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Abstract
Background and Aims Primary sclerosing cholangitis (PSC) is a chronic inflammatory liver disorder without effective medi-
cal treatment which is characterized by inflammation and fibrotic structures around the bile ducts. Biliary epithelial cells 
(cholangiocytes) are the target and potential disease drivers in PSC, yet little is known if cholangiocytes from PSC patients 
differ from non-PSC controls. To characterize cholangiocytes at early rather than end-stage disease, cholangiocyte organoids 
(COs) were derived from diseased bile ducts of PSC patients and compared to organoids generated from disease controls.
Methods Cholangiocytes were obtained during endoscopic retrograde cholangiopancreatography (ERCP) brushing of dis-
eased bile duct areas and expanded as organoids using previously established culture methods. Stable CO lines were analyzed 
for cell type identity, basic cholangiocyte function, and transcriptomic signature.
Results We demonstrate that cholangiocytes, derived from the damaged area within the bile ducts of PSC patients, can 
be expanded in culture without displaying functional or genetic disease-related features. We further show that COs from 
patients who later were diagnosed with dysplasia exhibit higher expression of the cancer-associated genes PGC, FXYD2, 
MIR4435-2HG, and HES1.
Conclusions Our results demonstrate that PSC organoids are largely similar to control organoids after culture and highlight 
the significance of COs as a tool for regenerative medicine approaches as well as their potential for discovering new potential 
biomarkers for diagnosing cholangiocarcinoma.
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Introduction

Primary sclerosing cholangitis (PSC) is a progressive 
hepatobiliary disorder characterized by chronic biliary 
inflammation, cholestasis, and periductal fibrosis, which 
often progresses to end-stage liver disease with cirrhosis 
[1]. There are no available medical treatments altering 
PSC prognosis, and at present, liver transplantation is the 
only available treatment option [2, 3]. In addition to the 
progressive nature of the disease leading to liver failure, 
the ongoing chronic inflammation within the bile ducts 
puts PSC patients at a high risk of developing cholangio-
carcinoma (CCA) that represents a major contributor to 
PSC-related mortality [4]. There is a clear contribution 
of genetic factors predisposing to the disease and genetic 
findings from PSC patients indicate altered immune cell 
pathways, trafficking and immune tolerance, as well as 
distinct T-cell phenotypes [5, 6] and antibody production 
[7] in the liver of PSC patients. These findings clearly 
position PSC as an immune-mediated disease, but there is 
still insufficient knowledge on other predisposing risk fac-
tors and the exact cellular events and interactions driving 
disease progression.

Biliary epithelial cells (cholangiocytes) are a hetero-
geneous group of biliary cells lining the bile ducts which 
modify the content of bile as it is transported along the 
biliary tract [8]. In PSC, impaired cholangiocyte function, 
resulting from a combination of biliary insults, leads to 
destruction of the biliary epithelial cell barrier and, even-
tually, to leakage of toxic bile into hepatic tissue, result-
ing in sequential biliary inflammation and development of 
liver fibrosis. It is still unclear whether specific disease-
related cholangiocyte features are intrinsic or occur due to 
changes within the biliary environment upon disease onset 
[9]. Specifically impaired functions of biliary epithelial 
cells, such as cellular senescence or increased proliferation 
and ongoing secretion of proinflammatory modulators by 
biliary epithelial cells, have been suggested to promote 
disease development [10–12]. Clarification of cholangio-
cyte biology and the pathophysiology in PSC has been 
hampered by inadequate disease models and challenges 
in culturing and expanding cholangiocytes isolated from 
bile ducts of PSC patients [13, 14]. To that end, methods 
based on organoid technology for culturing patient-derived 
cholangiocytes have been developed, greatly simplifying 
the in vitro expansion and study of cholangiocytes derived 
from patients compared to previous methods [15–17]. 
These organoids resemble primary adult cholangiocytes 
and importantly retain key functions and characteristics 
of their tissue of origin, thereby offering a unique poten-
tial for mechanistic studies but also open up for use for 
biliary tissue repair in regenerative medicine approaches 

[16]. It is still unclear whether these in vitro cultured cells 
retain features of disease imprint after extended culture, 
and whether this is reflected in their transcriptomic profile 
and can be related to the disease phenotype observed in 
the patients. These issues are crucial when using cholan-
giocyte organoids (COs) as a tool for analyzing cellular 
disease mechanisms ongoing during disease progression 
and have ramifications for the use of such cells in regen-
erative medicine.

