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Abstract
Investigation of diseases of the bile duct system and identification of potential therapeutic targets are
hampered by the lack of tractable in vitro systems tomodel cholangiocyte biology.Here, we show a
step-wisemethod for the differentiation ofmurine Lgr5+ liver stem cells (organoids) into
cholangiocyte-like cells (CLCs)using a combination of growth factors and extracellularmatrix
components. Organoid-derived CLCs display key properties of primary cholangiocytes, such as
expressing cholangiocytemarkers, forming primary cilia, transporting smallmolecules and
responding to farnesoid X receptor agonist. Integration of organoid-derived cholangiocytes with
collagen-coated polyethersulfone hollow fibermembranes yielded bioengineered bile ducts that
morphologically resembled native bile ducts and possessed polarized bile acid transport activity. As
such, we present a novel in vitromodel for studying and therapeuticallymodulating cholangiocyte
function.

Introduction

Cholangiocytes are the epithelial cells lining the intra-
and extra-hepatic biliary tree. The primary physiologi-
cal function of cholangiocytes is to modify bile and
transport bile constituents. The biliary excretion route
is important for the elimination of waste products,
such as excess cholesterol, bilirubin and hormones, as
well as exogenous drugs and toxins from the liver.
Cholangiocytes, like hepatocytes, can proliferate to
restore damaged bile duct epithelia [1]. Impairment of
the regenerative capacity of cholangiocytes can lead to
a variety of biliary disorders (cholangiopathies), which
together, accounted for approximately 16% of all liver
transplants performed in the United States between
1988 and 2014 [2].Whilemost cholangiopathies in the
early stage are restricted to the biliary system, their
progression often results in liver cirrhosis and even-
tually liver failure. While it is relatively easy to culture
primary cholangiocytes from multiple species, these
cultures are heterogeneous and can only be main-
tained for 3–4 weeks [3], severely limiting their

application. Moreover, in order to investigate transe-
pithelial transport, cholangiocytes must be cultured as
three-dimensional ductular structures, however,
in vitro models that resemble physiological bile duct
epithelia are currently lacking.

To our knowledge, a source of sustainable geneti-
cally stable stem cells that can be differentiated into
functional cholangiocytes has not been reported.
Induced pluripotent stem cells (iPSCs) have been used
to generate cholangiocytes in vitro, but the generating
iPSCs remains low efficient, time-consuming and, in
most cases, cells are genetically compromised [4]. In
recent years, many internal organs, including the sto-
mach, intestine, liver and pancreas, have been shown
to contain adult stem cells that can generate into dif-
ferentiated cell types of the respective organ. In the
liver, the adult stem cells are marked by leucine-rich-
repeat-containing G-protein-coupled receptor 5 (Lgr5
is a receptor for the potentWnt agonists, R-spondins).
Lgr5+ cells can be enriched from small pieces of liver
tissue and coerced to form organoids, three-dimen-
sional structures recapitulating organ biology, by
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creating conditions that mimic the stem cell niche
during physiological tissue self-renewal or damage
repair [5]. Liver organoids are genetically stable and
can be cultured for a prolonged time; both human and
murine organoid cultures are able to differentiate
towards hepatocytes [6, 7]. Despite this, the use of
organoids as a model in cholangiocyte research is lim-
ited since key features of mature cholangiocytes, such
as bile salt transporter activity, are lost [8].

Here, we report a two-step method to generate
cholangiocyte-like cells (CLCs) in vitro from murine
liver organoids. These organoid-derived CLCs are
genetically stable and display essential morphological
and functional features of primary cholangiocytes.
Furthermore, application of CLCs onto poly-
ethersulfone (PES) hollow fiber membranes (HFM)
generate three-dimensional ductal structures that
resemble native bile ducts at the structural and func-
tional level. These bioengineered bile ducts offer novel
opportunities for studying cholangiocyte biology,
modeling cholangiopathies and identification and
validation of new therapeutic targets to treat these
diseases.

