
Rare pediatric liver disorders can be very destructive to the lives of 
patients and their families. Often, therapeutic options are limited to 
symptomatic care and precise disease mechanisms remain elusive. 
The relatively low incidence of each individual disease and the 
often widespread geographic distribution of patients complicate 
research and treatment development. In this dissertation, we have 
investigated the potential of patient-derived liver organoids to study 

such rare pediatric liver diseases. The Modern Day Heracles
Patient-derived Liver Organoids to Model Rare  

Pediatric Liver Diseases
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Chapter 1

“Two beautiful eagles swept down from the sky and glided close to Prometheus, 
blocking the sunlight. Zeus called up to him. ‘You will lie chained to this rock forever. 

(…) Each day these eagles will come to tear out your liver, just as you tore out my heart. 
They will eat it in front of your eyes. Since you are immortal it will grow back every 

night. This torture will never end.”

From Mythos – The Greek Myths Retold, by Stephen Fry1

Although humans are not immortal Titans, the myth of Prometheus bares some 
truth: the liver’s fascinating regenerative capacity. Since the performance of most 
organs depends on hepatic functions, liver regeneration is a vital process. Across 
all vertebrates the liver has evolved to replenish its mass and function after injury.2 
In healthy humans, 50% of the original liver volume is regenerated within a week of 
removing 70% of the liver.3,4 Within one year organ volume and function approximate 
pre-operative conditions.

This incredible regenerative capacity is the result of a complex orchestration of 
signals, including growth factors and altered extracellular matrix (ECM) composition.5 
These signals promote the self-renewal of each liver cell type after acute injury. 
However, there are situations, such as viral infections, in which self-renewal of 
one of the two most abundant liver cell types, hepatocytes and cholangiocytes, is 
inhibited. To rescue liver function, vertebrates have evolved another mechanism of 
liver regeneration. Hepatocytes and cholangiocytes can transdifferentiate into the 
other cell type. In this way, they act as facultative stem cells to replenish the other 
cell type and secure continued liver function.5,6

Yet, unlike Zeus’ claim of infinite liver regrowth in the myth of Prometheus, there 
are limits to liver regeneration. Chronic liver injury will eventually hamper liver 
regeneration. The ECM composition changes, an inflammatory environment forms 
and genetic errors increasingly accumulate as hepatocytes attempt to chronically 
replenish hepatocyte loss.5 As the environmental landscape drastically changes, 
regeneration signals are lost in translation and liver damage progresses to organ 
failure. As a result, 17 out of 100,000 adults die in the USA of liver failure annually.7 
In Europe, deaths due to liver failure amount to a similar number on average but 
can reach up to 25 out of 100,000 in some countries.8

Clearly, solutions for patients with liver disease are urgently needed. A lot of 
research has been invested in high prevalence disorders such as non-alcoholic 
fatty liver disease and hepatocellular carcinoma.9 Individually rare liver diseases 
receive less attention even though their cumulative prevalence is significant. About 
25% of rare liver diseases affect patients younger than 5 years old, while another 
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37% affect patient life expectancy significantly.10 It is challenging to study these 
diseases because patient numbers are limited, and mature liver functions and 
functional defects are difficult to model in vitro. In this thesis we explore possibilities 
to investigate these rare pediatric liver diseases and liver functions with the ultimate 
aim to improve care and treatment options for affected children.

Liver biology

The liver is a vital organ of the body and responsible for a plethora of functions. It 
acts as a large sieve through which the blood is filtered. Harmful substances are 
neutralized and replaced with useful molecules including hormones, and proteins.

These processes are facilitated by the architecture of the liver (Figure 1).11–14 
Liver tissue is composed of repetitive building blocks, called lobules.15 Therein 
hepatocytes, responsible for most of the liver’s functions, are arranged in a 
hexagonal shape around a central vein. Each corner of the hexagon is marked 
by a portal triad, a grouping of branches of the portal vein, bile duct and hepatic 
artery. Within a lobule, the hepatocytes are organized into cords. Endothelial cells 
line the space in between the hepatocyte cords forming sinusoids which radiate 
toward the central vein.16 These endothelial cells are fenestrated thus maximizing 
the contact between hepatocytes and oxygen- and nutrient-rich blood. As the blood 
progresses through the lobule, its composition changes as cells utilize components 
and secrete waste products. This creates gradients of oxygen, growth factors and 
waste products throughout the lobule. Importantly, this varying environment is 
responsible for variation in hepatocyte function through the liver lobule, also called 
metabolic zonation.17,18 For instance, near the portal triad hepatocytes perform urea 
synthesis more than toward the central vein, while glycolysis occurs largely in the 
more central, low-oxygen regions of the lobule.

Hepatocytes make up around 80% of the liver volume.19 This so-called parenchymal 
part of the liver is supported by a non-parenchymal cell portion, composed of 
cholangiocytes, Kupffer cells, hepatic stellate cells, sinusoidal endothelial cells, 
endothelial cells, and natural killer cells. Each cell type contributes to the functioning 
of the organ and interacts with hepatocytes to ensure homeostasis. Hepatocytes are 
responsible for most liver functions. Their polarity facilitates simultaneous interaction 
with the blood and bile compartments.13 The basolateral side of hepatocytes faces the 
space of Disse, which describes the space between the sinusoidal endothelial cells and 
hepatocytes.20 Hepatocytes extend villi into the space of Disse to maximize absorption 
of compounds from the blood. The space of Disse also contains ECM proteins such as 
fibronectin, laminins, collagens and perlecan, which provide structural support and cell 
fate cues to hepatocytes.21,22 Moreover, Kupffer and hepatic stellate cells reside in this 
space and are responsible for blood filtration, fat storage and liver regeneration upon 

1
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tissue damage.23–25 Where hepatocytes face neighboring hepatocytes the apical cell 
domain is found.13 Here hepatocytes form tight junctions and canaliculi. These canaliculi 
form an intricate three-dimensional (3D) lattice structure throughout the stacked 
lobules and feed into the bile ducts.26,27 Cholangiocytes, the second most abundant cell 
type of the liver, line the intra- and extrahepatic bile ducts and facilitate bile flow out of 
the liver and into the gallbladder and duodenum.28,29 Moreover, cholangiocytes control 
bile composition and homeostasis by secreting or absorbing ions and organic solutes.

Figure 1. Architecture of the liver lobule and hepatic niche. Alb, albumin; BC, blood cell; 
BD, bile duct; CV, central vein; ECM, extracellular matrix; HA, hepatic artery; HSC, hepatic 
stellate cell; KC, Kupffer cell; LSEC, liver sinusoidal endothelial cell; PT, portal triad; PV, portal 
vein. Adapted and modified from the PhD dissertation of Lianne van Os.

Hepatocytes are responsible for most liver functions. The 3D positioning and 
polarity of hepatocytes maximizes contact with sinusoids and bile canaliculi to 
facilitate transport of substrates and waste products across the cell membrane.13,14 
Incoming nutrients are broken down into building blocks, such as amino acids and 
energy, which fuel other metabolic reactions.13,30 Glucose and insulin homeostasis is 
achieved through close communication with the pancreas. Depending on whether 
the body is fasting or feeding hepatocytes can store glucose as glycogen or generate 
glucose through gluconeogenesis.31,32 Similarly, hepatocytes process incoming 
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lipids for immediate use and can store excess lipids until future use as an energy 
source.33 Aside from energy metabolism, hepatocytes are a major factory for blood 
proteins, such as albumin and clotting factors.34,35 Other proteins are degraded by 
hepatocytes and produce excess toxic nitrogen-rich waste which is converted into 
urea for safe removal via the kidneys.36 Hepatocytes also produce bile, a soap-like 
fluid containing bile acids and salts, cholesterol, bilirubin, electrolytes, and other 
components.37 Bile is secreted into bile canaliculi and transported through the 
bile ducts to exit the liver. Eventually, bile drains into the gallbladder for storage 
or delivery to the duodenum to aid in digestion. Bile also acts as a carrier for 
metabolized xenobiotic waste products. During xenobiotics or drug metabolism, 
exogeneous harmful substances are filtered from the blood and metabolized 
into harmless waste products.38 Because of this detoxifying function the liver is 
particularly vulnerable to drug induced liver injury.39,40

Pediatric liver disorders

Malfunction or disruption of the liver’s intricate metabolic network can lead to 
disease. Especially, pediatric liver diseases showcase the vital function of the liver 
and the problems that arise when a single liver function is deficient. Since the liver is 
such an important and complex organ, liver transplantation represents the ultimate 
treatment for many pediatric liver disorders. Listed among the leading causes for 
pediatric liver transplantations are cholestatic liver diseases, such as biliary atresia, 
and metabolic disorders.41,42 Biliary atresia (BA) is a perinatal disease presenting 
with obstructed or absent extrahepatic bile ducts and gallbladder thus inhibiting 
bile drainage from the liver.43,44 When left untreated liver damage rapidly progresses 
to organ failure. The etiology of BA is likely multi-factorial but remains poorly 
understood. Thus, treatment options for patients are limited to surgical correction 
and liver transplantation.45–47 Conversely, several other (monogenic) pediatric 
liver disorders are caused by mutations in a single gene encoding an enzyme or a 
transporter. This often results in an altered metabolic pathway; key metabolites are 
missing or accumulate to reach toxic concentrations, as is the case for citrullinemia 
type I, a urea cycle disorder wherein ammonia is not processed and accumulates 
in the body.48 Primary familial intrahepatic cholestasis represents an example of 
disorders, where defects in the bile secretion system lead to the accumulation 
of bile in the liver and consequent hepatocyte damage.49 Eventually these 
functional defects lead to failure of the liver or other organs before patients reach 
adulthood.50 Individual monogenic liver disorders are rare diseases; however, their 
cumulative occurrence is high, with a frequency of 1 in 2,000 births annually.51–54 Yet, 
heterogeneity, geographic distribution and rarity of each monogenic liver disorder 
has hampered our understanding of underlying pathophysiology. Tragically, this 
has also complicated the development of pharmaceutical solutions. Thus, for many 

1
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of these pediatric liver disorders medical care is limited to symptomatic treatment, 
while for others treatment options are entirely non-existent.