Only few studies have described the isolation and culture 
of cholangiocytes from PSC patients largely due to difficulties 
in collecting sufficient patient material for research [18–20]. 
Previous studies have utilized cholangiocytes either from bile or 
explanted end-stage liver tissue which may not capture the rel-
evant cellular types at the site of injury at earlier disease stages. 
Herein, we directly isolated cholangiocytes from diseased bile 
ducts of PSC patients and non-PSC controls undergoing endo-
scopic retrograde cholangiopancreatography (ERCP). Collected 
cells were expanded into organoid cell lines followed by single-
cell RNA sequencing (scRNAseq) analysis.

Methods

Patient Samples

Cholangiocytes were obtained from the bile ducts of patients 
undergoing ERCP. PSC and control patients were recruited 
from the Section of Gastroenterology at the Department of 
Transplantation Medicine, Oslo University Hospital Rik-
shospitalet. Written informed consent was obtained prior to 
ERCP and ethics approval for the use of cells from human 
livers and bile ducts was approved by the Regional Ethics 
Committee (2012-286/2016-1540). Patient inclusion in the 
study was done independent of gender.

Isolation of Cholangiocytes from Patient Bile Ducts

ERCP brush samples were placed into William’s E + (WE +) 
medium (Gibco Inc., Waltham, Massachusetts, USA) with 
50 ng/ml of epidermal growth factor (EGF) (R&D Systems 
Inc., Minneapolis, Minnesota, USA) and 10 μM Rho-asso-
ciated kinase inhibitor Y-27632 (Selleck Chemicals LLC., 
Houston, Texas, USA) on ice and carefully washed to collect 
patient material. Isolated ERCP material was centrifuged at 
400 g for 4 min, supernatant was discarded, and the cells 
were seeded onto 24-well cell culture plates in 50 μl droplets 
of supplemented WE + culture medium [21] and Matrigel 
(Corning Inc., New York, New York, USA) mixed at a 1:3 
ratio for in vitro 3D expansion [17].
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Expansion and Maintenance of Cholangiocyte 
Organoid Lines

Cell culture of COs was performed as previously described [17, 
21]. Briefly, cells were cultured with a solubilized basement 
membrane matrix (Matrigel) and WE + medium, supplemented 
with a combination of EGF (Bio-Techne Co., Minneapolis, 
Minnesota, USA), R-spondin 1 (Bio-Techne Co.), and Dick-
kopf-related protein 1 (DKK-1) (Bio-Techne Co.) to promote 
the expansion of cholangiocytes in the form of organoids [21]. 
Organoid media was exchanged every 48 h and the organoid 
lines were split every 5–7 days depending on organoid quality 
and quantity. After split 4, all organoid lines were transferred to 
liquid nitrogen and stored for scRNAseq and further analysis. 
For scRNAseq, all organoid lines were simultaneously revived 
from liquid nitrogen storage and synchronized in culture. All 
experiments were performed using passage 6 organoids unless 
otherwise stated.

Immunofluorescence Staining of Cholangiocyte 
Organoids

For staining, organoids were fixed with 4% paraformal-
dehyde (PFA) in PBS for 20 min. Fixation solution was 
removed and the organoids were washed twice in PBS for 
10 min each. Permeabilization and blocking were performed 
by adding 0.1% Triton X-100 and 5% donkey serum in PBS 
for 1 h. Organoids were stained with primary antibodies 
(Supplementary Table 1) overnight at 4 °C. Samples were 
washed 3 times in PBS for 45 min each and secondary anti-
body staining (Supplementary Table 1) was performed for 
1 h at room temperature, followed by incubation with Hoe-
chst 33258 in PBS for 20 min. Organoids were washed 3 
times in PBS for 45 min each and then imaged using fluo-
rescence microscopy. All immunofluorescence images were 
acquired using a Zeiss Axiovert 200 M inverted microscope 
(Zeiss Group, Oberkochen, Germany) or a Zeiss LSM 700 
(LSM 710) confocal microscope. The ImageJ 1.48 k soft-
ware [22] was used for image processing. Immunofluores-
cence images are representative of at least 3 different CO 
lines.

Flow Cytometry Analysis

COs were dissociated from Matrigel using Cell Recovery 
Solution (Corning Inc.) for 30 min at 4 °C and were then 
centrifuged at 444 g for 4 min and dissociated to single cells 
using TrypLE Express (Gibco Inc.). Cells were stained for 
30 min on ice, washed twice in flow buffer (PBS containing 
5% fetal bovine serum and 0.09% sodium azide), and meas-
ured and analyzed using a BD FACSVerse Flow Cytometer 
and the BD FACSuite software (BD Life Sciences comp., 
Franklin Lakes, New Jersey, USA). A complete list of the 

antibodies and dilutions used is provided in Supplementary 
Table 2.

γ‑Glutamyl Transferase Activity

γ-glutamyl transferase (GGT) activity was measured in 
triplicate using the MaxDiscovery GGT Enzymatic Assay 
Kit (BioScientific, Avondale, Arizona, USA) based on the 
manufacturer's instructions. Absorbance units refer to light 
absorbance at a wavelength of 405 nm.