Results

In vitro generation of CLCs frommurine liver
organoids
Webased our strategy for the generation of cholangio-
cytes from liver organoid cultures on established
protocols for culture of human primary cholangio-
cytes [9] and differentiation of hepatic progenitor cells
into cholangiocytes [10] (figure 1(A)). Murine liver
organoids were expanded from the liver ductal com-
partment under previously described culture condi-
tions [6]. Subsequently, the organoids were
mechanically dissociated into small clusters and sus-
pended in droplets of matrix, consisting of Matrigel
and collagen type I. They were maintained in medium
designated for biliary lineage differentiation of liver
progenitor cells [9]. Under these conditions, Ki67
staining demonstrated that cells preserved their pro-
liferation capacity (figure S1(A) is available online at
stacks.iop.org/BF/10/034103/mmedia); therefore,
we named this medium cholangiocyte expansion
medium (CEM). After 4–6 days in culture, the clusters
of cells (hereafter called cholangiocyte progenitors,
CPs) grew in size and formed cystic and tubular
structures (figure 1(B)). Gene expression analysis
(figure 1(C)) demonstrated that CPs displayed
increased expression of the following cholangiocyte
markers: keratin 7 (Krt7), keratin 19 (Krt19), HNF1
homeobox B (Hnf1b), solute carrier family 10, mem-
ber 2 (Slc10a2, also known as Asbt) and solute carrier
family 4, member 2 (Slc4a2, also known asAe2). Other
cholangiocyte markers, ATP-binding cassette, sub-
family B, member 1B (Abcb1b, also known asMdr1b),
polycystic kidney disease 2 (Pkd2) and cystic fibrosis

transmembrane conductance regulator (Cftr),
remained unchanged in CPs and were also expressed
in normally expanding liver organoids (OEM). The
hepatocyte markers albumin (Alb) and cytochrome
P450 family 3 subfamily Amember 11 (Cyp3a11)were
expressed in CPs but at significantly lower levels
compared to organoid-derived hepatocyte-like cells.
In addition, although CPs remained proliferative, the
multipotency marker leucine-rich-repeat-containing
G-protein-coupled receptor (Lgr5) was no longer
detectable (figure 1(C)). Taken together, this indicated
that the liver organoids differentiated towards the
biliary lineage, but still exhibited some immature
features.

To promote further maturation of the CPs, we tes-
ted small molecule compounds and growth factors
including n-acetylcysteine (NAC), gastrin (GAS),
taurocholic acid (TCA), fibroblast growth factor 10
(FGF10), and transforming growth factor beta (TGF-
β), which have been reported to be directly or indir-
ectly related to biliary functions [11–14]. Of the cho-
langiocyte markers with low expression in CEM
condition, NAC induced aquaporin 1 (Aqp1), osteo-
pontin (Spp1) and G protein-coupled bile acid recep-
tor 1 (Gpbar1) expression, while GAS induced Spp1
expression (figure S2). Furthermore, as gene expres-
sion analysis showed, the combination of NAC and
GAS enhanced the expression of cholangiocyte-enri-
ched transcription factors SRY-box 9 (Sox9), one cut
domain, family member 1 (Onecut1) and one cut
domain, family member 2 (Onecut2), as well as cho-
langiocyte markers Aqp1, Gpbar1 and Spp1 in CPs
(figures 2(B) and S3). Interestingly, media supple-
mentation with both NAC and GAS reduced the pro-
liferation of CPs as indicated by the quantification of
RNA content (figure S4) and Ki67 staining (figure
S1(B)). We therefore used this media composition as
cholangiocyte differentiationmedium (CDM) to drive
the CPs towards a more mature CLC phenotype.
Immunofluorescence analysis (figures 2(C)–(H)) indi-
cated that epithelial markers, tight junction protein 1
(TJP1, also known as ZO-1) and cadherin 1 (CDH1,
also known as E-cadherin), as well as cholangiocyte
markers, HNF1B, KRT7, KRT19, AQP1 and gamma-
glutamyl transferase 1 (GGT1) were present in CLCs.
In contrast, hepatocyte markers, cytochrome P450
family 1 subfamily A member 2 (CYP1A2) and ALB
were absent (figures 2(G) and (H)). More importantly,
when we stained with acetylated-α-tubulin, we
observed that CLCs acquired cilia (figure 2(I)), orga-
nelles present inmature cholangiocytes only [15].