Liver models

The development of therapeutic approaches for rare pediatric liver disorders 
requires robust and personalized in vitro models of the liver. Traditional hepatic in 
vitro models comprise two-dimensional cultures of primary human hepatocytes 
(PHH) and immortalized or cancer-derived cell lines such as HepaRG and HepG2. 
PHH are considered the gold standard of hepatic in vitro models as they are cells 
with hepatic functions, and they represent the genetic make-up of the donor. 
However, substantial amounts of liver tissue are required to yield sufficient PHH 
for research. Thus, personalized research in cells derived from a living donor is not 
feasible. Cell lines such as HepaRG and HepG2 are widely used, can be upscaled in 
vitro and perform several hepatic functions. Yet, these cell lines do not represent 
interindividual differences and lack key metabolic enzymes.55

Recent developments in stem cell technologies have allowed the generation of 
hepatocyte-like cells from embryonic stem cells, mesenchymal stem cells (MSCs) 
or induced pluripotent stem cells (iPSCs).56–60 These stem cells self-renew and can 
differentiate into various cell types when exposed to appropriate cues. Extensive 
differentiation protocols have been developed to resemble hepatic organogenesis 
and produce cells which mimic hepatocyte functions as closely as possible. iPSCs 
are of particular interest since they can be generated from patients thus opening 
the doors for studying monogenic liver disorders in a patient-specific setting.61 
Yet, hepatic maturation in these stem cell-based in vitro models remains limited 
compared to in vivo hepatocytes or freshly isolated PHH.62–66

To overcome limitations in hepatic maturity of stem cell-derived hepatocyte-like 
cells, the microenvironment of these in vitro models has been modified to mimic 
the in vivo situation more closely. Strategies include the use of supportive matrices 
and perfusion with media to mimic blood flow.67 Supportive matrices, such as 
collagen-based gels provide physical support and allow for 3D structures to form. 
Moreover, the composition of these gels can be fine-tuned to mimic the ECM of the 
space of Disse and thus provide in vivo-like biochemical cues to the cells.67 Previous 
studies have shown improvements in the expression of hepatic markers, such as 
albumin and drug metabolizing enzyme CYP3A4, upon culturing iPSCs on supportive 
matrices.68,69 Yet, maturation remained incomplete with high expression of fetal 
hepatocyte markers and significantly lower expression and function of mature 
hepatocyte markers compared to PHH.
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Another aspect of the hepatic niche is the high vascularization and continuous supply 
of fresh blood to hepatocytes. It is a unique feature of the liver and contributes 
to the organ’s vital functions. Hence, mimicry of blood flow in in vitro models 
represents a logical strategy to improve hepatic maturation.67 This is often achieved 
through continuous perfusion of media through a culture chamber. Continuous 
perfusion is thought to not only maximize contact with oxygen and nutrients but 
also to provide control over media composition.70 Yet, even with these strategies, 
hepatic maturation of pluripotent stem cells remains incomplete, thus limiting their 
application.62,71–73

Apparently, current differentiation conditions of stem cell-derived hepatocyte-like 
cells are suboptimal, thus hampering full hepatic maturation of employed stem 
cells.67 Most of these model systems make use of pluripotent stem cells which are 
thought to be capable of differentiating into any cell type. However, it has been 
shown that tissue origin can affect differentiation potential of pluripotent cells.74,75 
Therefore, the use of liver-derived cells could be more successful in producing an 
in vitro model expressing mature hepatocyte functions alike PHH.

To that end, liver organoids have been developed from patient-derived liver tissue. 
Liver organoids are derived from bipotent biliary epithelial cells which self-assemble 
into hollow spheres in culture.76 Organoids can be cultured from digested patient 
biopsies placed in a laminin-rich hydrogel in 3D culture conditions and specific 
growth factors. Liver organoids are able to differentiate into both hepatocytes and 
cholangiocytes, thus opening the avenue to study the whole hepatobiliary system 
based on a single patient biopsy.76–78 Moreover, it has been reported that liver 
organoids can be stably cryopreserved and cultured for several months, which 
is uncommon for primary human cells.76 Following the development of organoids 
from intrahepatic cholangiocytes, organoid cultures from extrahepatic bile ducts 
and the gallbladder have been generated using similar protocols.79,80 Since then, new 
nomenclature has been developed to distinguish between organoids from different 
hepatobiliary origin.81 The liver organoids that were first established by Huch et al. 
in 2015 are now named intrahepatic cholangiocyte organoids (ICOs). Other liver 
organoids are referred to as hepatocyte organoids, extrahepatic cholangiocyte 
organoids (ECOs), and gallbladder cholangiocyte organoids (GCOs).

Within the context of rare pediatric liver diseases, the first report on liver organoids 
presented promising results on pathophysiologic studies using liver organoids 
from patients suffering from Alagille syndrome and α1-antitrypsin deficiency.76 
The prospect of nearly infinitely available patient material with which to study rare 
diseases was enticing. Consequently, our group at the UMC Utrecht invested in the 
infrastructure and (inter)national collaborations to generate a Metabolic Biobank 
involving liver organoids derived from liver tissue of hundreds of healthy and 

1
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patient donors. This large biobank of liver organoids from various rare pediatric 
liver diseases presents a valuable opportunity to unravel the usefulness of liver 
organoids to aid in mechanistic studies and clinical decision making.

Evaluation and further development of liver organoids 
as a tool in liver disease research

Upon establishment of liver organoids for our biobank, our knowledge about 
their applicability in studying disease etiology and pathophysiology was limited. 
Since the first report on liver organoids, no further information about the range of 
hepatic functions expressed in liver organoids has been published. Although Huch 
et al., 2015 demonstrated that multiple hepatocyte functions can be studied in 
liver organoids, only limited functional comparisons were made with PHH or liver 
tissue. Meanwhile, gene expression of several hepatic markers, such as albumin, was 
significantly lower than in liver tissue, indicating that liver organoids might not reflect 
full hepatocyte maturity. Hence, it remained unclear which hepatic functions and 
disorders can be studied with liver organoids. In this thesis, we explore the potential 
of liver organoids to study the pathophysiology of monogenic liver disorders and 
other rare pediatric liver diseases.

In Chapter 2, we explore whether different monogenic liver disorders can be studied 
in (patient-derived) ICOs. We consider diseases representing various metabolic liver 
functions, namely amino acid metabolism, copper metabolism, and bile homeostasis 
and speculate, based on transcriptomic data, which metabolic functions could be 
studied in ICOs rather than in other cell models, such as fibroblasts. The outcomes 
shine a light on whether further investments into liver organoid technology as a 
clinical research tool for liver disorders is warranted by clinicians and research 
institutes.

The endeavors in uncovering the utility of liver organoids are expanded in Chapter 
3 by exploring whether liver organoids can be used to model pediatric liver diseases 
with unresolved etiology, like BA. Since BA affects both intra- and extrahepatic bile 
ducts, we investigate whether organoids from various hepatobiliary regions (ICOs, 
ECOs and GCOs) of BA patients can be used to study BA etiology. Over the past 
decades several etiology hypotheses have been proposed, including viral infection, 
toxin, autoimmune reaction, and genetic predisposition. Of these hypotheses the 
involvement of viral infections and/or an environmental toxin or toxic metabolite 
have been the most supported by clinical and experimental evidence.43,44,82 To test 
these hypotheses, we explore whether patient-derived liver organoids intrinsically 
reflect BA phenotypes compared to healthy donor liver organoids. Moreover, we 
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explore whether the BA phenotype can be induced in liver organoids upon viral or 
toxic insults.

Although hepatic functions of liver organoids outperform HepG2 cell lines, hepatic 
maturity of liver organoids remains lower than what is found in vivo.76 Therefore, 
we explore whether hepatic maturation of ICOs can be improved. To this end, 
we develop and characterize a novel culture method for ICOs in Chapter 4 by 
employing several suggested strategies to mimic the hepatic niche. We make use 
of hollow fiber membranes (HFMs) on the surface of which ICO-derived cells can be 
cultured. Moreover, we use ECM proteins found in the space of Disse to facilitate 
cell attachment on HFMs and mimic differentiation cues which cells experience in 
vivo. In addition, HFMs permit internal and external perfusion when connected to a 
custom bioreactor and perfusion pump thus mimicking blood and bile flow in vitro. 
As an initial proof of concept, we investigate whether patient-derived ICOs can be 
cultured in the new system. Here the focus is directed towards diseases affecting 
transmembrane transporters as HFM architecture allows for the separation of apical 
and basolateral cell compartments putatively facilitating functional studies to study 
such diseases.

Finally, Chapter 5 summarizes the findings of the thesis and expands on their 
implications for the future use of liver organoids. By identifying interfaces among 
the performed studies and recent literature, future research avenues are proposed 
to broaden the application range of liver organoids and improve our understanding 
of disease etiologies. Eventually, we envision that liver organoids will synergize with 
other hepatocyte models to unravel disease mechanisms and help in identifying safe 
therapeutic strategies for rare pediatric liver disorders in a personalized manner.

1
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Authorship statement

The idea and set-up of the general introduction were mine; I conducted the literature 
search and wrote the general introduction. During the whole process I asked for 
and implemented input and feedback from my supervisory team.
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Abstract

Monogenic (metabolic) liver disorders comprise a diverse group of individually 
rare disorders that affect metabolic pathways and healthy cellular functioning. 
Mutations lead to enzymatic deficiency or dysfunction, which results in intermediate 
metabolite accumulation or deficit leading to disease phenotypes. Currently, 
treatment options for many monogenic liver disorders are insufficient. Rarity of 
individual monogenic liver disorders hampers therapy development and phenotypic 
and genetic heterogeneity suggest beneficial effects of personalized approaches. 
Recently, cultures of patient-own intrahepatic cholangiocyte organoids (ICOs) have 
been established. Since most metabolic genes are expressed in the liver, patient-
derived ICOs represent exciting possibilities for in vitro modeling and personalized 
drug testing for monogenic liver disorders. However, the exact application range 
of ICOs remains unclear. To address this, we examined which metabolic pathways 
can be studied with ICOs and what the potential and limitations of patient-derived 
ICOs to model metabolic functions are. We present functional assays in patient ICOs 
with defects in branched-chain amino acid metabolism (methylmalonic acidemia), 
copper metabolism (Wilson disease) and transporter defects (cystic fibrosis). We 
discuss the broad range of functional assays that can be applied to ICOs, but also 
address the limitations of this patient-specific cell model. In doing so, we aim to 
guide the selection of the appropriate cell model for studies of a specific disease 
or metabolic process.
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Introduction

Monogenic (metabolic) liver disorders comprise a broad category of disorders 
affecting metabolic pathways and healthy cellular functioning, with a cumulative 
prevalence of approximately 1 in 2,000 live births annually.1–4 While current 
technological progress has increasingly improved early diagnosis of monogenic 
liver disorders, full mechanistic understanding and treatments beyond symptomatic 
approaches remain limited.5 To study monogenic liver disorders and address the 
urgent need for novel treatments,6 human in vitro models which recapitulate the 
patient’s genetic make-up and tissue function are needed.

In recent years, organoids have been increasingly employed to model various 
organs.7–9 Organoids are three-dimensional (3D) cell cultures that can be established 
from liver progenitors, induced pluripotent stem cells or embryonic stem cells. 
Upon differentiation organoids recapitulate cellular and functional aspects of the 
organ of origin and have been proposed for use as preclinical tools for personalized 
medicine.10–14

In 2015, liver organoids were generated from patient-derived LGR5-positive bipotent 
cholangiocyte progenitors.5 To differentiate these organoids from other liver-derived 
organoids, they have been named intrahepatic cholangiocyte organoids (ICOs).8,15 
ICOs recapitulate patients’ individual genetic make-up, retain tissue specific 
functions without the need for genetic reprogramming, and can be differentiated 
toward hepatocyte-like cells. Moreover, ICOs are suitable for long-term culture, 
while remaining genetically stable.8

Patient derived ICOs have been used to phenotype human disease, including 
cancer, Alagille syndrome and alpha-1 antitrypsin deficiency.8,16–18 However, it has 
also become clear that not all liver functions are well reflected in ICOs.19 Thus, the 
question remains which metabolic categories and monogenic liver disorders can 
be studied with ICOs and whether ICOs represent advantages over other patient-
derived cell models such as fibroblasts.

To address this, we investigated the potential and limitations of patient-derived ICOs 
to model metabolic functions. We describe the ease of establishing and expanding 
ICOs from small biopsies and present a range of functional assays that can be 
applied to ICOs. By also addressing current limitations in in vitro modeling, we hope 
to guide the selection process of the appropriate model to study monogenic liver 
disorders.

