upreg-
ulation of hepatocyte-related genes (Figure S8E, F), but
a significant downregulation of KRT19 upon repopulation
of the scaffolds was observed (Figure S8E, F). This is in
line with a previous study and our own data of (Figure
S4A) that shows that KRT19 expression in cholangiocyte
organoids is higher compared to primary cholangiocytes
(Figure S4A).11 In addition, the WNT-target gene LGR5
and cell cycle-related genes are severely downregulated in
BCOs cultured upon scaffolds (Figure S8D–F), likely as the
result of formation of a confluent monolayer and matu-

ration of the cells due to the local environment. Finally,
we performed GSEA of BCOs cultured on bile duct scaf-
folds (Figure 6G, top panel) and in a hydrogel (Figure 6G,
bottom panel) comparing the DE genes between primary
cholangiocytes and organoids from the CBD that were
described by Rimland et al.7 It is clear that the unique
gene-expression profile of the repopulated scaffolds shows
a significant similarity to that of cholangiocytes from the
CBD (p = 0.003), while the BCOs cultured in a hydro-
gel seem to overlap with organoids cultured from the
CBD. Collectively, these results provide evidence that cells
obtained from bile, and that are expanded as organoids,
can efficiently repopulate human bile duct scaffolds with-
out deviation from the biliary lineage and as such obtain
gene-expression profiles more closely resembling primary
cholangiocytes in situ.

4 DISCUSSION

In this study, we demonstrate that cholangiocyte organoids
can be readily cultured from bile and brushes collected
in and ex vivo. Organoids were cultured from patients
and healthy donors, and could be expanded long-term
(>25 weeks, >15 passages) without losing their morpho-
logical characteristics using canonical WNT-stimulating
conditions. These BCOs closely resemble ECOs in their
gene- and protein expression patterns, functionality and
inability to differentiate towards hepatocytes. Further-
more, we show that BCOs are capable of repairing dam-
aged human EHBD scaffolds. These findings highlight the
potential of BCOs as a patient-specific minimally inva-
sive cell source for tissue engineering and regenerative
medicine applications.
Progress in understanding the pathophysiology and

discovering new therapies for biliary diseases has been
limited by the lack of functional cholangiocyte-like cells in
vitro. Cholangiocyte organoids, as first described by Huch
et al.,8,31 have the potential to overcome this problem. Since
bile is shown to be a source for cholangiocyte organoids,13
it becomes feasible to collect patient samples in a min-
imally invasive manner during their routine clinical
procedures rather than depending on invasive trough-cut
biopsies. Thus, BCOs extend organoid-initiation beyond
patients who receive a liver transplantation or undergo a
risky liver biopsy procedure, to patients with rare diseases
and following them over time.When cultured in canonical
WNT-stimulating conditions, BCOs show a higher prolif-
eration rate compared to ICOs, making them potentially
more suitable for use in large-scale experiments. Hence,
BCOs provide an attractive model to study cholangiocyte
biology and (rare) cholangiopathies. Results from our
study indicate that organoids obtained from bile (for the
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F IGURE 6 BCOs can pave human extrahepatic bile ducts scaffolds as cholangiocyte-like cells in vitro. (A) Schematic overview of the
experiment. Extrahepatic bile ducts (EHBDs) were removed from their cholangiocyte lining using a Tritox-X-100-based protocol and small
punches (circular discs, Ø 3 mm) were created, which were then incubated for 21 days with a BCO cell suspension (consisting of
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majority) have a local origin and retain characteristics of
the local bile duct tissue. Two examples of this are the
BCOs derived from bile samples from the CBD (by ERCP)
and the BCOs derived from gallbladder bile. By comparing
the gene expression for organoids with the regional-
specific signature genes that are preserved in organoids
identified by Rimland et al.,7 we found that ERCP-derived
BCOs upregulated the CBD-specific genes HOXB2 and
HOXB3. Moreover, gallbladder bile-derived BCOs showed
specific upregulation of signature genes expressed in
gallbladder-tissue. Further evidence that BCOs are not
derived from IHBDs comes from the fact that they lack the
potential to acquire hepatocyte-like properties. As shown
by two previous studies, only ICOs but not ECOs have this
potential.7,28 This difference in cell fate may be related to
their embryogenic origin.6 In agreement with these data,
we could confirm that only ICOs, but not ECOs from the
same patient, are capable of upregulating hepatocyte-
specific genes.7,28 In contrast, one BCO line was capable
of upregulating Albumin expression, although to signif-
icantly lower levels compared to the ICO counterpart.
Thus, it could be that some intrahepatic cholangiocytes
could still end up as organoid-initiating cells in BCOs.
Essentially, our results highlight the resemblance between
ECOs and BCOs, suggesting that BCOs should be used
to study the EHBD and EHBD-related cholangiopathies.
However, a question that needs to be addressed is why
these cholangiocytes are present in bile. It could be due
to local turnover or due to mechanical disruption of the
epithelium as a result of the procedure. But an alterna-
tive explanation would be that these cholangiocytes are
harmed by the local disease and as a result detach and
end up in the bile. However, this probably would not
be harmful for regenerative experiments, since a recent
publication showed that cholangiocyte-organoid initiation
likely drives stressed cholangiocytes towards a healthier
status and thereby enhancing their regenerative potential
after organoid initiation.27 Moreover, we demonstrate that