Functional characterization of CLCs
Next, we investigated whether the in vitro-generated
CLCs functionally resembled primary cholangiocytes.
In the liver, cholangiocytes are responsible for the
reabsorption of bile acids and secretion of small
molecules by a series of transmembrane channel
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proteins including cystic fibrosis transmembrane con-
ductance regulator (CFTR), apical sodium-dependent
bile acid transporter (ASBT, encoded by Slc10a2),
aquaporin 1 (AQP1), multidrug resistance protein 1B
(MDR1B, encoded by Abcb1b), and others. To deter-
mine the secretory activity of CLCs, we incubated CLCs
with Rhodamine 123 (Rh123), a fluorescent chemical
compound that can be transported by MDR1B [16].
After incubation, we observed fluorescence accumula-
tion insideboth the lumenof the cysts and tubes formed
by CLCs (figure 3(A)). This accumulation was blocked
when CLCs were treated with the competitive MDR1B
inhibitor, Verapamil (figure 3(B)), which confirmed the
MDR1B-dependent transport ofRh123.

Several studies have demonstrated the effects of
farnesoid X receptor (FXR) signaling in bile acid
homeostasis in the liver [17–19]. In cholangiocytes,
the activation of FXR signaling leads to the excretion
of bile acids, while its inactivation causes intracellular
storage of bile acids [20]. To determine this physiolo-
gical balance in CLCs, we treated them with GW4064,
a potent FXR agonist [21]. The expression of Slc10a2,
which encodes a transporter enhancing the apical sur-
face uptake of bile acids in cholangiocytes, was down-
regulated (figure 3(C)). In addition, the expression of
solute carrier family 51, alpha and beta subunit (Slc51a
and Slc51b; also known asOstα andOstβ), which toge-
ther form a single transporter responsible for baso-
lateral excretion of bile acids, were significantly up-
regulated (figure 3(C)). Together, these results

confirm that the organoid-derived CLCs possess key
functionalities of primary cholangiocytes and display
an adequate response to external stimuli.

HFM-culturedCLCs forming intact tube-like
structures
In vivo, cholangiocytes form amonolayer that lines the
lumen of the bile ducts. To investigate whether the
organoid-derived CLCs could constitute advanced
structures similar to native bile ducts, we used
polyethersulfone (PES)HFMs (figures 4(A) and (C)) as
the scaffold for culturing CLCs. After two weeks of
expansion, HFM-cultured CLCs formed an epithelial
barrier, as confirmed by limited inulin-FITC diffusion
and the dense arrangement of cells over the HFM
(figures 4(B) and (E)). Following another week of
CDM culture, gene expression analysis revealed that
HFM-cultured CLCs maintained stable expression
levels for most cholangiocyte markers (Hnf1b, Aqp1,
Slc10a2, Slc4a2, Cftr, and Abcb1b) compared to CLCs
cultured in Matrigel/collagen gel (M/C) alone. Inter-
estingly, cholangiocyte-enriched transcription factors,
Onecut1 and Onecut2, and cholangiocyte markers,
Gpbar1 and Spp1, were significantly up-regulated in
the HFM culture (figure 4(D)). Immunofluorescence
analysis also confirmed that HFM-cultured CLCs
maintained the expression of cholangiocyte markers
(HNF1B, AQP1, GGT1 and KRT7) and epithelial
markers (CDH1 andTJP1) (figure 4(E)).

Figure 1.Differentiation ofmurine liver organoids towards cholangiocyte progenitors (CPs). (A) Schematic overview of the protocol
for differentiation ofmurine liver organoids towards CPs.OEM, organoid expansionmedium; CEM, cholangiocyte expansion
medium;M/C,Matrigel/collagen type Imixture; CPs, cholangiocyte progenitors. (B)Tubular and cystic structures of CPs formed in
CEMcondition. Left, brightfieldmicroscopy images; right, immunofluorescent staining of cadherin 1 (CDH1, also known as
E-cadherin) in 3D structures formed byCPs.Nuclear stainingwithDAPI, 4′,6-diamidino-2-phenylindole dihydrochloride for all
conditions. Scale bar=120 μm. (C)Gene expression analysis for cells underOEM,CEMandHDMconditions. n=7 independent
samples forOEM,CEMandHDMcondition, n=3 independent samples for primary hepatocytes. Results are shown as fold change
relative tomouse primary cholangiocytes for cholangiocytemarkers and tomouse primary hepatocytes for hepatocyte and stem cell
markers. Data are shown as box andwhisker plots. Center line,median; box, interquartile range (IQR); whiskers,minimum to
maximum. Asterisks represent statistical significance of differences betweenOEM/CEMandCEM/HDMconditions. *p<0.05,
**p<0.01, ***p<0.001 (two-tailedMann–WhitneyU test). HDM, hepatocyte differentiationmedium.
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Functional characterization ofHFM-culturedCLCs
To investigate whether the HFM-cultured CLCs pos-
sessed transport activities comparable to native bile
ducts, we first determined their cell polarity. Immuno-
fluorescence analysis showed that HFM-cultured CLCs
acquired apical-basal polarity. More specifically, the
outside of the cell reflected the apical surface (by
localization of apicalmarkers, AQP1 andMDR1B), and
the inside of the cell reflected the basolateral surface (by
localization of the basolateral marker, catenin beta-1
(CTNNB1, also known as β-catenin)); lateral markers
(CDH1 and TJP1) were localized in the middle
(figures 5(A), (B)). In addition, we observed cilia on the
outer surface of HFM-cultured CLCs, as indicated by
acetylated-α-tubulin staining (figures 5(C), (D)). This
strategy facilitates access to the apical compartment