2
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Materials & Methods

Organoid generation and culture
Liver tissue was obtained from explant tissue (0.5-1 cm3) or needle biopsies (~5 mm3) 
after patient informed consent. Use of patient tissue for our studies was ethically 
approved by the different collaborating University Centers (MEC-2014-060; STEM 
1-402/K). Liver cells were isolated as described previously.8 Briefly, liver cells were 
isolated by mechanical fragmentation, followed by washing with cold AdDMEM/
F12 (Gibco) containing 1% (v/v) penicillin-streptomycin (Gibco), 1% (v/v) GlutaMax 
(Gibco), 10 mM HEPES (Gibco). Subsequently, the tissue was enzymatically digested 
in Hank’s Balanced Salt Solution (Gibco) containing 0.25 mg/mL collagenase D, 0.1 
mg/mL DNase I for 20 minutes at 37ºC, centrifuged at 250 g at 4ºC and supernatant 
removed. Throughout this process the digest was not filtered but plated for culture 
immediately. The pelleted digest was plated in 10 μl droplets of 70% (v/v) MatrigelTM 
(Corning) and cultured in seeding medium (SM) containing AdDMEM/F12, 1% (v/v) 
penicillin-streptomycin, 1% (v/v) GlutaMax, 10 mM HEPES, 2% B27 without vitamin 
A (Gibco), 1.25 mM N-Acetylcysteine (Sigma), 10 mM nicotinamide (Sigma), 10 
nM gastrin (Sigma), 10% RSPO1 (v/v) conditioned media (homemade), 50 ng/mL 
EGF (Peprotech), 100 ng/mL FGF10 (Peprotech), 25 ng/mL HGF (Peprotech), 5 mM 
A83-01 (Tocris), 10 mM forskolin (Tocris), 25 ng/mL Noggin (Peprotech), 30% (v/v) 
Wnt conditioned media (CM, homemade), 10 μM Y27632 (Sigma Aldrich) and 2 μM 
human embryonic stem cell cloning recovery solution (hES, Stemgent). All cultures 
were kept in a humified atmosphere of 95% air and 5% CO2 at 37ºC and media were 
refreshed every other day. Once ICOs formed, Noggin, Wnt CM, Y27632 and hES 
were removed from the SM, now termed expansion medium (EM). ICO cultures were 
passaged 1:4 to 1:10 every 7-10 days by mechanical dissociation. For differentiation 
ICOs were pre-treated with 25 ng/mL BMP7 (Peprotech) for 3 days, whereafter 
media were changed to differentiation media (DM) containing AdDMEM/F12 medium 
supplemented with, 1% B27, EGF (50 ng/mL), 1.25 mM N-Acetylcysteine, gastrin (10 
nM), HGF (25 ng/mL), FGF19 (100 ng/mL, Peprotech), A8301 (500 nM), DAPT (10 μM, 
Selleckchem), BMP7 (25 ng/mL), and dexamethasone (30 μM, Sigma-Aldrich). After 
8 days of differentiation ICOs were used for functional or gene expression analyses.

Immunohistochemistry
Wholemount immunohistochemistry on ICOs was performed as described,20 using 
primary and secondary antibodies (Table S1-2). Briefly, prior to harvesting ICOs, 
cultures were incubated with Cell Recovery Solution (Corning) at 4ºC for 30 minutes. 
Thereafter, ICOs were collected, briefly washed and the pellet was resuspended 
in 4% buffered formaldehyde (Klinipath) and incubated at room temperature (RT) 
for 45 minutes. Fixated ICOs were stored in 70% ethanol at 4ºC until further use. 
Nuclei were stained with 0.5 μg/mL DAPI (Sigma-Aldrich). Imaging was performed 
on a Leica TCS SP8 confocal microscope.
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LC-MS/MS
ICOs and culture media of one MMA patient and one healthy control were harvested 
and stored at -80ºC until further use. Methanol was added to the culture medium 
to extract the acylcarnitines and free carnitine. For intracellular analyses ICOs 
were bullet blended in ice cold methanol. Stable isotope internal standards (D3-
carnitine, D3-C4-carnitine, D3-C8-carnitine, D3-C16 carnitine) and acetonitrile 
were added, and samples were vortexed and centrifuged (5 minutes, 16000 g). 
The methanol eluate was evaporated under heated (40ºC) nitrogen to dryness and 
butylated for 15 minutes at 60ºC. Excess reagent was evaporated to dryness and 
residue was reconstituted in 100 μL acetonitrile. Concentrations of free carnitine 
and acylcarnitines were analyzed by flow injection using liquid chromatography 
(Alliance 2790, Waters) coupled to a Micromass QuattroUltima mass spectrometer 
(HPLC/MS/MS).21

Copper toxicity assay
ICOs of one healthy control and one Wilson disease patient were incubated with 
EM containing copper(II)chloride (CuCl2) for 72 h. Cell viability was assessed by 
quantifying necrosis marker propidium iodide (0.1 mg/mL, Thermo- Fisher) and 
DNA marker Hoechst (5 μg/mL, Sigma-Aldrich) signals after 15 minutes of incubation 
at 37ºC. For this, whole MatrigelTM droplets were imaged with an inverted Olympus 
IX53 epifluorescence microscope at 2x magnification and quantified in ImageJ 
software (Win64 version: https://imagej.net/Fiji/Downloads).

Forskolin-induced swelling assay
ICOs of one CFTR patient and three healthy controls were treated as described 
previously.18 Briefly, 1000 cells were seeded in 5 μl MatrigelTM droplets per well 
of a 96 wells plate and cultured for 3 days in EM with 10 μM Y27632. Thereafter, 
Y27632 and FSK were removed, and culture proceeded for 3 days. Next, ICOs were 
treated with calcein-AM (10 μM, Invitrogen) for 30 minutes at 37ºC, 0-10 μM FSK was 
added and ICOs were analyzed by confocal live-cell microscopy (LSM710, Zeiss, 5x 
objective). For drug screening, patient ICOs were preincubated for 72 h with 15 μM 
of VX-809 (Selleck Chemicals LLC), while 15 μM of VX-770 (Selleck Chemicals LLC) was 
added just before analysis. For CFTR inhibition a combination of 50 μM CFTRinh-172 
(Sigma) and 50 μM GlyH-101 (Calbiochem) was added to respective conditions 3 
hours before analysis. Forskolin-induced swelling (FIS) of ICOs was automatically 
determined by quantifying total ICO area relative to t = 0 with Volocity imaging 
software (Improvision). After correcting for the average area of 0 μM FSK, each 
condition was analyzed in triplicate to determine the average area under the curve 
(AUC) using Graphpad Prism.
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RNA sequencing and analysis
Total RNA was isolated from two healthy control ICO cultures using Trizol LS reagent 
(Invitrogen) and stored at -80ºC until further processing. ICO mRNA was isolated 
using Poly(A) Beads (NEXTflex). Sequencing libraries were prepared using the Rapid 
Directional RNA-Seq Kit (NEXTflex) and sequenced on a NextSeq500 (Illumina) to 
produce 75 base long reads (Utrecht DNA Sequencing Facility). Raw sequencing 
data of primary healthy fibroblasts (GSM1306659, GSM3146360, GSM3067785, 
GSM3067799) and healthy liver tissue (SAMN07109073, GSM3442821, GSM3442822) 
were obtained from the European Nucleotide Archive (ENA). Read mapping of 
all data sets was performed on the Galaxy web platform (usegalaxy.eu)22 using 
Gencode human reference genome sequence release 33 (GRCh38.p13), Gencode 
comprehensive gene annotation v33, and RNA STAR tool (Galaxy Version 2.7.2b). 
Read counts were obtained using the “--quantMode GeneCounts” option in STAR. 
Count normalization and variance-stabilizing transformation were performed 
using DESeq2 package (v. 1.30.1), followed by vst transformation and quantile 
normalization. PCA and pearson correlation analysis showed no observable study-
specific batch effects (data not shown). Heatmaps were generated using pheatmap 
package (v. 1.0.12) in R (v3.6.3). The log2 fold change relative to the mean expression 
of the genes across all fibroblast and ICO DM samples was determined. Finally, genes 
were sorted for best expression in DM ICOs and into metabolic categories based 
on categorizations of Vademecum Metabolicum, KEGG, Human Protein Atlas and 
Metabolic Atlas.23–25

Resin Electron microscopy (EPON)
Healthy control ICOs were fixed in half strength Karnovsky fixative (2.5% 
Glutaraldehyde (EMS), 2% Formaldehyde (Sigma), pH 7.4) at RT for 2 h. ICOs were 
rinsed and stored in 1M Phoshate Buffer (pH 7.4) at 4ºC until further processing. 
Post-fixation was performed with 1% OsO4, 1.5% K3Fe(III)(CN)6 in 1M Phoshate Buffer 
(pH 7.4) for 2 h. ICOs were then dehydrated in a series of acetone, and embedded 
in Epon (SERVA). Ultrathin sections were cut (Leica Ultracut UCT), collected on 
formvar and carbon coated transmission electron microscopy (TEM) grids, and 
stained with uranyl acetate and lead citrate (Leica AC20). Micrographs were collected 
on a JEM1010 ( JEOL) equipped with a Veleta 2k×2k CCD camera (EMSIS, Munster, 
Germany) or on a Tecnai12 (FEI Thermo Fisher) equipped with a Veleta 2k×2k CCD 
camera (EMSIS, Munster, Germany) and operating SerialEM software.

Immuno-Electron microscopy
Healthy control ICOs of one donor were fixed by adding freshly-prepared 4% 
formaldehyde (Sigma-Aldrich) in 0.1 M phosphate buffer (pH 7.4) in the presence or 
absence of 0.2% glutaraldehyde (Polysciences Inc.) to an equal volume of culture 
medium. After 10 minutes fixative was refreshed to continue fixation for 2 h. Cells 
were stored in 1% formaldehyde at 4ºC until further processing. Embedding, 
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ultrathin cryosectioning and immunogold labelling were performed as described.26 
In brief, fixed ICOs were washed with 0.05 M glycine in PBS, embedded in 12% 
gelatin in PBS, 37ºC, solidified on ice and cut into small blocks. Cryoprotection was 
performed by infiltrating blocks overnight in 2.3 M sucrose at 4ºC. Blocks were 
mounted on aluminum pins and frozen in liquid nitrogen. Ultrathin cryosections (60 
nm) were cut (Leica EM UC7), transferred on TEM grids with a 1:1 mixture of 2.3 M 
sucrose and 1.8% methylcellulose, and immunolabelled using primary antibodies 
(Table S3). Primary antibodies were detected by Protein A conjugated to 10 nm or 15 
nm gold particles (Cell Microscopy Core, Utrecht, The Netherlands). Pictures were 
collected on aJEM1010 ( JEOL) equipped with a Veleta 2k×2k CCD camera (EMSIS) 
or on a Tecnai12 (FEI Thermo Fisher) running SerialEM software.27 Quantifications 
of catalase labelled organelles of 2 cryosections per condition were performed in 
ImageJ (Win64 version: https://imagej.net/Fiji/Downloads).

Results

Organoid generation and culture
ICO generation is simple and can be achieved within 3-7 days (Figure 1A) from 
a biopsy of approximately 5 mm3. This small amount of tissue is often available 
from clinical procedures, without additional surgical intervention. Tissue can be 
dissociated and seeded for culture directly or be stored at 4ºC up to 1 week or at 
-80ºC in RecoveryTM Cell Culture Freezing Medium (Gibco) for long-term storage 
prior to ICO generation (personal experience). Thereby exchange of tissue between 
different hospitals and research centers is facilitated. Tissue digests are cultured in 
MatrigelTM droplets, wherein progenitor cells self-organize into polarized ICOs within 
3-7 days (Figure 1). Apical markers such as MDR1 localize to the inner membrane of 
the cystic ICO, while basolateral markers such as MRP3 localize to the basolateral 
domain. On average, ICO formation efficiency is 80-90% for both healthy and patient 
donors (Figure S1A). The majority reaches 90% confluency 7 days post isolation, 
with a variance of up to 2 weeks since a minority of donor ICOs performs poorly 
(Figure S1A). Once confluent, ICOs are removed from MatrigelTM and passaged at 
an average split ratio of 1:5, resulting in a full well plate three weeks post isolation 
(Figure 1A, Figure S1B). This quantity suffices for initial gene expression, histology 
and functional analyses, while remaining ICOs can be expanded further for 
biobanking, functional studies, genetic engineering and/or differentiation (Figure 
1A).8,28 Throughout differentiation ICOs condense, displaying a thicker cell layer than 
in expansion medium (EM, Figure 1B), and hepatic characteristics such as albumin 
production, urea elimination and phase I enzyme activity increase.8

2
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Figure 1. Overview of organoid generation, use and characteristics. A) Organoid 
generation from biopsy to in vitro culture can be achieved within 3 weeks, whereafter geno- 
and phenotyping, functional assays, drug testing, gene editing and/or differentiation can take 
place. B) Organoids express proliferation marker Ki67 and apical marker F-actin in expansion 
conditions (EM). After differentiation (DM), organoids condense and display more mature liver 
functions and stronger polarization, as exemplified by the apical transporter MDR1 and the 
basolateral transporter MRP3. Nuclear staining is shown with Dapi.