Alkaline Phosphatase Staining

Alkaline phosphatase (ALP) staining was performed using 
the BCIP/NBT Color Development Substrate (5-bromo-
4-chloro-3-indolyl-phosphate/nitro blue tetrazolium) (Pro-
mega Co., Madison, Wisconsin, USA) according to the 
manufacturer’s instructions.

REAL‑TIME Quantitative Polymerase Chain Reaction

RNA extraction and quantitative polymerase chain reac-
tion (qPCR) were performed as previously described [23]. 
A complete list of the primers used is provided in Sup-
plementary Table 3. All qPCR data are presented as the 
median, interquartile range (IQR), and range (minimum to 
maximum) of four independent CO lines unless otherwise 
stated. Values were normalized to the housekeeping gene 
hydroxymethylbilane synthase (HMBS).

Rhodamine 123 Assay

Organoids were initially incubated for 30 min in the presence 
or absence of 50 µM verapamil (Merck and Co Inc., New 
York, New York, USA). Organoids were then incubated with 
100 µM rhodamine 123 (Merck and Co Inc.) and 1 µg/ml 
Hoechst 33342 in supplemented WE + culture medium for 
5 min. Organoids were washed 3 times in WE + medium and 
then incubated for 40 min in fresh supplemented WE + cul-
ture medium. Organoids were imaged using a Zeiss LSM 
710 confocal microscope. Images were analyzed using 
ImageJ [22] with a mean intensity measurement taken for 
the interior of each organoid. The experiment was run in 
triplicate with 40 organoids quantified in total per condition.

Cytokine‑Stimulation Experiments

COs were stimulated with 50 ng/ml tumor necrosis factor 
α (TNF-α) (Bio-Techne Co.), transforming growth factor β 
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(TGF-β) (Bio-Techne Co.) or interleukin 17 (IL-17) (Bio-
Techne Co.) in supplemented WE + culture medium for 
5 days. Medium and stimulation cytokines were exchanged 
every 48 h. Senescence-associated-β-galactosidase (SA-β-
Gal) stain assay (Abcam Limited, Cambridge, UK) of 
unstimulated and stimulated organoids was performed fol-
lowing the manufacturer’s instructions. Cell culture super-
natant was analyzed by Luminex Discovery Assay (R&D 
Systems Inc.), following the manufacturer’s instructions. 
The experiment was repeated in n > 3 independent stimula-
tion experiments with individual patients.

Single‑Cell RNA Sequencing and Data Analysis

COs were harvested after the sixth passage and processed 
for scRNAseq using the 10X Genomics scRNAseq platform 
and Chromium Next GEM Single Cell 3’ Gel Bead Kit v3.1 
(10X Genomics Inc., Pleasanton, California, USA). Raw 
sequencing reads were delivered in FASTQ format.

Initial quality checks, alignment, and transcript quanti-
fication were performed using Cell Ranger version 3.1.0. 
The alignment was performed against the GRCh38-3.0.0 H. 
sapiens reference genome; a total 41,954 cells were initially 
called on default acceptance thresholds.

Further quality control checks and filtering were per-
formed, including cells with fewer than 2500 features 
(genes) were discarded; the threshold was determined 
based on the nfeature distribution (Supplementary Figs. 1, 
2, 3). In addition, cells with > 15% reads mapping to mito-
chondrial genes, > 40% reads mapping to ribosomal genes, 
or > 100,000 unique molecular identifiers (UMIs) were 
removed; the latter corresponded to doublets (Supplemen-
tary Figs. 2, 3). Once the cells were filtered, mitochondrial, 
ribosomal, and Y chromosome genes were excluded from 
the expression matrix, prior to normalization. Cell-cycle 
was assessed using standard sets of cell-cycle genes, using 
dedicated Seurat functions; no significant batch effect was 
noted; the cell-cycle genes were subsequently excluded from 
expression matrix. 15,564 cells passed all the quality control 
filters, across samples; post-filtering, the expression levels 
were normalized using SCTransform [24].

To evaluate the clustering stability and optimize hyper-
parameters, we employed ClustAssess [25]; parameters 
such as the feature set (most abundant or highly variable 
genes, and the number of genes not affected by random noise 
variation), the resolution, and number of clusters were all 
assessed. The tested number of genes were 500, 1000, 1500, 
and 2000, in line with the nfeature distributions across sam-
ples. The stability is evaluated using Element-Centric simi-
larity; the consistency of outputs on random iterations was 
summarized using Element-Centric Consistency (ECC) [26], 
on 100 iterations on distinct random seeds. We identified 
the transition point from signal to noise at the 1500 most 

variable features, which we subsequently used for down-
stream clustering (Supplementary Figs. 4, 5).