which can assist transport studies, and also comple-
mentsM/C culture conditions, where only the basolat-
eral cell surface is accessible.

To measure the transport activity of HFM-cultured
CLCs for bile acids, wemounted theHFM into 3D prin-
ted bioreactors (figure S5) which had been tested to be
non-cytotoxic [22]. In vivo, cholangiocytes transport
bile acids from the apical surface surrounding the bile
duct lumen to the basal surface facing hepatocytes. To
study the reabsorptionof bile acids from the apical to the
basolateral compartment, we applied [3H]taurocholic
acid in the bioreactor outside of the HFM-cultured
CLCs and determined the radioactivity in the perfusate.
As a control for passive diffusion through the epithe-
lium, we measured [14C]inulin, which is not actively
transported over cells. We showed that TCA transport

Figure 2.Differentiation of cholangiocyte progenitors (CPs) towards cholangiocyte-like cells (CLCs). (A) Liver organoids were
cultured inCEM fromD0 toD6, and inCDM fromD7 toD14. Samples were collected onD0,D3,D8, D11 andD14. (B)Gene
expression analysis during the two-step differentiation towards CLCs. n=6 independent samples for each time point. Results are
shown as fold change relative tomouse primary cholangiocytes. Data are shown as box andwhisker plots. Center line,median; box,
interquartile range (IQR); whiskers,minimum tomaximum. (C)–(H) Immunofluorescence analysis demonstrating the expression of
key cholangiocytemarkers (keratin (KRT) 7 and 19,HNF1 homeobox B (HNF1B), gamma-glutamyl transferase 1 (GGT1), aquaporin
1 (AQP1)), and epithelialmarkers (cadherin1 (CDH1) and tight junction protein 1 (TJP1)) and the absence of hepatocytemarkers
(cytochrome P450 family 1 subfamily Amember 2 (CYP1A2) and albumin (ALB)). (I)CLCs acquired cilia as indicated by staining for
acetylated-α-tubulin (Ace-α-tub). Nuclear stainingwithDAPI, 4′,6-diamidino-2-phenylindole dihydrochloride for all conditions.
Scale bar=20 μm.
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increased rapidly in thefirst 10min, then remained rela-
tively stable (figure 5(E)), while inulin diffusion
remained at low levels at all time points (figure S6). To
further confirm the active transport of TCA,we exposed
CLCs to glycochenodeoxycholic acid, which has been
shown to inhibit TCA uptake [23]. As figure 5(E) shows,
TCA transport was reduced in HFM-cultured CLCs
upon treatment with glycochenodeoxycholic acid. Fur-
thermore, we observed accumulation of TCA in carrier-
treated HFM-cultured CLCs compared to the glycoche-
nodeoxycholic acid treated CLCs (figure S7). Taken
together, these results indicate thatHFM-culturedCLCs
acquired cell polarity and bile acid transport activity,
which is the key functionof native bile ducts.

Discussion

Current research and applications of Lgr5+ adult liver
stem cells, or liver organoids have focused exclusively

on their hepatocytic differentiation potential and
related hepatic functions [24–26]. This study
describes, for the first time, the potential of differen-
tiating liver organoids into mature cholangiocytes.
Our results demonstrate that liver organoids are truly
bipotent adult stem cells as they can be differentiated
towards hepatocytes [6] (figure S8) as well as
cholangiocytes.