Metabolic processes and diseases to study in patient ICOs
ICOs have been shown to retain aspects of liver function in vitro such as glycogen 
storage and albumin secretion.8 We further investigated which general and liver 
metabolic functions can be studied with ICOs.

Basic metabolism
Basic metabolic processes such as amino acid and energy metabolism occur in 
various tissues throughout the body. One example is branched chain amino 
acid (BCAA) metabolism which is affected in patients suffering from organic 
acidemia, such as methylmalonic acidemia (MMA). Monogenic defects in the genes 
methylmalonyl-CoA mutase (MMUT, 609058), metabolism of cobalamin associated 
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A (MMAA, 607481), B (MMAB, 607568), D (MMADHC, 611935), and methylmalonyl-CoA 
epimerase (MCEE, 608419) lead to disruption of the enzymatic chain that constitutes 
BCAA metabolism. Consequently, methylmalonic acid, propionic acid and respective 
carnitines accumulate in patient organs causing metabolic crisis, neurological 
symptoms, kidney failure and blindness.

As a proof of principle that basic metabolic processes can be studied in ICOs, we 
established ICOs from an MMA patient with homozygous mut0 mutations (c.1280G>T, 
p.Gly427Val). MMA patient and healthy control ICOs displayed similar growth rates 
and culture longevity (Figure 2A). LC-MS/MS acylcarnitine analysis of expanded 
ICOs cells and culture media revealed significantly increased propionylcarnitine 
concentrations in patient ICOs and media compared to controls (Figure 2B, Figure 
S1C, D). However, methylmalonylcarnitine was not detectable in patient and 
control ICOs (Figure S1C, D), which may reflect insufficient sensitivity of our assay 
because methylmalonylcarnitine concentrations in plasma from MMA patients can 
be 50-fold lower than propionylcarnitine concentrations (personal experience). 
Propionylcarnitine is an intermediate product in the BCAA metabolism upstream 
from methylmalonyl-coenzyme A mutase and is used as a clinical biomarker.29,30 
Our results suggest that ICOs could serve to study basic metabolic functions such 
as BCAA metabolism using routine LC-MS/MS analyses.

Liver specific metabolism
Other metabolic processes, such as metal- and drug-metabolism, are liver specific. 
Wilson disease (277900) represents a genetic defect in copper metabolism. 
Mutations in the gene ATPase copper transporting beta (ATP7B, 606882) lead to 
accumulation of toxic amounts of copper in the liver. Patients currently rely on 
life-long symptomatic treatment. Therapy development would benefit from organ 
and patient specific models that can model the more than 500 different known 
mutations in ATP7B.31

Therefore, we investigated copper metabolism in patient ICOs (c.[1288dup(;)1288dup] 
p.[(Ser430Lysfs*5)(;)(Ser430Lysfs*5)]). Under normal culture conditions no 
morphological, growth rate, nor longevity differences were observed between 
healthy control and Wilson disease patient ICOs (Figure 2D, 0.03 mM CuCl2). However, 
patient ICOs showed increased sensitivity to copper treatment, with an IC50 of 0.28 
mM CuCl2 compared to 0.33 mM in healthy control ICOs (Figure 2C-D). Putatively, 
similar storage diseases may be phenotyped with ICOs through provision of relevant 
substrates.

2

169472_Vivian Lehmann_BNW 6.indd   31169472_Vivian Lehmann_BNW 6.indd   31 22-10-2023   18:0422-10-2023   18:04



32

Chapter 2

169472_Vivian Lehmann_BNW 6.indd   32169472_Vivian Lehmann_BNW 6.indd   32 22-10-2023   18:0422-10-2023   18:04



33

Intrahepatic cholangiocyte organoids to study monogenic liver disorders

← Figure 2. Functional assays revealing disease phenotypes in patient ICOs. A) 
Representative cultures of MMA patient and HC ICOs under EM. B) Branched-chain amino 
acid metabolism defect exemplified by significantly increased propionylcarnitine to carnitine 
ratio in ICOs of an MMA patient (n = 2; *, p-value = 0.0221 in cells; ***, p-value = 0.0009 in 
medium). C) Copper metabolism defect exemplified by increased sensitivity to copper (CuCl2) 
toxicity in ICOs of a Wilson disease patient compared to a HC after 72 hours of exposure 
(n = 12). D) Brightfield and IF images of the viability assay in C showing key concentrations 
of CuCl2. Red signal corresponds to necrosis marker propidium iodide; blue signal indicates 
DNA. EM, expansion condition; HC, healthy control; ICO, intrahepatic cholangiocyte organoid; 
MMA, methylmalonic acidemia

Functions dependent on 3D structure
Substrate and waste product transport across cells is crucial for many physiologic 
processes, including bile and mucus metabolism. This process is affected in cystic 
fibrosis (CF, 219700), a disease caused by mutations in the gene encoding for the 
cystic fibrosis transmembrane conductance regulator (CFTR).32 This transmembrane 
protein transports chloride ions to aid in mucus and bile homeostasis. Mutations 
of the CFTR gene (602421) are highly heterogeneous across the population and so 
are responses to different treatment strategies. Organoids are highly suitable for 
studying effects of individual CFTR mutations due to their patient-specific origin, 
unique 3D constellation and polarity. Substrate and waste product transport across 
the cell can easily be studied in organoids due to the separated inner apical and 
outer basolateral domain (Figure 1B). Intestinal organoids are already used to predict 
medication response for patients using the forskolin-induced swelling (FIS) assay.18 
Bile excretion from hepatocytes into bile canaliculi reflects a similar process, which 
is affected in some CF patients and many patients with intrahepatic cholestasis.

We investigated apical transport and medication response in ICOs from a CF patient 
compound heterozygous for F508del (c.1521_1523delCTT, p.Phe508del) and R1162X 
(c.3484C>T, p.Arg1162X)(Figure 3). CF patient ICOs showed impaired swelling in 
response to forskolin exposure, which corresponds to increased bile viscosity as 
observed in CF patients. This phenotype was rescued by addition of the corrector 
and potentiator combination VX809-770. Using similar approaches, other apical or 
basolateral functions may also be tested in ICOs.

Metabolic functions not detected in ICO cultures
For some cellular and metabolic functions ICOs appear less suitable. We experienced 
this for cytosolic aminoacyl-tRNA synthetase (ARS) deficiencies, an increasingly 
recognized group of diseases with varying clinical phenotypes. To investigate disease 
mechanism and improve treatment strategies we established ICOs from a patient 
with isoleucyl-tRNA synthetase (IARS, 600709, c.1305G>C (p.Trp435Cys), c.3377dup 
(p.Asn1126fs)) deficiency. The most prominent clinical phenotype of patients, namely 
dysmaturity and severe failure to thrive,33 was closely recapitulated by these ICOs. 
Concurrently, not enough ICOs could be generated to perform functional assays 
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(Figure S1B, E, F). Thus, faithful disease modeling hampered the use of IARS deficient 
ICOs for unravelling the disease mechanism. Conversely, patient fibroblast growth 
was sufficient to devise a treatment strategy which was successfully translated to 
the clinics.34 This indicates that, for some monogenic liver disorders, alternative 
patient-derived cell models should be explored if patient ICOs do not meet the 
practical requirements, such as expression of genes of interest and cell growth, to 
unravel disease mechanisms.

Moreover, we anticipate that hyperoxaluria type 1 (PH1, 259900), caused by 
mutations in the gene alanine-glyoxylate aminotransferase (AGXT, 604285), cannot 
be studied in ICOs, since AGXT is not expressed in healthy ICOs under current 
culturing conditions (Figure S2D).

To gain broader insight in the metabolic functions that can be studied in ICOs, we 
investigated the geno- and phenotype of ICOs in more detail.

Expression of genes involved in monogenic liver disorders
Bulk RNA sequencing (RNAseq) was analyzed for expression of genes involved 
in monogenic liver disorders using the Radboudumc Exome panel for metabolic 
disorders.35 Healthy ICO data were compared to whole liver and fibroblasts, the 
latter of which is the most commonly used in vitro model for monogenic liver 
disorders.1,36–39

We found a great variety in ICO gene expression, confirming our previous notion 
that ICOs are a suitable in vitro model for a specific selection of metabolic categories 
(Figure 4, Figure S2A-D). Interestingly, this variation was also observed within each 
metabolic category of ICOs and fibroblasts. Neither model expressed more than 
60% of the panel genes of any metabolic category well (Figure S2A). Good gene 
expression in ICOs was frequently paired with poor expression in fibroblasts and 
vice versa (Figure 4, Figure S2B). This insight could facilitate decision making for 
future studies.

Nonetheless, expression of 30% of all panel genes was higher in ICOs than fibroblasts 
(Figure S2A). These genes constitute a variety of metabolic categories, including 

← Figure 3. Functional assays revealing CF phenotypes in patient ICOs. Impaired apical 
transport can be studied in ICOs as exemplified by defect and rescued CFTR function in ICOs 
of a Cystic fibrosis patient. Green color = intracellular calcein. A-B) Representative images of 
CF patient (B) and HC (A) ICO swelling. C) AUC of CF patient (n = 3) and HC (n = 6) ICO swelling 
with or without the drugs VX809 and VX-770 (**, p-value < 0.0031) and with or without CFTR 
inhibitor (**, p-value < 0.0028). AUC, area under the curve; CF, cystic fibrosis; CFTR, cystic 
fibrosis transmembrane conductance regulator; ctrl, control; EM, expansion condition; FSK, 
forskolin; HC, healthy control; ICO, intrahepatic cholangiocyte organoid; t, time
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oxidative phosphorylation, metal, and amino acid metabolism (Figure 4, Figure 
S2B). For example, expression of MMUT, CFTR, and ATP7B in ICOs was comparable 
to that in the liver, whereas fibroblasts displayed lower expression (Figure 4A, F, R, 
S). This suggests that ICOs are suitable to study diseases related to these genes, as 
confirmed by our functional assays (Figure 2-3).

In fibroblasts 22% of all panel genes were better expressed than in ICOs (Figure 
S2A). Examples include CPS1, CBS and CYP7B1 (Figure 4A, J, S). Poor expression of 
CPS1 and CBS in ICOs highlights that ICOs fail to represent certain liver-specific 
functions despite being derived from this organ. This led us to investigate the cell 
characteristics of ICOs using electron microscopy.

ICO cell morphology and organelles
Several metabolic functions depend on specific cell organelles (Figure 5A). Hence, 
ICOs should exhibit all organelles necessary for the function to be studied.

Transmission electron microscopy (TEM) analysis showed that healthy ICO cells in 
EM and differentiation media (DM) have a nucleus, mitochondria, golgi, lysosomes, 
rough endoplasmic reticulum, and villi (Figure 5B, C). Catalase-stained peroxisomes 
were identified in both conditions (Figure 5D). However, catalase signals in DM were 
mostly found in golgi-budding vesicles which could not be found in EM or control 
HepG2 cells, thus suggesting immature peroxisomes in DM. Peroxisomes in EM and 
DM ICOs were significantly smaller than in HepG2 cells, a cell model widely viewed 
to have high morphological similarity to primary human hepatocytes (Figure S3A, B).