Clustering was performed with Seurat v4.3.0. Initially, 
a Principal Component Analysis (PCA) was performed on 
the 1500 most variable features, retaining the first 30 prin-
cipal components. The Louvain clustering algorithm was 
applied on the PCs, with a resolution of 0.8, revealing 13 
distinct clusters. Differential Expression (DE) analysis was 
performed using the ROC test, considering genes expressed 
in > 25% of the cells, and a log2FC > 0.25.

scRNA data were visualized using the ShinyCell pack-
age from R. Heatmap generation for group comparisons was 
performed using the webtool ClustVis [27].

Spatial Transcriptomics and Sequencing

Spatial transcriptomics and sequencing have previously been 
described for the dataset used [28]. Biliary regions were 
defined by expression of the cholangiocyte markers KRT7 
or EPCAM (KRT7 > 2 counts per spot, EPCAM > 1 counts 
per spot).

Gene expression levels were visualized within pre-defined 
biliary regions in Loupe Browser software (10X Genomics 
Inc.).

Statistical Analysis

All statistical analysis for non-scRNAseq data was per-
formed using GraphPad Prism 9 (GraphPad Software, La 
Jolla, California, USA). Double sided Student’s t test was 
used to evaluate statistical significance.  P values below 0.05 
were considered significant. The number of replicates refers 
to organoid lines unless otherwise stated.

Results

Generation of PSC Cholangiocyte Organoids 
from ERCP Brushes

To determine if CO cultures could be established directly 
from the bile ducts of PSC patients, we collected brush 
samples from 13 patients undergoing ERCP with an age 
ranging from 29 to 74 years; of these, 10 patients had 
a diagnose of PSC, while 3 were non-PSC patients who 
were included as controls (full clinical characteristics in 
Table 1). Six of the PSC patients had a diagnosis of inflam-
matory bowel disease (IBD) (four patients with ulcerative 
colitis (UC) and two patients with Morbus Crohn). The 
most common indication for ERCP was bile duct obstruc-
tion (Table 2) and the parallel brush samples taken for 
clinical diagnostics showed normal cytological findings 
in approximately 50% of the cases (Table 2).
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To generate COs from ERCP brushings, cells from the 
collected brushes were mixed with Matrigel and supple-
mented WE + medium and seeded as droplets into cell 
culture dishes (Fig. 1A). First organoids were observed as 
early as 3–4 days in 3D Matrigel culture (Supplementary 
Fig. 6). The organoid cultures underwent splitting after 
6–8 days to remove dead cells and debris and pure orga-
noid lines were obtained after approximately two splits 
and 14 days in culture (Fig. 1B). The COs exhibited stable 
expression of the key biliary markers epithelial cell adhe-
sion molecule (EPCAM) by flow cytometry and cytokera-
tin 7 (CK7) as well as SRY-related high mobility group 
box transcription factor 9 (SOX9) by immunofluorescence 
staining (Fig. 1C, D), confirming the cholangiocyte iden-
tity of the expanded cells. The organoid lines derived 
from PSC patients and non-PSC controls showed simi-
lar morphology, size, and expression of biliary markers 
(Fig. 1B–D). To determine if organoids retained biliary-
associated markers and function, ALP and GGT activ-
ity were measured. COs from PSC and control patients 
demonstrated comparable levels of ALP and GGT activity 

(Fig. 1E, F) and comparable levels of the biliary markers 
keratin 19 (KRT19), KRT7, SOX9, GGT , and cystic fibrosis 
transmembrane conductance regulator (CFTR) on a tran-
scriptional level as assessed by qPCR (Fig. 1G).

To assess functionality of the PSC-derived organoids, we 
additionally assessed secretory capacity by a Rhodamine 
123 assay and evaluated the expression and localization 
of the key tight junction and cytoskeleton proteins E-cad-
herin, actin, claudin 3, and zonula occludens-1 (ZO-1) that 
are important for establishing intact barrier function. PSC 
COs demonstrated active secretion through the multidrug-
resistance-receptor 1 (MDR1) and correct expression and 
localization of key tight junction and cytoskeleton proteins 
(Fig. 1H, I). As a part of the functional assessment, we fur-
ther addressed the reactivity of PSC COs to disease-relevant 
stimuli (TNF-α, TGF-β and IL-17) by immunohistochem-
istry, immunofluorescence, and multiplex enzyme-linked 
immunosorbent assay (ELISA). PSC-derived organoids 
reacted to external stimulation by an upregulation of key 
markers for cellular senescence (SA-β-Gal and protein 21 
(p21)) and by increased secretion of mediators that are 