Functional somatic cells derived from individuals
are optimal tools for personalized medicine and dis-
easemodeling. This is a valuable advantage over estab-
lished cell lines, which cannot reflect genetic and
potentially epigenetic variation of a broad population.
Previous studies have successfully generated cho-
langiocytes fromhuman iPSCs [27–29], however, gen-
erating iPSCs remains low efficient, time-consuming
and cells are genetically compromised. Hepatoblasts
(the liver stem cells appearing during liver develop-
ment) have also been proposed for generating cho-
langiocytes, but this source is difficult to access and

Figure 3. Functional characterization of cholangiocyte-like cells (CLCs). (A), (B)Brightfield and confocalmicroscopic images showing
MDR1B-dependent transport offluorescent substrate Rh123 into the lumen of a tube and cyst. CLCswere pretreatedwithDMSO (A)
andVerapamil (B) for 30 min. Scale bars=75 μm. (C)Gene expression analysis showing the expression of FXR signaling
downstream target genes, Slc10a2, Slc51a and Slc51b in FXR agonist (GW4064) treated group versus control (DMSO). n=6
independent samples for each group. Data are shown asmean±SEMof six independent experiments for each group. Asterisks
represent statistical significance of differences betweenDMSOandGW4064 treated groups. **p<0.01 (two-tailedMann–WhitneyU
test).
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Figure 4.Cholangiocyte-like cells (CLCs) cultured on hollowfibermembranes (HFM). (A)HFM (middle and right, scanning electron
microscopy images, pore diameter=0.2 μm). (B)The trans-epithelial barrier functionwas assessed in the presence or absence of
CLCs by inulin-FITCperfusion and theflux across theHFMwas quantified. Data are shown asmean±SEMof three independent
experiments. Asterisks represent statistical significance of differences between theHFMcoveredwith andwithout CLCs. **p < 0.01
(two-tailedMann–WhitneyU test). (C) Schematic ofHFMandHFM-culturedCLCs. (D)Gene expression analysis demonstrating
HFM-cultured CLCsmaintain cholangiocyte features. Data are shown asmean±SEMof six independent experiments for theM/C
group and three independent experiments forHFMgroup. Asterisks represent statistical significance of differences betweenHFMand
M/C culture. *p<0.05 (Mann–WhitneyU test). (E) Immunofluorescence analysis demonstrating the expression of key
cholangiocytemarkers (keratin 7 (KRT7), HNF1 homeobox B (HNF1B)), and epithelialmarkers (cadherin 1 (CDH1), tight junction
protein 1 (TJP1)). The left and right confocalmicroscopy images were acquired at different z stacks. Nuclear stainingwithDAPI, 4′,6-
diamidino-2-phenylindole dihydrochloride for all conditions. Scale bar=80 μm.
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important functional tests were lacking in the previous
study [10]. Here, we present an alternative approach
based on liver organoids. Organoids possess strong
in vitro proliferation capacity which is mediated by the
activation of Wnt signaling by R-spondins [6, 25]. To
our surprise, when organoids were exposed to CEM,
which is free ofWnt activators, cholangiocyte progeni-
tors continued proliferating for at least four passages.

To drive further maturation of CPs after CEM
conditions, we tested a set of small molecule com-
pounds and growth factors and found that a

combination of gastrin and n-acetylcysteine optimally
drives CP maturation toward CLCs. TGF-β has been
reported to be one of the key factors controlling liver
stem cells’ differentiation and tubulogenesis [11, 14],
however, very small amounts of TGF-β (1 ng ml−1) in
the medium was fatal for organoids; we therefore
excluded it in further studies. It is worth noting that
the Growth Factor Reduced Matrigel® used in this
study contains approximately 1.7 ng ml−1 TGF-β,
which may be sufficient for morphogenesis of cho-
langiocytes. In the liver, cholangiocytes are exposed to

Figure 5.Characterization ofHFM-cultured CLCs. (A), (B) Immunofluorescence analysis demonstrating polarity ofHFM-cultured
CLCs by the expression ofβ-catenin on lateral and basolateralmembrane, CDH1 andTJP1 on lateralmembrane, AQP1 andMDR1B
on apical and lateralmembrane.XYConfocal sections (A)were acquired at the top,middle and bottomof the cells in the center.XZ
Confocal sections (B)were acquired for themonolayer of CLCs onHFM, scale bar=10 μm. (C), (D) Immunofluorescence analysis
demonstrating the presence of ciliummarker acetylated-α-tubulin inHFM-cultured CLCs. Confocalmicroscopy images were
acquired atXY section (C) andXZ sections (D). Nuclear staining withDAPI, 4′,6-diamidino-2-phenylindole dihydrochloride for all
conditions. Scale bar=10 μm. (E)Transport activity assays showing thatHFM-cultured CLCs could transport TCA intoHFMand
this transport could be inhibited by 70 μMglycochenodeoxycholic acid. Each point representsmeans±SEMof two independent
HFMperfusedwithHBSSwhichwere collected for 0, 30, 60, 90 and 120 min of perfusion. [3H] activity (dpm)was converted to
number ofmolecules (pmol) and normalized to the surface area of the corresponding fibers.
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bile. Although it has been demonstrated that tauro-
cholic acid, one of the predominant bile acids in
human, mice and rats, can induce the differentiation
of primary cholangiocytes [13], it did not have an
obvious differentiating effect on ourCPs (figure S2).