Notably, EM ICO cells displayed some liver functionality as they contained glycogen 
rosettes. Moreover, desmosomes and interdigitations between cells and more 
compact villi facing ICO lumen indicate apical domains needed for bile salt secretion 
(Figure S3C). In contrast, the basolateral domain appeared smooth and without villi, 
concurring with immunofluorescence analyses (Figure 1B).

← Figure 4. Visualizations of log2 fold changes in gene expression of genes affected in 
monogenic liver disorders in expanded (EM, n = 2) and differentiated (DM, n = 2) ICOs, fibro-
blasts (Fibro, n = 2) and whole liver tissue (n = 2). log2 fold changes are relative to the mean 
expression of the genes across all fibroblast and ICO DM samples. Exome panel genes are 
divided into metabolic categories Amino Acid Metabolism (A), Pentose Phosphate Pathway 
(B), Carbohydrate Metabolism (other) (C), Citric acid cycle (D), Lysosomal Metabolism (E), Trace 
element and Metal Metabolism (F), Glycogen Metabolism (G), Oxidative Phosphorylation (H), 
Porphyrin and Haem Metabolism (I), Fatty Acid and Ketone Body Metabolism (J), Glycolysis 
and Glyconeogenesis (K), Peroxisomal Metabolism (L), Glycan Metabolism (M), Xenobiotics 
Metabolism (N), Lipid Metabolism (O), Metabolism of vitamins and (non-protein) cofactors 
(P), Nucleotide Metabolism (Q), Other (R). S) Example genes better expressed in ICOs or 
fibroblasts. ICO, intrahepatic cholangiocyte organoid

2

169472_Vivian Lehmann_BNW 6.indd   37169472_Vivian Lehmann_BNW 6.indd   37 22-10-2023   18:0422-10-2023   18:04



38

Chapter 2

Figure 5. A) schematic representation of a hepatocyte showing metabolic functions and 
approximate organelle locations. Organelle sizes not to scale. B) TEM images of HC ICO cells 
in EM and DM displaying differences in ICO wall thickness. Arrows indicate mucus fields. Red 
squares indicate magnification regions shown in C. C) TEM images of HC ICO cells in EM and 
DM displaying the major organelles visible in these cells (left), mucus and villus presence 
(middle). D) Immuno-Electron microscopy images of catalase-stained peroxisomes of HC ICO 
cells in EM and DM. TEM, transmission electron microscopy; DM, differentiation condition; 
EM, expansion condition; Gol, golgi; Gly, glycogen rosettes; Lys, lysosomes; Mit, mitochondria; 
Nuc, nucleus; Per, peroxisomes; ER, endoplasmic reticulum; Vil, villi.
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Interestingly, differentiation induced formation of large mucus fields, located 
towards the apical domain (Figure 5B). Apical villi in DM ICOs appeared slightly 
longer and were organized in bundles, putatively to make way for mucus secretion, 
as would be compatible with biliary rather than hepatic differentiation (Figure 5C, 
middle). Moreover, DM cells showed more lipid droplets compared to EM (Figure 
5C, Figure S3C). Occasionally, we found DM cells with less mucus and shorter, 
more compact villi. Together with the variable transcriptome profile, ICOs appear 
to undergo heterogenic maturation with current DM, showing cholangiocyte and 
hepatic characteristics.

Discussion

Mechanistic studies and treatment development for rare diseases are limited by 
the small number and geographic distribution of patients. Recently developed 
organoid models promise exciting possibilities for patient-specific preclinical 
studies. However, it is currently unknown for which specific metabolic functions and 
diseases ICOs can be effectively used. To address this, we present our experience 
with ICOs and evaluate the potential and limitations of patient-derived ICOs to study 
metabolic functions.

We show that ICOs can be used to study basic metabolism, more specific hepatic 
functions, and transport functions, exemplified, respectively, by pathways of BCAA 
metabolism, copper metabolism and chloride transport. We noticed that gene 
expression in ICOs and fibroblasts varied within each metabolic category. Cell model 
choice should be done case by case with focus on the gene/pathway of interest. 
ICO transcriptome variance was supported by TEM analysis which revealed that 
ICOs are composed of intermediate cell types with progenitor cell, hepatic and 
biliary characteristics. Likely, the cells’ ductal origin as well as the environmental 
stimuli offered to ICOs promote this intermediary cell type. Indeed, it is well known 
that environmental stimuli affect cell fate.40–44 Adjustments in differentiation 
media and hydrogel composition could favor expression of some as of yet absent 
metabolic functions. We and other research groups are currently exploring different 
approaches to achieve improved separate hepatic or cholangiocyte differentiation 
of ICOs.41 We anticipate new insights to arise and be adopted widely in the coming 
decade. Until then, this paper addresses the recurring queries on ICO use for current 
clinical and research questions.

Several cell models are available for research of monogenic liver disorders, including 
ICOs, fibroblasts, cell lines, primary hepatocytes and induced pluripotent stem 
cells (Table 1). Most of these cell models are suitable for personalized medicine 
approaches and biobanking. Cell model choice will depend on the specific study 
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goal, availability of patient cells through skin and/or liver biopsy, representation of 
metabolic function, costs and expertise. Although ICOs require some expertise and 
investment, they score high for other categories. ICOs not only express a variety 
of genes affected in monogenic liver disorders, but time to first assay and ease of 
handling are additional advantages. Moreover, ICO culture is versatile; both long-
term three-dimensional and two-dimensional transwell cultures are possible, as 
previously reported for gut organoids.45

Moreover, ICO generation and differentiation does not require genetic 
reprogramming or immortalization.46,47 Previous in vitro copper metabolism studies 
were performed in genetically induced fibroblasts or embryonic stem cells.48–50 We 
show this can also be done in ICOs which retain the original patient genome.8,47,51 
Further studies are needed to determine applicability of Wilson disease ICOs for 
personalized drug testing.52,53

To study basic metabolism, a hepatic phenotype is not required. Although 
transcriptome analysis favors ICOs to study methylmalonic acidemia (MMA; Figure 
3, Figure S2B, C), several studies have reported successful phenotyping of MMA 
in patient fibroblasts and immortalized kidney tubule cells, derived from patient 
urine.54–56 This illustrates that lower expression of genes does not necessarily 
result in absence of a disease phenotype. In ICOs derived from MMA patients, 
we discerned significantly increased concentrations of the clinical biomarker 
propionylcarnitine, which represents a first step toward studying MMA treatment 
response in a personalized setting in ICOs.

Table 1. Comparison of various cell models for in vitro modelling of monogenic liver 
disorders

ICOs Fibroblasts Liver cell lines PHH iPSCs

2D culture + + + + +

3D culture + - - - +/-

Personalized medicine + + - +/- +

Long-term cultures + + + - +

Biobanking potential + + + +/- +

Ease of handling / assays + + + - -

Time to first assays 3 weeks 6 weeks immediate <1 week 6 weeks

Culturing costs/expertise high low low intermediate high

Hepatocyte functions +/- - + ++ +/-

Cholangiocyte functions +/- - - - +/-

Functions affected by 
disease

+/- +/- - ++/- ++/- +/-

Abbreviations: iPSCs, induced pluripotent stem cells; PHH, primary human hepatocytes; +, 
applicable; ++, very applicable; -, not applicable; (+)+/-(-), applicable with limitations, while ++ 
and - - indicate better or worse; 2D, two-dimensional; 3D, three-dimensional.
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Importantly, ICO differentiation capacity varies between donors. It is currently 
unclear whether this relates to a specific biopsy, isolation or a donor’s genetic 
background or age. It has been shown that extrahepatic cholangiocyte progenitors 
cannot differentiate to hepatocytes, indicating that the location of cholangiocyte 
progenitors is crucial for their differentiation potential.57,58 Yet, this interdonor 
variability does not hamper studying intradonor differences after treatment.

When patient material is scarce, patient mutations may be introduced in cells.48 
Current CRISPR-based technologies are also applicable to ICOs.28,59,60 Moreover, 
mechanistic insight can be achieved by editing different genes in a pathway. 
Evidently, artificial ICO models of monogenic liver disorders may be helpful in 
investigating the gene in isolation, but not for personalized strategies.

Complete absence of a key pathway gene is likely to hamper studies thereof. For 
example, we expect oxalate metabolism studies in ICOs to be impeded by absence 
of expression of the peroxisomal AGXT gene. Peroxisomal assembly genes such 
as the PEX, PPAR and ABCD families were well expressed, suggesting availability of 
peroxisome machinery in ICOs. In contrast, electron microscopy analysis revealed 
a reduced peroxisome size. Peroxisome biogenesis is highly plastic and dependent 
on nutrient availability and culture confluency.61–65 This has been shown for HepG2 
peroxisomes which transiently become tubular rather than spherical during periods 
of rapid growth.64 The smaller peroxisomes in ICOs might represent this transient 
morphology in peroxisome biogenesis. Provision of relevant substrates in culture 
media as well as improved differentiation conditions might promote peroxisome 
maturation and expression of as of yet absent genes.

Initially ICOs were described as a liver model to study specific hepatic functions. 
Concurrently, ICOs were shown to eliminate urea, metabolize drugs and secrete 
albumin.8,16,17 ICOs are derived from bi-potent cholangiocyte progenitors, but current 
methods do not suffice to generate a pure population of mature hepatocytes. 
With current methods, ICOs are suitable for studying a selection of basic, hepatic 
and cholangiocyte metabolic functions. Prior to using ICOs for a specific research 
question, expression of the corresponding pathway and/or function should be 
considered. If the full spectrum of mature hepatic functions is required, a different 
cell model is more suitable.

Recently, hepatocyte organoids were established from fetal hepatocytes.66 These 
showed an improved hepatic phenotype compared to ICOs. We anticipate that 
generation of hepatocyte organoids from pediatric and adult tissue will provide an 
improved hepatic patient-specific in vitro model and will fill some gaps in patient-
related research on monogenic liver disorders.