Table 2  ERCP indication, region, and result including clinical course and follow-up time

LTX Liver transplantation, HJRY hepaticojejunostomy, MRCP magnetic resonance cholangiopancreatography, FISH fluorescence in situ hybridi-
zation, ERCP endoscopic retrograde cholangiopancreatography, CA19-9 cancer antigen 19–9

Patient Indication ERCP Region of bile ducts Result brush cytology Clinical course Follow-up time

PSC 1 Dominant stricture Dominant stricture ductus 
choledochus

Regular cylindrical epi-
thelium

Recurrent cholangitis 28 months

PSC 2 Anastomotic stricture HJRY anastomosis Acellular material LTX eleven years before 
ERCP/recurrent PSC/
retransplant two years 
after ERCP

23 months

PSC 3 Control inconclusive brush Ductus choledochus Regular cylindrical epi-
thelium

No relevant clinical events 60 months

PSC 4 Strictures and 
Ca19-9 > 2500

Dominant stricture left duc-
tus choledochus

Acellular material No relevant clinical events 60 months

PSC 5 Pruritus Left and right ductus chole-
dochus

Regular cylindrical epi-
thelium

Died, CCA diagnosis 
5 months after ERCP

16 months

PSC 6 Strictures/pain Dominant stricture ductus 
choledochus

Regular cylindrical epi-
thelium

No relevant clinical events 59 months

PSC 7 Unsuccessful MRCP Dominant stricture ductus 
hepaticus

Regular cylindrical epi-
thelium

No relevant clinical events 58 months

PSC 8 Polysomy FISH Extrahepatic bile duct Inconclusive regarding 
dysplasia

LTX five months after 
ERCP

5 months

PSC 9 Pruritus, jaundice Ductus hepaticus com-
munis

Low grade dysplasia LTX two months after 
ERCP

2 months

PSC 10 Pruritus, pain Ductus hepaticus com-
munis and left ductus 
choledochus

Inflammation Progressive disease, 
multiple endoscopic 
procedures

52 months

Control 1 Pancreatic stones Unknown No information Died 26 months
Control 2 Dilated bile ducts Ampulla Vateri Regular cylindrical epi-

thelium
Died 27 months

Control 3 Investigate papillary 
pathology

Left ductus choledochus No information No relevant clinical events 52 months
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Fig. 1  Characterization of 
cholangiocyte organoids gener-
ated from ERCP brushings. 
a Overview of cholangiocyte 
organoid (CO) derivation from 
ERCP brushing. b Representa-
tive brightfield images showing 
COs from a control patient and 
a patient affected by PSC. Scale 
bars 100 μm. c Representative 
flow cytometry histograms dem-
onstrating expression of the key 
biliary marker EPCAM in con-
trol and PSC COs. d Expression 
of biliary markers in control 
and PSC COs by immunofluo-
rescence. Scale bars 100 μm. 
e Representative images of 
COs from control and PSC 
patients demonstrating alkaline 
phosphatase (ALP) activ-
ity. Scale bars 100 μm. f COs 
from control and PSC patients 
demonstrate gamma-glutamyl 
transferase (GGT) activity at 
comparable levels. N = 4; ns, 
non-significant. g Expression 
of the biliary markers KRT19, 
KRT7, SOX9, GGT1, and 
CFTR by control and PSC COs, 
detected by quantitative-PCR. 
Housekeeping gene, HMBS; 
n = 4; ns, non-significant. h 
Rhodamine 123 assay demon-
strating intact MDR1 trans-
porter function in PSC COs. 
n = 40 organoids. Error bars rep-
resent s.d. i Correct localization 
of main cytoskeleton and tight 
junction markers in PSC COs, 
demonstrated by immunofluo-
rescence. Scale bar 50 μm. CK7 
cytokeratin 7, KRT19 keratin 
19, SOX9 SRY-related high 
mobility group box transcrip-
tion factor 9, GGT  gamma-
glutamyltransferase 1, CFTR 
cystic fibrosis transmembrane 
conductance regulator, ZO-1 
zonula occludens-1 protein, 
MDR1 multidrug resistance 
protein 1, **** P < 0.0001
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relevant for immune-modulation and tissue remodeling 
(Supplementary Fig. 7).