Previous studies showed that gastrin, n-acetylcysteine
and FGF10, necessary components in the organoid
expansionmedium, are also related to cholangiocyte pro-
liferation and function [12, 30, 31].When CEMwas sup-
plemented with gastrin and n-acetylcysteine, the
expression of Aqp1 was restored and Gpbar1 was
induced, indicating further maturation of CPs. This may
be a consequence of up-regulated expression of cho-
langiocyte-enriched transcription factors such as One-
cut1, Onecut2 and Sox9, which together with Hnf1b play
central roles on the regulatory network of biliary develop-
ment [14, 31, 32].

In vivo, cholangiocytes form bile ducts which pos-
sess two-way transport activity, for instance, baso-
lateral to apical transport mediated by MDR1 for
broad substrate specificity (Rhodamine 123 in our
study), and apical to basolateral transport mediated by
ASBT or SLC10A2 for bile acids. However, in the
Matrigel/collagen type I culture system, the apical
membrane of CLCs is inaccessible, which makes the
testing of apical-to-basolateral transport technically
challenging. Therefore, we introduced the poly-
ethersulfone HFM into the culturing system. The
selection of HFM was made because of its hemo-
compatible and biocompatible properties, allowing
future clinical applications. Although this membrane
was designed for low cell adhesion, the membranes
appeared well suitable for bioartificial kidney tubules
development after coating the membranes with extra-
cellularmatrix components. In previous research [33],
we biofunctionalized the membrane using a self-poly-
merizing 3,4-dihydroxy-L-phenylalanine (L-DOPA)
which can covalently bind collagen IV [34, 35], an
endogenous component in kidney basal lamina that
promotes cell differentiation towards epithelial linea-
ges [36, 37]. This coating allowed selective active trans-
port by the renal epithelial barrier and avoided loss of
vital blood components when potentially used as renal
replacement therapy [22, 33]. By growing cells on the
outside of the membrane and applying it in a well-
designed perfusion chamber compatible with micro-
scopy, the bioengineered bile ducts can be monitored
by confocal imaging allowing functional assess-
ment [22].

In this study, usingHFMcoatedwith L-DOPA and
collagen I, CLCs organized into polarized epithelial
monolayers, where the apical-basolateral polarity is
opposite to native bile ducts. Despite this inverted
polarity, bioengineered bile ducts can still have a wide
range of applications, since both apical and basolateral
membrane are exposed to the external environment.
Current in vitro models for transport studies are cell
lines, such as Caco2 and (transfected) MDCK, cul-
tured in dishes or Transwell® systems. These

immortalized cells and static cultures poorly mimic
the physiological situation, and could fail to predict
transporter mediated changes in drug absorption/dis-
tribution [38]. The HFM-cultured CLCs can serve as
bioengineered bile ducts representing a novel in vitro
model for drug development, not only because the
cells express a variety of channels and pumps, but also
the ability to provide dynamic microenvironment for
cells. Specifically, the HFM-cultured CLCs can be a
model for intrahepatic bile ducts, since they can trans-
port taurocholic acids, which is the key feature of
intrahepatic bile ducts [39]. The opposite polarity of
the bioengineered bile ducts may even be beneficial to
applications in, for instance, bioartificial liver (BAL)
devices. Current BAL devices are perfused bioreactors
containing only hepatocytes (or hepatocyte-like cells)
[40, 41], in which metabolic waste is accumulated
overtime. Combining our bioengineered bile ducts
with BAL could acquire self-clearance capacity, which
would extend the service life of each device, and hence
reduce the financial burden (each device needs
3×109 cells) [41].