2
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To conclude, we provide an overview of metabolic functions and monogenic 
liver disorders which can be studied with ICOs. The presence of mitochondria, 
lysosomes and the ER combined with good gene expression in energy, amino acid 
and lipid metabolism suggest that ICOs are suitable to study related functions and 
diseases. Furthermore, the three-dimensional nature of ICOs renders the model 
highly suitable for transepithelial transport studies. We present several functional 
assays with which to study drug responses preclinically. This is especially relevant 
for monogenic liver disorders where global patient numbers and geographic 
distribution do not allow for standard clinical drug testing. Our transcriptome data 
may be of help to decide whether ICOs are a suitable model for a specific research 
question. For diseases that can currently not be studied with ICOs, we anticipate that 
improved culturing conditions and/or adult hepatocyte organoids will be available 
in the near future.
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Supplemental Data

Supplemental Materials and Methods

HepG2 cells for Immuno-Electron microscopy
HepG2 cells (ATCC, clone HB-8065) were grown on 100 mm petri dishes in MEM Hanks 
supplemented with 10% fetal bovine serum (Sigma), 2 mM L-glutamine (Invitrogen) 
and 100 units per 100 μg ml−1 penicillin/streptomycin (Invitrogen) at 37ºC/5% CO2. 
Cells were fixed by adding freshly prepared 4% w/v PFA (Polysciences) in 0.1 M 
phosphate buffer (pH 7.4) to an equal volume of culture medium for 5 minutes, 
followed by post-fixation in 4% w/v PFA at 4ºC overnight. Ultrathin cryosectioning 
and immunogold labelling were performed as previously described.26
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Supplemental Tables

Table S1. Primary antibodies for immunofluorescence

Antigen Supplier Cat. number Raised in Dilution Incubation

F-actin Life Technologies A12379  -  1:400 o/n 4ºC

Ki67 Abcam ab16667 rabbit  1:100 o/n 4ºC

MDR1 Novus bio NBP1-90291 rabbit  1:500 o/n 4ºC

MRP3 Abcam ab3375 mouse  1:100 o/n 4ºC

Table S2. Secondary antibodies for immunofluorescence

Antigen Supplier Cat. number Raised in Dilution Incubation

Anti-mouse Alexa 488 Life technologies A11029 goat  1:100 o/n 4ºC

Anti-rabbit Alexa 568 Life technologies A11036 goat  1:100 o/n 4ºC

Table S3. Primary antibodies for immuno-electron microscopy

Antigen Supplier Cat. number Raised in Dilution Incubation

α-Catalase Rockland 200-4151 rabbit 1:1500 1h RT

α-Lysozyme Dako A0099 rabbit  1:1000 1h RT

Table S4. Validated primers for quantification of AGXT gene expression

Primer name sequence (5’-3’) Tm use

AGXT-F1 CATCTCCTTCAGTGACAAGG 59 RT-qPCR

AGXT-R1 ACTTGATGTCCAGGTAGAAGG 59 RT-qPCR

2
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Supplemental Figures

Figure S1. Healthy and patient ICO behavior. A) Growth rates of various HC and patient ICOs. 
B) ICO passage ratios observed during maintenance culture of one IARS, one MMA, one Wilson 
disease and one CF patient and 12 HCs. C-D) Acylcarnitines detected during LC-MS/MS analysis 
of ICO cells (C) and culture media (D) of one MMA patient and one HC (n=2). (Acyl)carnitines 
were identified as follows: C0, free carnitine; C2, acetylcarnitine; C3, propionylcarnitine; C4, 
butyrylcarnitine; C3-DC, malonylcarnitine; C4-DC, succinyl/methylmalonylcarnitine. E-F) 
Poor growth of ICOs of an IARS patient compared to a HC. CF, cystic fibrosis; HC, healthy 
control; IARS, isoleucyl-tRNA synthetase; ICO, intrahepatic cholangiocyte organoid; MMA, 
methylmalonic acidemiav methylmalonic acidemia
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Figure S2. Quantification of the expression of metabolic categories in HC ICOs (n=2) 
and healthy fibroblasts (n=2). A) Percentages of total exome panel genes which are better 
expressed in HC ICOs, fibroblasts or equally in both cell models. B) Percentages of exome 
panel genes better expressed in HC ICOs (black) and fibroblasts (grey) displayed for each 
metabolic category. C) Visualizations of log2 fold change expression genes involved in 
branched chain amino acid metabolism in expanded (EM) and differentiated (DM) HC ICOs, 
fibroblasts, and whole liver. D) Expression of the gene AGXT is absent in HC ICOs. HC, healthy 
control; ICO, intrahepatic cholangiocyte organoid

2
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Figure S3. TEM images of ICO and HepG2 cells. A) Peroxisome size in ICOs is significantly 
smaller than in HepG2 (***, p-value = 0.007; ****, p-value <0.001). B) Catalase-stained 
peroxisomes in HepG2. C) Macroviews of EM and DM ICO cells reveals desmosomes (arrows) 
and interdigitations between cells. DM ICOs contain cells resembling hepatocyte-like cells 
(HLC) and mucus producing cells (MPC). DM, differentiation condition; EM, expansion condition
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Abstract

Biliary atresia (BA) is a rare disease of infancy affecting the biliary tree. Extrahepatic 
bile duct obstruction, rapidly progressive fibrosis and obliteration of the intrahepatic 
bile ducts are hallmarks of BA pathology. Despite decades of research, BA 
pathophysiology is poorly defined. The most common hypothesis suggests that 
environmental insults and a putative genetic predisposition could collectively lead 
to BA. There are no preventive or curative options, in part due to the unresolved 
disease mechanism. Treatment generally consists of surgical restoration of bile 
flow; yet, BA remains the leading cause for pediatric liver transplantations. In recent 
years, the use of animal models has been helpful in uncovering BA pathogenesis. 
However, species differences limit full recapitulation of human BA and animal 
models are limited in unraveling cell-specific mechanisms. This underlines the need 
for a human in vitro model of BA. To this end, we investigated whether human 
liver organoids are useful in studying BA pathogenesis in vitro. We characterized 
growth and morphology of intrahepatic (ICO), extrahepatic (ECO) and gallbladder 
cholangiocyte organoids (GCOs) of BA patients and compared these with healthy 
control patients and non-BA disease control patients. While BA ICOs displayed 
decreased growth rates compared to control ICOs, cells could be expanded 
sufficiently for functional assays and cryopreservation. As an exploratory study we 
have analyzed transcriptional differences between BA and control liver organoids. 
While we observed no clear morphological differences, BA liver organoids displayed 
abnormal expression of genes involved in cell-ECM interaction. As a first translational 
step to identify whether liver organoids are suitable to study the effects of potential 
environmental causes of BA, we treated BA and control liver organoids with the 
toxin biliatresone and the viral analog poly I:C. Biliatresone elicited increased 
expression of genes involved in glutathione metabolism regardless of the disease 
background. While poly I:C evoked inflammatory responses in all liver organoids, BA 
liver organoids displayed unique aberrancies in expression of genes associated with 
ECM-remodeling and HLA class II histocompatibility antigens not found in control 
liver organoids. Taken together, our results indicate that human liver organoids are 
a promising patient-specific in vitro model of BA pathogenesis.
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Introduction

Biliary atresia (BA) is a rare disease of infancy and the leading cause for pediatric liver 
transplantations.1,2 In a majority of cases, infants present with jaundice, obstructed 
extrahepatic bile ducts, and a contracted or absent gallbladder.3,4 Moreover, the 
intrahepatic bile ducts are sporadically inflamed and fibrotic which commonly 
progresses to whole liver fibrosis and bile duct obstruction.3,4 If left untreated 
patients die of liver failure by the age of two years.5 The only available treatment 
to date consists of surgical correction of the extrahepatic atresia. During this so-
called Kasai hepato-portoenterostomy extrahepatic bile ducts and the gallbladder 
are removed, and the liver is directly connected to the small intestine to facilitate 
bile efflux. Despite this surgical intervention, obstruction of intrahepatic bile ducts 
and liver fibrosis continues, eventually causing liver failure. As a result, 45-70% of 
patients with BA still require liver transplantation.6–10

The limitations of treatment options are in part related to the poorly defined 
pathogenesis of BA. Various factors have been suggested to be involved in BA 
pathogenesis including genetic susceptibility factors, viral infection, autoimmunity, 
and environmental toxins.3,11 Familial cases are rare and evidence for genetic factors 
is limited.12,13 Spatiotemporal patterns of BA pathology suggest that environmental 
events primarily contribute to BA.11,14 Alternatively, a genetic predisposition in 
combination with an environmental insult could collectively lead to BA.4,15

One of the most supported pathogenesis hypotheses proposes that a perinatal viral 
infection alone or in combination with a dysregulated immune response causes BA. 
This is supported by the fact that viruses and immune cell accumulations are often 
found in bile ducts of BA patients at the moment of diagnosis. To test this hypothesis, 
a murine model of BA was generated by infecting newborn mice with strains of the 
Rhesus rotavirus.16–20 This murine model displays several similarities with human BA, 
such as obstruction and inflammation of the extrahepatic bile duct. Attempts to map 
out the underlying mechanism have suggested infiltrating macrophages, T cells and 
natural killer cells, and high levels of proinflammatory agents IFN-γ and IL-33 as key 
players.3,21 Moreover, murine cholangiocyte cells exposed to the rotavirus have been 
shown to play a role as immune modulators through cytokine secretion.22,23 Within 
this context, cholangiocytes are the first line of defense and known for their active 
participation in the immune response through the production of various cytokines 
and antigen presentation.24–30 Aberrancies in cholangiocyte immune modulation 
might therefore play a role in the regional specificity of BA. Hence, models of human 
cholangiocytes could aid in understanding BA pathogenesis.

An alternative hypothesis proposes an environmental toxin to induce cholangiocyte 
injury and bile duct obstruction. Outbreaks of BA-like phenotypes in Australian 
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livestock led to the discovery of biliatresone, a plant isoflavonoid.31,32 This toxin 
was shown to induce malformation of bile ducts in larval zebrafish and mice.31–34 In 
vitro, biliatresone caused loss of cellular polarity and obstruction of the lumen of 
murine cholangiocyte spheroids akin to bile duct atresia in vivo.31,34 Moreover, these 
studies suggested that biliatresone acts via upregulating glutathione metabolism 
genes, thus reducing available glutathione, as well as destabilizing microtubules and 
downregulating Sox17, an important transcription factor involved in endodermal 
differentiation during embryogenesis and biliary tree maintenance.35,36 Although it is 
unlikely that pregnant women or their newborns are exposed to biliatresone, these 
findings suggest that any toxin or genetic predisposition that affects glutathione 
metabolism, microtubules or endodermal differentiation could potentially lead to 
BA. Hence, biliatresone is a valuable tool to define the molecular mechanism and 
potential toxic causative factors of human BA.

Although experimental animal models have been helpful in studying BA 
pathogenesis, they are limited in unraveling cell-specific mechanisms. The regional 
specificity of BA suggests that cholangiocytes are the key affected cell type of the 
disease.21,37 In addition, delayed appearance of intrahepatic bile duct obstruction 
suggests that within the cholangiocyte population further location-specific sensitivity 
to underlying disease mechanisms exists. Therefore, studying cholangiocyte sub-
populations of the different affected regions is of great importance to unravel 
pathophysiology. Moreover, while disease onset is exclusive to the perinatal period, 
the exact timing and putative role of cholangiocyte maturation in the disease 
mechanism remains elusive. Thus, it would be highly valuable to be able to study 
varying degrees of cholangiocyte maturity in a human in vitro model representing 
the different regions of the biliary tree.

In recent years, a human in vitro system was developed which promises long-
term patient-specific research on intra- and extrahepatic cholangiocyte biology 
and disease; liver organoids.38 Liver organoids are self-assembled hollow spheres 
cultured in a three-dimensional (3D) laminin-rich matrix. These organoids can be 
generated from bipotent cholangiocyte progenitor cells, derived from the human 
intra- and extrahepatic bile ducts as well as the gallbladder.38–41 Small biopsies suffice 
to generate large amounts of patient cells which can be expanded long-term and 
cryopreserved, while retaining their genetic integrity.38–41 We have demonstrated 
that progenitor and differentiated intrahepatic cholangiocyte organoids (ICOs) 
do not fully resemble mature hepatocytes, but rather retain cholangiocyte 
characteristics.42 Previous work has shown that extrahepatic and gallbladder 
cholangiocyte organoids cultured in the original expansion and differentiation 
media for ICOs resemble cholangiocytes of different maturation states closely.38,43,44 
Collectively, these characteristics make liver organoids an exciting model to study 
BA pathophysiology and putative underlying spatiotemporal factors.
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In this study, we established and characterized intrahepatic (ICOs), extrahepatic 
(ECOs) and gallbladder cholangiocyte organoids (GCOs) derived from BA patients, 
patients suffering from other diseases and healthy controls (Figure 1). We analyzed 
organoid growth behavior, morphology, and transcriptome differences between 
control and BA patient liver organoids at different developmental stages, with or 
without exposure to environmental insults (biliatresone and the viral analog poly 
I:C). In doing so, we have taken the first step toward developing a human patient-
specific in vitro model of BA pathogenesis.