Single‑Cell RNA Sequencing Demonstrates 
Transcriptomic Overlap Between Organoid Lines 
Derived from Individual Patients

To assess potential patient-specific transcriptomic signature 
differences between the individual CO lines, we expanded 
the organoid lines until passage 6, homogenized the COs to 
single-cell suspensions, and then performed scRNAseq to 
compare the transcriptional profile of all samples (n = 13). 
Cluster analysis of scRNAseq transcriptomes revealed close 
similarity between all cultured CO lines (Fig. 2A). Seurat 
[29] clustering, with hyper-parameters optimized on data 
characteristics using ClustAssess [25], revealed 13 clusters 
when all CO lines were evaluated together (Fig. 2B). No 
patient-specific clusters were identified, although the cell 
proportions within each cluster varied between the patients 
(Fig. 2C). Clusters 0–11 grouped closely to each other. Clus-
ter 12, which consisted of a small subpopulation of cells, 
clustered furthest away from the other clusters (Fig. 2B, D). 
Cluster-specific differentially expressed genes (DEG) were 
identified; focusing on positive markers, we identified genes 
that are associated with cellular stress responses such as 
apoptosis (KLF10, GADD45B) and inflammatory processes 
(NR1D1, CXCL1, IL32) to be strongly upregulated in cluster 
12 (Fig. 2E), indicating that cluster 12 consists of a small 
subpopulation of dying and inflammatory active cells. Clus-
ter 0, the largest subpopulation of cells (Fig. 2D), differenti-
ated from the remaining clusters by an upregulation of genes 
associated to the regulation of cell proliferation and differ-
entiation (FOS, FOSB, PPP1R15A) (Fig. 2E). DEG analysis 
revealed that clusters 0–11 were defined by subtle changes 
in functional gene groups, indicating functional subgroups 
of cholangiocytes within the CO lines that differ from each 
other in their cell-cycle state (cluster 1, 6, and 7), metabolic 
state (cluster 8—upregulated glycolysis/gluconeogenesis), 
secretion level (Cluster 3 and 10—upregulated secretion/
mucus layer), inflammatory response (Cluster 11—upreg-
ulated chemotaxis/chemokine activity), DNA repair and 
chromatin remodeling (Cluster 5), and intermediate filament 
assembly (Cluster 4) (Fig. 2E, Supplementary Data 1).

Cholangiocyte Organoids Derived from PSC Patients 
Do Not Demonstrate Specific Disease‑Relevant 
Features in their Transcriptional Profile Compared 
to Controls

Organoid lines from different patients shared a core tran-
scriptional profile; cluster analysis revealed differences in 
the cell proportions of each individual patient within the dif-
ferent functional subgroups (clusters). We therefore hypothe-
sized that cholangiocytes from individual patients may retain 
distinct transcriptome signatures reflecting disease etiology. 
scRNAseq revealed close similarity between lines derived 
from PSC patients and lines derived from non-PSC control 
patients (Fig. 3A). Global analysis identified 132 signifi-
cantly DEG when comparing PSC and non-PSC CO lines 
(Supplementary Data 2). The most differentially expressed 
genes were REG4 (average  log2 fold change (avg-log2FC) of 
-1.02), MUCL3 (avg-log2FC of -0.78) and IL32 (avg-log2FC 
of -0.73), all of which were downregulated in PSC-derived 
CO lines (Supplementary Data 2). PSC-derived organoids 
further showed significant downregulation of MSMB (avg-
log2FC of -0.67), NFKBIA (avg-log2FC of -0.58), and 
MMP1 (avg-log2FC of -0.56) and an increased expression of 
MUC6 (avg-log2FC of 0.68), ID1 (avg-log2FC of 0.68), and 
ID3 (avg-log2FC of 0.67) (Supplementary Data 2, Fig. 3B). 
Significant DEGs were patient-specific rather than global 
changes relating to disease etiology (Fig. 3B).

Since the cluster analysis revealed patient/line-specific 
proportions of different functional subgroups within the indi-
vidual patients (Fig. 2C and 3B), we next analyzed scRNAseq 
for changes between PSC and non-PSC CO lines within each 
functional cluster. Subcluster DEG analysis revealed minor 
changes in gene expression that could not specifically be 
related to disease etiology (avg-log2FC values < 0.94, Supple-
mentary Data 3). The most upregulated genes in PSC-derived 
CO lines were MUC5AC and TFF2 (Cluster 5), DEFB1 (Clus-
ter 10), and SELENOM (Cluster 12). Downregulated genes in 
the PSC group were among others ANPEP and IL32 (Cluster 
2), TNFSF15, ATF3, IER5, FOSB, and AC020656.1 (Cluster 
8) and IFITM2.1 (Cluster 11) (Fig. 3C).

Additionally, we performed in situ spatial transcriptomic 
analysis of liver tissue samples from PSC and non-PSC con-
trol samples and confirmed the expression of SELENOM, 
MUC6, ID1, ID3, and DEFB1 in relevant biliary regions in 
PSC tissue (n = 4) and non-PSC tissue (n = 2) (Supplemen-
tary Figs. 8, 9).