Our current study demonstrates that murine liver
organoids are bipotential and can be differentiated
into functional hepatocytes and cholangiocytes. By
applying them toHFM, these CLCs polarized and pos-
sessed key cholangiocyte functions. Although there are
intrinsic differences between cholangiocytes between
species and even locations within the liver [1], the
technology developed here may be applied to human
liver organoids, and hence contribute to a better
understanding of pathogenetic and therapeutic
aspects of cholangiopathies.

Methods

Animals
Surplus liver and gallbladder samples were obtained
postmortem from 8 mice that were used in non-liver-
related research (experiments approved by theUtrecht
University’s ethical committee); no animals were
harmed or killed for this study.

Culture ofmurine liver organoids
Murine liver organoids were isolated and cultured as
previously described [6]. Briefly, isolated ducts were
mixed with Matrigel (BD Biosciences) and seeded. After
gelatinizationof theMatrigel, culturemediumwas added.
The culture medium (organoids expansion medium,
OEM) was based on AdvDMEM/F12 (Invitrogen) sup-
plemented with 1% v/v B27 (Invitrogen), 1% v/v N2
(Invitrogen), 1.25mM n-acetylcysteine (Sigma-Aldrich),
10 nM gastrin (Sigma-Aldrich), 50 ngml−1 mouse EGF
(Invitrogen), 5% v/v R-spondin-1-conditioned medium
(the Rspo1-Fc-expressing cell line was a kind gift from
Calvin J. Kuo), 100 ngml−1 FGF10 (PeproTech), 10mM
nicotinamide (Sigma-Aldrich), 50 ngml−1 HGF (Pepro-
Tech) and 1% v/v Penicillin/Streptomycin (Invitrogen).
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Organoidswere split by removal fromMatrigel using cold
AdvDMEM/F12, mechanical dissociation into smaller
fragments, and transfer into fresh Matrigel. Passage was
performed weekly at a 1:4–1:8 split ratio. The medium
was changed everyotherday.

Differentiation ofmurine liver organoids toCLCs
Organoids were split by removal from Matrigel using
cold DMEM/F12, mechanical dissociation into smal-
ler fragments, and transferred intomixture ofMatrigel
and 1.2 mg ml−1 rat-tail type I collagen at the ratio of
2:3. After 2 h of incubation at 37 °C and, when the gel
mixture was solidified, CEM was added. CEM was
refreshed every second day. CEM was based on
DMEM/F12 supplemented with 10% v/v fetal bovine
serum, 1% v/v GlutaMAX (Invitrogen), 1% v/v Non-
essential amino acids (Invitrogen), 50 ng ml−1 EGF,
50 ng ml−1 HGF, 0.1 μM dexamethasone and 1%
Penicillin/Streptomycin. After 6 days of CEM culture,
themediumwas changed to CDM.CDMwas based on
CEM supplemented with 1.25 mM n-acetylcysteine
and 10 nMgastrin. In thismedium, cells were cultured
for oneweek. CDMwas refreshed every other day.

RNA isolation, cDNA synthesis andRT-qPCR
RNA was isolated from liver organoids, organoid-
derived hepatocyte-like cells, M/C- and HFM-cul-
tured CLCs using RNeasy lysis buffer directly added
into the plate followed by RNA extraction according to
the manufacturer’s instructions (Qiagen). cDNA was
obtained using the iScript™ cDNA synthesis kit as
described by the manufacturer (Bio-Rad, Veenendaal,
the Netherlands). A mix of random hexamers and
oligo-dT primers were used. Relative gene expression
of the selected genes was measured using RT-qPCR.
Primer design, validation, RT-qPCR conditions, and
data analysis was performed as previously described
[42]. Normalization was performed using the refer-
ence genes Hypoxanthine phosphoribosyltransferase
(Hprt) and Hydroxymethylbilane synthase (Hmbs).
Details of all primers are listed in table S1.

Cholangiocyte functional studies
For the Rhodamine123 (Rh123) transport test, cold
DMEM/F12 was used to remove Matrigel and col-
lagen from CLCs. CLCs were pretreated with DMSO
or 10 μM Verapamil (Sigma-Aldrich) for 30 min,
followed by 5 min of incubation with 100 μM Rh123
(Sigma-Aldrich). Then CLCs were washed 3 times
with CDM. Fluorescence (excitation wavelength:
511 nm; emission wavelength: 534 nm) was visualized
by Leica SPE-II confocal system after 30 min.

For the FXR activity test, CLCs were incubated in
CDM supplemented with 10 μM GW4064 (Sigma-
Aldrich) for 48 h and RNA was isolated to determine
the expression of downstream signaling of FXR target
genes.