there are no large differences between organoids from bile
or from healthy donor biopsies. Interestingly, BCOs could
allow scientists and clinicians to follow patients during
their inevitable disease-progression. In addition, it would
be valuable to research if CCA-organoids can be cultured
from bile. Research indicated that tumour organoids can
be cultured from tissue specimens obtained from surgical
resections or biopsies, while maintaining their resem-
blance to the in vivo tumour and can be used for personal-
ized drug screening options.32–35 It is known that CCA cells
are detectable in bile.36–39 Thus, it is likely that bile could
provide a minimally invasive method to establish CCA
organoids, with opportunities to follow CCA development
over time. This could accommodate personalized treat-
ment for a larger patient group, especially from patients
suffering of CCA in the EHBD, and adjustment of therapy
as the tumour progresses and changes.39,40
We are not the first group to report on BCOs, Soroka

and colleagues showed that BCOs can be cultured from
ERCP samples.13 In their publication, they provided evi-
dence that some of the inflammatory immune profiles of
PSC patients were recapitulated in vitro.13 By elaborating
on their previous work, we show that BCOs can be formed
from multiple sources of bile and from CBD brushes. In
line with their results, we demonstrate that BCOs resem-
ble cholangiocyte-like cells in vitro. In contrast, we failed
to show a superiority for ECOs in function and expres-
sion of cholangiocyte-specific channels (CFTR) compared
to BCO and ICOs, as was suggested.13 Instead, we demon-
strate that the transcriptomic profile is highly compara-
ble between organoids from different sources of the same
donors (Figure 3G). Soroka et al. accessed expression pro-
files between BCOs and ICOs from different donors, thus
this might explain the discrepancies found between the
studies. Moreover, our research focused on the underly-
ing biology of BCOs as well as using them for tissue-
engineering purposes, thus providing a valuable addition
to the study by Soroka et al.