Fig. 2  Cholangiocyte organoids from individual patients overlap in 
their transcriptomic profile. a UMAP plots illustrate a general tran-
scriptomic overlap between individual COs from PSC (n = 10) and 
non-PSC patients (n = 3) after stable culture. b Identification of 12 
separate clusters across all CO lines. c Proportion of cells from each 
patient contributing to each cholangiocyte cluster. d Number of cells 
per patient in each cell cluster. e Top 5 upregulated genes per cluster. 
UMAP Uniform Manifold Approximation and Projection, CO cholan-
giocyte organoid

◂
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Fig. 3  Transcriptional profiling 
reveals a strong overlap between 
cholangiocyte organoids from 
PSC patients and organoids 
from non-PSC patients. a 
UMAP plots show a general 
transcriptomic overlap between 
individual samples from (1) 
non-PSC (n = 3) and (2) PSC 
patients (n = 10) after organoid 
culture. b Heatmap demonstrat-
ing the top 10 up- and downreg-
ulated genes in PSC compared 
to the non-PSC group. c Most 
differential expressed genes 
between the PSC and non-
PSC patient groups per cluster 
(log2FC > 0.5). UMAP Uniform 
Manifold Approximation and 
Projection, CO cholangiocyte 
organoid
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Transcriptional Profiling Reveals an Upregulation 
of Cancer‑Related Genes in Cholangiocyte 
Organoids Derived from a Patient Who Went 
on to Develop CCA 

During follow-up after the ERCP procedure (2–60 months; 
mean 36 months), two of the included PSC patients were 
diagnosed with biliary intraepithelial neoplasia stage I/II 
(BIL-IN I/II) (after 5 and 2 months) and one PSC patient 
was diagnosed with CCA (after 5 months). To investigate 
whether a possible cancer-related disease imprint could be 
seen in the organoid culture based on cells collected before 
the diagnosis, we next compared the complete transcrip-
tomes of all CO lines to each other (Fig. 4). DEG and clus-
tering of the individual CO lines did not show a significant 
overlap between CO lines that were generated from patients 
with a putative malignant background on transcriptome 
level (Fig. 4). We next compared DEG between the CO line 
derived from a patient with later CCA diagnosis and the 
remaining PSC-derived samples (Fig. 5A) and between the 
groups PSC (no dysplasia) and CCA + BIL-IN I/II (diagnosis 
after ERCP procedure) (Fig. 5B). DEG revealed an upregu-
lation of previously described cancer-related genes (PGC, 
FXYD2, MIR4435-2HG, and HES1) in CCA compared to 
non-cancer control samples (Fig. 5A) and an upregulation 
of the potential tumor suppressor DEFB1 in samples asso-
ciated with the development of CCA or BIL-IN (Fig. 5B), 

highlighting a potential of COs as a possible prognostic tool 
for diagnosing CCA in the future.

Discussion

Understanding the pathogenesis of PSC would require the 
detailed analysis of affected tissue and diseased target cells, 
which together constitute the disease-specific microenviron-
ment. Most studies evaluating cholangiocytes in PSC have 
used cells collected from bile or explanted end-stage diseased 
liver tissue [18, 19], both sources which may not completely 
represent the cholangiocyte subtypes at the site of chronic 
inflammation. To assess the phenotype of cholangiocytes 
originating from the diseased area of the bile ducts, we iso-
lated primary cholangiocytes from ERCP brushes, expanded 
the collected cells into organoids, and performed high-reso-
lution scRNAseq to establish a comprehensive overview of 
CO lines derived from PSC and non-PSC patients.

We show that isolation of cholangiocytes directly from 
the disease-affected common and hepatic bile ducts of 
patients undergoing ERCP offers a robust and reproduc-
ible method for obtaining primary patient cells for organoid 
expansion. CO lines were successfully established from 
13 brush samples and the resulting organoids were easily 
expanded and expressed key lineage markers characteristic 
of mature primary cholangiocytes. Importantly, we did not 

Fig. 4  Transcriptomic similari-
ties and clustering between the 
individual CO lines. Heatmap 
shows the complete transcrip-
tomes of all CO samples. Dif-
ferentially expressed genes are 
color coded according to the log 
scale. CO lines from patients 
who were later diagnosed with 
biliary malignancy are marked 
in bold. CO cholangiocyte 
organoid
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observe morphologic or functional differences between CO 
lines derived from PSC patients and those derived from non-
PSC control patients, suggesting our method may be a valu-
able tool for future regenerative medicine approaches aiming 
to treat PSC patients using autologous organoids [16, 30].