Figure 1. Experimental approach. Intrahepatic, extrahepatic and gallbladder cholangiocytes 
were sampled from biliary atresia (BA) patients, healthy control patients and non-BA 
disease control patients to generate organoids for each patient in vitro. Liver organoids 
were characterized at baseline and after exposure to environmental insults poly I:C or 
biliatresone at different cholangiocyte maturation states (progenitor or differentiated). 
ECO, extrahepatic cholangiocyte organoid; GCO, gallbladder cholangiocyte organoid; ICO, 
intrahepatic cholangiocyte organoid.

Materials & Methods

Organoid culture
BA (n=30) and healthy (n=11) and non-BA disease (n=17) control ICOs, ECOs and 
GCOs were established from explant tissue collected during liver transplantation, 
liver needle biopsies or Kasai portoenterostomy after patient informed consent 
(Table S1). We received ethical approval for the use of patient material from different 
collaborating University Centers (MEC-2014-060; STEM 1-402/K; Metabolic Biobank: 
19–489). All organoid types were established as described previously.42 Briefly, 
processed tissue was cultured in droplets of 70% (v/v) MatrigelTM (Corning) and 
seeding medium containing AdDMEM/F12 (Gibco), 1% (v/v) penicillin-streptomycin 
(Gibco), 1% (v/v) GlutaMax (Gibco), 10 mM HEPES (Gibco), 2% (v/v) B27 without 
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vitamin A (Gibco), 1.25 mM N-Acetylcysteine (Sigma), 10 mM nicotinamide (Sigma), 
10 nM gastrin (Sigma), 10% RSPO1 (v/v) conditioned media (homemade), 50 ng/mL 
EGF (Peprotech), 100 ng/mL FGF10 (Peprotech), 25 ng/mL HGF (Peprotech), 5 μM 
A83-01 (Tocris Bioscience), 10 μM forskolin (Tocris Bioscience), 25 ng/ml Noggin 
(Peprotech), 30% (v/v) Wnt conditioned media (CM, homemade), 10 μM Y27632 
(Sigma Aldrich) in 24-well plate formats. Once organoids had formed, media were 
switched to expansion medium by removing Noggin, Wnt CM and Y27632 from the 
seeding medium. Every 7 to 10 days, the cultures were passaged by mechanical 
fragmentation at split ratios 1:1 to 1:5. Once a minimum of ~15% of a confluent 
organoid culture plate free of debris was obtained, organoids were mechanically 
fragmented and cryopreserved in RecoveryTM Cell Culture Freezing Medium (Gibco) 
according to the manufacturer’s protocol and stored at -196ºC for biobanking. 
Statistical differences in growth performance were determined using unpaired t-test 
assuming Gaussian distribution. For hepatobiliary differentiation, organoids were 
pre-treated with 25 ng/mL BMP7 (Peprotech) for 3 days. Thereafter media were 
changed to differentiation media composed of AdDMEM/F12 medium supplemented 
with, 1% (v/v) penicillin-streptomycin, 1% (v/v) GlutaMax, 10 mM HEPES, 1% (v/v) 
B27, EGF (50 ng/mL), 1.25 mM N-Acetylcysteine, gastrin (10 nM), HGF (25 ng/mL), 
FGF19 (100 ng/mL, Peprotech), A83-01 (500 nM), DAPT (10 μM, Selleck Chemicals), 
BMP7 (25 ng/mL), and dexamethasone (30 μM, Sigma). All cultures were kept in a 
humidified atmosphere of 20% O2 and 5% CO2 at 37ºC and media were refreshed 
every other day.

Optimizing exposure conditions for environmental factors 
biliatresone and poly I:C
To determine working concentrations of biliatresone (Axon Medchem) and poly 
I:C (InvivoGen), single cell or confluent BA and control organoid cultures were 
exposed to 0-8 μg/mL biliatresone, 0-200 μg/mL poly I:C or DMSO control matching 
biliatresone volumes in expansion medium without the antioxidant N-Acetylcysteine 
for 24 hours. N-Acetylcysteine was omitted since it was previously reported 
to interfere with effects of environmental stressors such as biliatresone.33,34 To 
obtain single cells, BA and control organoids were harvested with AdDMEM/F12 
medium supplemented with, 1% (v/v) penicillin-streptomycin, 1% (v/v) GlutaMax, 
10 mM and HEPES and briefly centrifuged at 190 g for 5 minutes at 4ºC. Next, cell 
pellets were digested in TriplETM Select (Gibco) until single cells by repeated cycles 
of mechanical fragmentation and 3-minute incubations in a 37ºC waterbath. Single 
cells were then diluted in expansion medium without N-Acetylcysteine containing 
10 μM Y27632 (Sigma), counted manually and diluted in 70% (v/v) MatrigelTM to 
reach 125,000 cells/mL. Single cells were treated with varying concentrations of 
biliatresone for 9 days in expansion medium without N-Acetylcysteine. To determine 
the working concentration for poly I:C, BA and control organoids were seeded at 
2x106 single cells/mL and expanded for 4 days and immediately challenged with 
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poly I:C or differentiated for 4 days without N-Acetylcysteine. For the poly I:C 
challenge, organoids were incubated with 0-200 μg/mL poly I:C for 24 hours in 
expansion or differentiation medium without N-Acetylcysteine. For biliatresone 
and poly I:C cell viability was assessed using the CellTiter-Glo® Luminescent Cell 
Viability Assay (Promega) according to the manufacturer’s protocol or by quantifying 
necrosis marker propidium iodide (0.1 mg/mL, Thermo- Fisher) and calcein-AM (0.5 
μM, Santa Cruz Biotechnology) signals after 15 minutes of incubation at 37ºC. For 
the latter, whole MatrigelTM droplets were imaged with an inverted Olympus IX53 
epifluorescence microscope at 2x magnification and quantified in ImageJ software 
(Win64 version: https://imagej.net/Fiji/Downloads). For downstream quantitative 
RT-qPCR, organoids were grown to confluency after mechanical fragmentation and 
exposed to 0.5 or 2 μg/mL biliatresone or 20 or 80 μg/mL poly I:C for 24 hours 
without N-Acetylcysteine. After incubation, organoids were harvested with cold 
AdDMEM/F12, the cell pellets were washed three times, and then stored at -80ºC 
until further processing for gene expression analysis.

To determine exposure timing for biliatresone on established organoids, 
differentiation medium of BA and control organoids was supplemented with 
or without 2 μg/mL biliatresone without N-Acetylcysteine at different days of 
differentiation and incubated for indicated times (day 4, 0 and 24 hours; day 7, 96 
hours; day 8, 96 hours). To determine exposure timing for poly I:C, BA and control 
organoids were exposed to 80 μg/mL poly I:C on differentiation day 1, 2, 3, 4 and 6 
for 24 hours without N-Acetylcysteine. After incubation, organoids were harvested 
with cold AdDMEM/F12, the cell pellets were washed three times, and then stored 
at -80ºC until further processing for gene expression analysis.

Exposure with environmental factors for polarity analysis and 
RNA sequencing
After passaging organoids into 96- or 24-well plates by mechanical fragmentation, 
organoids were either cultured in expansion or differentiation medium without 
N-Acetylcysteine. At differentiation day 4, differentiated and matching expanded 
organoids were exposed to 2 μg/mL biliatresone, 80 μg/mL poly I:C or DMSO control 
matching biliatresone volumes in media without N-Acetylcysteine. Poly I:C conditions 
were harvested for RNA isolation after 6 hours or fixated for immunofluorescence 
after 2 hours, while biliatresone and DMSO conditions were harvested or fixated 
after 24 hours.

RNA isolation and quantitative RT-qPCR
RNA was isolated from organoid cultures using the RNeasy Mini Kit (Qiagen) or 
Total RNA Purification Kit (Norgen Biotek) according to the manufacturers’ protocols 
including the use of β-mercaptoethanol (Merck). RNA used for sequencing was 
stored at -80ºC until further processing. RNA used for real-time quatitative PCR 
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(RT-qPCR) was quantified using a D-1000 spectrophotometer (NanoDrop, Thermo 
Fisher Scientific) and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-
Rad) according to the manufacturer’s protocol. Relative mRNA of genes of interest 
was quantified by RT-qPCR using the SYBR Green method (Bio-Rad) and validated 
primers (Table S1). Normalization was performed using the stably expressed 
reference gene HP1BP3.

RNA sequencing
RNA quality was tested with a Bioanalyzer 2100 expert using the Eukaryote Total 
RNA Nano assay according to the manufacturer’s protocol. Samples with a RIN above 
7.5 and a minimum of 4 nM were sent for library preparation using Truseq RNA 
stranded polyA and sequencing using Illumina NextSeq2000 by Utrecht Sequencing 
Facility, with a run type of 1x50 bp. Donors were randomly split over two separate 
runs with 35 and 43 samples each. Different conditions of each donor were analyzed 
in the same run. Quality control on raw FASTQ files was done with FastQC (v0.11.8). 
Low quality reads and adapter were trimmed using TrimGalore (v0.6.5). SortMeRNA 
(v4.3.3) was used to filter out rRNA reads. Afterwards, reads were aligned to the 
reference genome Human-GRCh37 using STAR (v2.7.3a) aligner. Read counts were 
then generated using the Subread FeatureCounts module (v2.0.0). Differential 
gene expression analysis was performed using DESeq2 (v.1.30.1).45 Differentially 
expressed genes were identified using the following parameters: lfcThreshold of 0 
and adjusted p-value <0.05 using the Benjamini and Hochberg method. Normalized 
counts were generated by applying DESeq2 variance-stabilizing transformation. 
Principal component analysis plots and heatmaps were created using normalized 
counts and plotted using ggplot2 (v.3.3.3) and pheatmap (v1.0.12), respectively. 
Enrichment analysis of differentially expressed genes was done using Enrichr web 
application using KEGG pathway annotations (https://maayanlab.cloud/Enrichr/).46–48 
Manual crosschecks were done by consulting Uniprot and the Human Protein Atlas. 
Protein network analysis was done using the web application STRING (https://string-
db.org/).49–53

Wholemount Immunofluorescence
For wholemount immunofluorescence organoid cultures were fixated in 96-well 
plates in 4% buffered formaldehyde (v/v) (Klinipath) for 1 hour at room temperature 
(RT). After washing three times with PBS for 5 minutes at RT samples were stored 
in PBS at 4ºC until further use. To initiate immunofluorescence staining, samples 
were treated with permeabilization buffer composed of PBS and 0.3% Triton 
X-100 (v/v) for 30 minutes at 4ºC. Next, samples were treated with blocking buffer 
composed of permeabilization buffer and 5% BSA (w/v) (Sigma Aldrich) for 1 hour 
at RT. Organoids were then incubated with Alexa Fluor™ 488 Phalloidin (Invitrogen) 
overnight at 4ºC. Thereafter, samples were washed three times for 20 minutes at RT 
using permeabilization buffer. Next, nuclei were stained with 0.5 μg/mL DAPI (Sigma-
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Aldrich) for 15 minutes at RT and washed again. Samples were kept in FluorSafe 
(Merck) and imaged within one week using a Leica TCS SP8confocal microscope. 
Culture wells contained between 20 and 80 organoids for all experiments, and a 
minimum of three photographs were taken per well. Only spheroids that were fully 
visible along the Z-axis were scored for polarity. Photographs were taken at the 
midsection of each organoid, where the luminal diameter was greatest.

Results

BA liver organoids display differences in growth performance
After processed biopsies were placed in culture, cultures were inspected for 
formation of budding organoid structures every few days. Outgrowth success, 
defined as outgrowth of cystic organoids, was very similar between BA (82%), healthy 
(91%) and disease control ICOs (87%; Figure 2A, G). Moreover, organoids emerged 
within similar timeframes, when comparing BA ICOs (7 ± 2.7 days), healthy (8.8 ± 
1.8 days) and disease control ICOs (6.6 ± 4.4 days; Figure 2B). Notably, BA and other 
disease ICOs displayed much larger variation in outgrowth rate, suggesting that 
disease (severity) might affect cholangiocyte progenitor outgrowth. In comparison, 
outgrowth was slightly less successful for BA ECOs (73%; Figure 2A). However, 
the small sample size of the healthy and disease control ECO groups hampers 
interpretation of reduced outgrowth of ECOs and putative BA specificity. Larger 
sample sizes and evaluation of donor-matched ICO, ECO and GCOs are needed to 
draw firm conclusions.