Culture of CLCs ondouble coatedHFM
Murine liver organoids were removed from Matrigel
using cold AdvDMEM/F12, trypsinized into single
cells and small fragments and seeded in culture flasks
pre-coated with rat-tail type I collagen. Cells were
cultured with CEM. When cells reached confluence,
they were trypsinized into single cells and seeded on
HFM at a concentration of 1×106 cells/4.5 cm fiber.
The polyethersulfone HFM (SENUO Filtration Tech-
nology Co, Ltd; inner diameter: 550±150 μm; outer
diameter: 950±350 μm; pore size: 0.2 μm) were
prepared using a double coating procedure previously
described [33]. Briefly, sterilized fibers were horizon-
tally placed in 1.5 ml Eppendorf tubes and incubated
with L-DOPA solution (2 mgml−1 L-3,4-dihydroxy-
phenylalanine, 10 mMTris buffer, pH 8.5) at 37 °C for
4 h, during which fibers were turned 90° every hour.
Similarly, the L-DOPA coated fibers were exposed to
the rat-tail type I collagen solution (25 μg ml−1) at
37 °C for 2 h, during which fibers were turned 90°
every 30 min. The collagen solutionwas then aspirated
and the fibers were washed thoroughly in PBS prior to
cell seeding. HFM-cultured cells were placed in 6-well
plates and cultured in CEM for 2 weeks for expansion
andCDM for 1week formaturation.

Immunofluorescence analysis
Liver organoids, organoid-derived hepatocyte-like
cells,M/C- andHFM-cultured CLCs were fixed in 4%
PFA for 30 min and permeabilized with PBS 0.3%
Triton X-100 for 30 min. Primary antibodies were
incubated overnight. Secondary antibodies were incu-
bated at room temperature for twohours. Tissueswere
then processed in a click reaction with 5 μM Alexa
Fluor® 488 or 568 (Life Technologies) according to
manufacturer’s instructions. Nuclei were stained with
DAPI (Sigma-Aldrich). Tissues were mounted on
slides with ProLong® Diamond Antifade Mounting
Medium (Invitrogen). Images were acquired using
Leica SPE-II confocal system. Antibody details for
each protein are shown in table S2.

Trans-epithelial barrier function
Trans-epithelial barrier function was determined as
previously described [22]. Briefly, HFM with or with-
out CLCs were connected to a separated in- and outlet
glass cannula assembled in a custom-made 3D printed
cytocompatible polyester device. HFM were perfused
(6 ml h−1) with inulin-fluorescein isothiocyanate
(FITC) (0.1 mgml−1 in Krebs–Henseleit buffer) for
10 min at room temperature. 100 μl sample was
collected from the outer HFM compartment and its
fluorescent strength was measured by a fluorometer
(Labsystems).

Bile acid transport assay
HFMwithCLCswere connected to a separated in- and
outlet glass cannula (inner diameter 120–150 μm;
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DMT Trading, Aarhus, Denmark) assembled in a
custom-made 3D printed cytocompatible polyester
device [22] (figure S5) to enable a separated basolateral
(inner HFM, perfusion channel) and apical compart-
ment (outer HFM). The inlet cannula was connected
to a tubing system and syringe pump, whereas the
outlet cannula was connected to a tubing system and a
depot to collect perfusate. During the experiment,
300 μl CDM with [14C]inulin and [3H]taurocholic
acid (PerkinElmer) was added to the outer HFM
compartment. In the inhibition group, 70 μM glyco-
chenodeoxycholic acids were applied to the outer
HFMcompartment. Hank’s balanced salt solutionwas
perfused (2 ml h−1) through the inner HFM for 2 h at
37 °C. The perfusate was collected at multiple time
points. For each time point, 100 μl perfusate was
added into 4.9 ml scintillation fluid. Radioactivity was
measured by a liquid scintillation counter (Beckman
Coulter). Each count was normalized to the surface
area of its correspondingHFM.

Statistical analysis
Statistical analysis and graphs were performed using
GraphPad Prism 7.0 (GraphPad Software Inc., USA).
Data are present as box and whisker plots (minimum
to maximum, figures 1(C) and 2(B)) and the mean ±
standard error of themean (figures 3(C) and 4(C)). See
figure legends for details on specific statistical tests run
and p values calculated for each experiment.

Data availability
All data supporting the finding of this study are
included within the paper and its supplementary
information.
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