approximately 50⋅103 single cells). All experiments are performed in triple (both technical and biological, BCO5-7). (B) H&E confirmed that
all cells were efficiently removed from the EHBD scaffolds (left panel) and that single-cells derived from BCOs repopulate the luminal side of
the EHBD scaffolds in a columnar manner (nuclei facing the basolateral side, right panel), scale bars indicate 200 μm (left panel) and 50 μm
for the right panel. (C) The recellularized bile duct scaffolds expressed the cholangiocyte marker KRT-7 (red). Nuclei are stained with DAPI
(blue) and scale bar indicates 200 μm. (D) Whole mount confocal imaging of reseeded EHBDs shows nearly complete repopulation of the bile
duct lining by BCOs. This included repopulation of the ostia. Most cells expressed cholangiocyte marker KRT-7 (red), whereas all cells stained
positive for Phalloidin (F-actin, green) and DAPI (nuclei, blue). Scale bars indicate 200 μm. (E) Similar analyses were done by whole mount
confocal imaging of cholangiocyte marker KRT-19, co-stained with Phalloidin (F-actin, green) and DAPI (nuclei, blue). A large subset of cells
stained positive for KRT-19 (red) after repopulation. Scale bars indicate 100 μm. (F) PCA plot generated based on RNA-seq data of BCO
samples cultured on scaffolds and in 3D-hydrogel conditions (n = 3 both conditions), showing that the PC1 is mainly determined by the
different culture conditions and PC2 mainly by donor. (G) GSEA analysis of differently expressed genes (Supplementary data file 3) between
BCOs on scaffolds (upper panel) and BCOs grown in a hydrogel (bottom panel). This gene-set was compared to the DEgenes from primary
cholangiocytes and organoids from the CBD as previously published.7 Clearly, BCOs on scaffolds show the highest similarity to primary
cholangiocytes of the CBD (p = 0.003), while BCOs in hydrogel show a trend towards clustering with the CBD organoid profile
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We are the first to demonstrate that BCOs cultured
in canonical-WNT conditions can also be used for
repopulation of the EHBD by seeding them on empty
human scaffolds. These empty scaffolds were created
as a model for bile duct damage using a method called
decellularization.26 We demonstrate that recellularization
by BCOs results in the formation of a confluent monolayer
with cholangiocyte-like cells. Importantly, BCOs are
less proliferative as well as lose their LGR5 expression
when cultured upon EHBD scaffolds. Furthermore, their
gene-expression profile seems to move towards tissue-
like cholangiocyte as a result of interacting with these
scaffolds. Thus, we are the first group that demonstrate
the need for appropriate scaffolds for the recreation of
EHBD-constructs. This is in line with previous studies
that demonstrated the need for appropriate niches to dif-
ferentiate and maturate cells.41–45 Of note, a recent study
indicates that cholangiocytes and cholangiocyte-organoids
are plastic and can adapt their phenotype to local niches in
the biliary tree.27 As a proof of concept, the authors demon-
strate that ECOs can successfully restore IHBDs as intra-
hepatic cholangiocytes. Similar to their study, after repop-
ulation by BCOs, there was no upregulation of hepatocyte-
related markers.27 Moreover, we demonstrate that BCOs
are unable to upregulate these hepatocyte-related makers
in vitro. Therefore, it is likely that no other cells from
the hepatic-lineage will be formed when BCOs are used
for tissue-engineering purposes. Additionally, it could
be that BCOs can also be used to regenerate the IHBDs
in vivo, making BCOs a potential suitable candidate for
cholangiopathy treatment.27,45
Since we recently showed that our repopulated scaf-

folds with BCOs are properly polarized by cilia staining
and that they become functional constructs by demon-
strating transepithelial electrical resistance (TEER) and
ion-channel functionality,26 the next goal would be to
create a 3D construct. Cholangiocyte-organoids cultured
in non-canonical WNT-stimulated conditions have pre-
viously shown feasibility to repopulate 3D constructs
and function as EHBD in vivo.14,46 Thus, it is likely that
BCOs can also repopulate 3D constructs. It is important
to emphasize that we only decellularized and repopulated
the epithelial compartment of the EHBD. For large con-
structs to function after transplantation, a steady supply
of nutrients and oxygen is required. Thus, spontaneous
vascularization of the constructs would be necessary.
Recent evidence emerged that this might be the case. Both
Sampaziotis et al.14 and Struecker et al.47 showed signs
of spontaneous vascularization of EHBD constructs as
well as long-term survival of the animals without biliary
complications. Moreover, it was shown that some mes-
enchymal supportive cells might become spontaneously

present as well.14 It would have been of great value to see
if BCOs can engraft in vivo as well. Although previous
studies showed that this is the case for mouse gallbladder-
derived cholangiocyte organoids cultured in canonical
WNT-stimulating conditions,48 there is still a need to
demonstrate this for human BCOs as well. Our laboratory
lacks the animal micro-surgery expertise and medical
ethical approval to perform bile duct transplantations
in mice, but in collaboration with expert labs, these can
hopefully be performed in the future. Furthermore, clin-
ical applications of organoids are still (partially) limited
by the use of non-GMP-compliant mouse tumour ECM
extracts, such as matrigel and BME. Recent studies have
shown that organoids can be cultured in more clinically
relevant hydrogels derived from porcine small intestine
submocase49 or cellulose nanofibril.50 Thus, in theory,
patient-derived BCOs cultured in these ECM hydrogels
could effectively create EHBDs in vitro, which might be
transplanted back into the patient of which the bile is
obtained.
In conclusion, our study shows that bile obtained from

multiple sources from a wide range of patients can be used
to culture cholangiocyte organoids from the EHBD. This
opens new doors to study extrahepatic biliary diseases and
regenerativemedicine of the extrahepatic bile ductwithout
the need of invasively collected biopsies.
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