A previous study comparing scRNAseq data from fresh 
human cholangiocytes to cholangiocyte organoids demon-
strated a loss of transcriptional diversity after prolonged cell 
culture [16]. In line with those published data on cholangiocytes 

from non-PSC patients, we observed that primary cholangio-
cytes from PSC patients expanded in organoid culture media 
expressed a common transcriptome profile irrespective of dis-
ease etiology. Moderate changes in gene expression seemed to 
be related to cell line-specific gene signatures (cell-cycle status, 
culture-dependent stress features) rather than to disease etiol-
ogy. Contrary to previous studies suggesting that chronic chol-
angiocyte activation in PSC can initiate non-reversible cellular 
senescence and induce the transition of cholangiocytes into a 

Fig. 5  Transcriptional profiling reveals higher expression of the poten-
tial pan-cancer regulator PGC in cholangiocyte organoids derived 
from a CCA patient. a Top 20 differentiated genes in a CO sample 
generated from a patient who later was diagnosed with CCA (PSC 

CO line 5). b Top 20 differentiated genes in a PSC patient group diag-
nosed with CCA or biliary intraepithelial neoplasia stage I/II (BIL-IN) 
(n = 3) (diagnosis after cell isolation) compared to PSC patients with-
out biliary malignancy (n = 7). CO cholangiocyte organoid
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strongly proinflammatory senescence-associated secretory 
(SASP) phenotype [10, 12, 31], we observed that genes asso-
ciated with an inflammatory response (CCL20, MMP1, IL32, 
CXCL2, and CXCL8) were slightly downregulated in PSC orga-
noids cultured under non-inflammatory conditions. Although we 
did not observe any differences in proliferation relative to dis-
ease etiology, we saw an upregulation of genes that are thought 
to promote cellular senescence [32, 33] (ID1 and ID3) in PSC 
CO lines. Regarding the small avg-log2FC values for those 
genes, the biological significance of those results remains to be 
determined. Staining for the key senescence markers SA-β-Gal 
and p21 further indicated low levels of senescence in PSC COs. 
External stimulation of PSC-derived organoids with disease-
relevant cytokines demonstrated upregulation of both SA-β-Gal 
and p21, accompanied by an increased secretion of immune-
modulating and tissue remodeling mediators that might be of 
relevance for PSC pathogenesis.

Taken together, these results clearly suggest that the 
senescent-like phenotype and SASP of PSC cholangiocytes 
could be specific to the proinflammatory biliary environ-
ment during ongoing disease rather than intrinsic and can 
be reversed when cholangiocytes are expanded in culture.

Of note, future studies should also address potential func-
tional differences between intra- and extrahepatic cholangiocytes 
in PSC given the known differences between cholangiocytes in 
these two compartments [34], as our current study comprises the 
study of extrahepatic cholangiocyte organoids solely.

New diagnostic tools delivering confident results for CCA 
diagnosis remain the largest unmet need in PSC patients [35]. 
To evaluate the potential of biliary-derived organoids in this 
regard, we performed a targeted transcriptome assessment of 
COs expanded from 3 patients who were later diagnosed with 
CCA or BIL-IN I/II. In CCA and BIL-IN I/II organoids, we 
saw a significant upregulation of pepsinogen C (PGC) which 
has been described as a pan-cancer regulator and has previously 
been shown to be upregulated in CCA [36]. PGC is thought to 
regulate the K-RAS signaling pathway and other cancer-related 
pathways and is a potential prognostic cancer biomarker, but its 
definitive role in tumor microenvironments is still unclear [36]. 
We further observed a cancer-related upregulation of FXYD2, 
which has been shown to be upregulated in CCA tissues [37], 
as well as an upregulation of the potential pan-cancer biomarker 
MIR4435-2HG and the potential CCA-driver HES1 [38, 39]. 
Upregulation of these markers in CCA/BIL-IN I/II-derived orga-
noids after prolonged culture suggests that COs could be used 
as a predictive tool to triage patients at higher risk of developing 
CCA. This approach holds potential for establishing a new diag-
nostic test for CCA based on organoid expansion and sequenc-
ing. As the results described herein are limited to 3 CCA/BIL-IN 
I/II samples, a larger patient group is needed for replication and 
extension of these results.

In summary, our study demonstrates that primary cholangio-
cytes can be isolated and expanded into functional COs from 

ERCP brushes taken from the site of injury of PSC and non-PSC 
patients. scRNAseq profiling shows PSC and non-PSC COs 
are largely similar; however, detailed assessment of organoids 
generated from PSC patients who later developed dysplasia 
indicates that COs may retain certain disease-relevant features 
despite their adaption toward the in vitro environment and sug-
gest a future potential application of COs as a diagnostic tool 
for CCA. Future studies investigating the phenotype of those 
PSC-derived COs under inflammatory culture conditions may 
further unlock the full potential of those cells for future regen-
erative medical approaches aiming to treat PSC patients and/or 
future mechanistic advances unraveling disease mechanisms and 
developing new medicinal approaches for the treatment of PSC.
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