Once organoid lines were established, the cultures were passaged regularly as the 
organoids expanded. Interestingly, growth rates of established BA ECO lines did 
not differ from healthy or disease control ECOs (Figure 2C). In contrast, BA ICOs 
displayed significantly lower growth rates compared to healthy control ICOs, as 
evidenced by significantly lower split ratios (p = 0.0003; Figure 2C). This growth 
behavior was BA specific as disease control ICO growth rates did not significantly 
differ from healthy control ICOs.

Some BA organoid lines collapsed during culture (37%; Figure 2D-F). Disease control 
organoids collapsed too, albeit with lower frequency (17%; Figure 2D). More BA 
organoid lines collapsed before rather than after cryopreservation (Figure 2E). Most 
BA organoid lines that collapsed before cryopreservation did so at low passage 
numbers, however this was not statistically significant (p > 0.05; Figure 2F). Other 
disease derived organoids also occasionally collapsed after storage at higher 
passage numbers than BA organoids, albeit without statistically significance (p > 
0.05; Figure 2E-F).
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Optimization of exposure conditions
Among the different factors putatively involved in BA pathogenesis a viral or toxic 
insult are the most supported by clinical and experimental evidence.3,4,11 To test 
whether and under which conditions mimics of such environmental factors could 
elicit a BA-like phenotype in liver organoids, we conducted pilot studies using the 
toxin biliatresone and the viral analog poly I:C.

Biliatresone affects single cell viability and glutathione metabolism in 
liver organoids
Previously, the toxin biliatresone was shown to induce a BA-like phenotype 
in livestock, zebrafish, and rodents in vivo and in vitro.31,33,34,54 We performed 
preliminary tests to determine whether biliatresone exposure conditions reported 
for murine in vitro models would elicit similar phenotypes in human liver organoids. 
Single cells showed increasing sensitivity to increasing concentrations of biliatresone 
regardless of disease or organoid type, as indicated by increased cell death and 
failure to form organoids (Figure 3A-B). Biliatresone did not affect morphology of 
established organoids (Figure 3B). Due to the stark differences in single cell viability 
after exposure to 0.5 and 2 µg/mL biliatresone, we investigated effects of both 
concentrations on a transcriptomic level in established organoids (Figure 3C), with 
a focus on key glutathione metabolism genes GCLC, GCLM and GSTO-1 and generic 
cell stress marker HSP90.33,34 As described in other models, biliatresone increased 
expression of these cell stress genes in a dose dependent manner in our organoids. 
Moreover, expression of glutathione metabolism genes GCLC, GCLM and GSTO-1 was 
highest after exposure at day four of differentiation (Figure 3D). Based on these 
findings, we decided to expose organoids in the progenitor state and after 4 days 
of differentiation to 2 µg/mL biliatresone for 24 hours for further transcriptomic 
and polarity analyses.

Poly I:C elicits immune responses in liver organoids
We investigated whether, and under which conditions, a viral insult, such as the 
immunostimulant poly I:C, would elicit a BA-like phenotype in liver organoids. This 
synthetic double stranded RNA mimics molecular patterns of viral infection and 
is widely used to study anti-viral responses in vitro. When testing various poly I:C 
concentrations on BA and control ICOs and ECOs, most organoid lines showed no 
change in cell viability when exposed to concentrations up to 80 µg/mL poly I:C 
for 24 hours (Figure 3E). At 200 µg/mL poly I:C cell viability declined clearly in all 
organoid lines. Notably, one disease control ICO line showed increased sensitivity 
to poly I:C from 25 µg/mL onwards. Upon exposure to 20 and 80 µg/mL poly I:C, 
expression of inflammatory markers NƘB and CXCL-8 increased in a dose dependent 
manner (Figure 3F); distinct cellular responses were elicited by the higher poly I:C 
concentration. Next, we tested whether liver organoids of different maturation 
states display varying degrees of sensitivity to 80 µg/mL poly I:C. Expression of 
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Figure 2. Liver organoid growth. A) Organoid outgrowth from intrahepatic (ICOs) and 
extrahepatic bile duct (ECOs). B) Time until organoids emerged from processed biopsies in 
days. C) Growth rates of liver organoids depicted as weekly split ratios of BA ECOs (n = 8), 
healthy control (HC) ECOs (n= 3), disease control (other) ECOs (n= 2), BA ICOs (n = 24), HC 
ICOs (n = 10) and other ICOs (n= 13). Statistical analysis was performed using unpaired t-test 
assuming Gaussian distribution; ***p = 0.003, ns = p > 0.05. D) Percentage of collapsed 
organoid cultures. E) Percentage of BA and disease control liver organoids collapsed before 
or after cryopreservation. F) Passage numbers at which cultures collapsed before or after 
cryopreservation. No statistical significance was found among the groups (p > 0.05) using 
unpaired t-test assuming Gaussian distribution. G) Representative brightfield images of BA 
and control (HB, PFIC2) ICO and ECO cultures. BA, biliary atresia; HB, hepatoblastoma; PFIC2, 
progressive familial intrahepatic cholestasis type 2
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NFƘB increased dramatically over the first few days of differentiation of both BA 
and healthy control liver organoids, peaking at day four (Figure 3G). Meanwhile, 
exposure at day six of differentiation elicited no to little additional change in gene 
expression.

Interestingly, ECOs and ICOs differentiated for four days displayed different 
sensitivities to poly I:C (Figure 3H). Differentiated ECOs displayed very limited decline 
in viability at any poly I:C concentration, while the viability of differentiated ICOs 
dropped to 50% around 30 µg/mL poly I:C. This could suggest that poly I:C toxicity 
is dependent on the donor, the maturation status, and the anatomical origin of 
the organoids. To gain insight into the underlying differences we proceeded with 
transcriptome analyses of various BA, healthy and disease control liver organoids 
of progenitor and differentiation states. To retain sufficient cell numbers for 
transcriptome analyses, liver organoids were exposed to 80 µg/mL poly I:C for 6 
hours which had previously been shown to induce immune responses in intestinal 
organoids.55

Underlying disease or exposure to environmental insults does 
not affect liver organoid morphology
Morphologically, no differences were observed between the groups. All organoid 
lines, irrespective of organoid type, maturation state, disease history or exposure 
to environmental insults (biliatresone or poly I:C), showed predominantly cystic 
organoids with occasional small dense organoids (Figure 2G, Figures S1-2). During 

← Figure 3. Biliatresone and poly I:C toxicity and timing. A) Cell death of BA and control 
(HC) ICOs and ECOs after exposure to varying biliatresone concentrations for 9 days post 
single cell seeding. Each condition was measured in triplicate. B) Representative brightfield 
images of one BA ICO line exposed to biliatresone or DMSO control as single cells (top) or 
established organoids (bottom). C) Gene expression of cell stress markers in established BA 
(n = 5) and control (HC; n = 1) ICOs exposed to 0.5 and 2 μg/mL biliatresone shown relative to 
DMSO control (dotted line). D) Gene expression of cell stress markers of one differentiated 
BA organoid line after exposure to 2 μg/mL biliatresone relative to DMSO control (dotted 
line). Exposure was started at the indicated day of differentiation (DMDx) and samples 
were harvested and analyzed after the indicated hours of incubation (h). E) Cell viability of 
progenitor BA and control (CF, CM, NASH) ICOs and ECOs exposed to varying concentrations of 
poly I:C depicted as percentage (%) of cellular ATP relative to non-exposed conditions of each 
organoid line. F) Gene expression of inflammatory markers in progenitor BA (n = 5) and control 
(HC; n = 1) liver organoids after 24 hours exposure to different poly I:C concentrations relative 
to non-exposed control (ctrl) conditions. G) Gene expression of NFƘB in BA (n = 2) and control 
(CM; n = 1) ECOs exposed to 80 μg/mL poly I:C for 24 hours at different days of differentiation 
relative to reference gene HP1BP3. H) Cell viability of BA and control (CF, CM) ICOs and ECOs 
differentiated for 4 days and exposed to varying concentrations of poly I:C for 24 hours 
relative to non-exposed conditions of each organoid line. Donor IDs are defined in more 
detail in Table S1. BA, biliary atresia; CF, cystic fibrosis; CM, choledocal malformation; ECO, 
extrahepatic cholangiocyte organoid; HC, healthy control; ICO, intrahepatic cholangiocyte 
organoid; NASH, nonalcoholic steatohepatitis 
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differentiation organoid morphologies changed as expected; organoids condensed 
slightly, and cell layers became thicker and darker. The most predominant 
morphologic characteristic of the BA phenotype, namely loss of bile duct polarity 
and obstruction of the ducts, was not observed in our organoids. All BA and control 
organoids showed normal polarity in EM and DM with the apical domain facing the 
lumen as shown by F-actin stainings (Figure 4).

Figure 4. Polarity of progenitor and differentiated liver organoids after exposure to 
environmental insults biliatresone and poly I:C. Immunofluorescence images of F-actin 
(green) and Dapi (blue) of progenitor (EM) and differentiated (DM) BA and control (PVS, PFIC2) 
ICOs, ECOs and GCOs exposed to 2 μg/mL biliatresone or DMSO control for 24 hours and 80 
μg/mL poly I:C for 2 hours. Donor IDs are defined in more detail in Table S1. BA, biliary atresia; 
ECO, extrahepatic cholangiocyte organoid; GCO, gallbladder cholangiocyte organoid; ICO, 
intrahepatic cholangiocyte organoid; PFIC2, progressive familial intrahepatic cholestasis type 
2; PVS, pulmonic valve stenosis
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Transcriptome analysis

Baseline
While BA and control liver organoids did not differ morphologically, we investigated 
whether there were transcriptomic differences that may provide avenues to further 
explore at the functional level in a targeted manner. Principal component analysis 
revealed that BA and control organoids clustered together both in progenitor and 
differentiated state (Figure 5A). However, progenitor and differentiated organoids 
clustered separately, suggesting that the biggest differences between samples were 
caused by the differentiation status rather than disease type. GCOs clustered with 
ECOs, while ICOs separated from the extrahepatic organoid types, thus supporting 
previous reports of regional specificity of intra- and extrahepatic organoid types.43 
From here on ECOs and GCOs were grouped for further analyses and will be 
collectively referred to as ECOs.

We observed differences, but not a clear separation between BA and control 
organoids (Figure 5A), with 1 of 2 controls clustering with the BA group of the same 
organoid type. Closer analysis of differentially expressed genes (DEGs) revealed 
differences of the transcriptome between BA and healthy controls: most DEGs were 
found in differentiated ECOs with 582 upregulated and 374 downregulated DEGs 
(Figure S3B). Progenitor ICOs showed 200 upregulated and 66 downregulated DEGs 
(Figure S3C). Differentiated ICOs showed 159 upregulated and 148 downregulated 
DEGs (Figure S3D), while progenitor ECOs showed 68 upregulated and 52 
downregulated DEGs (Figure S3E). Closer inspection of individual gene expression 
patterns showed clear differences between BA and healthy control organoids for 
most identified DEGs (Figure 5B, Figure 6A), but not for all. Potentially, the small 
number of healthy and disease controls caused these genes to not be identified as 
significantly differentially expressed in healthy and disease controls.

To gain insight into the biological functions associated with the identified DEGs, 
pathway enrichment analyses were done using EnrichR and the top five pathways 
for each condition were identified (Figure 5C-H, Figure 6B-E). Upregulated DEGs of 
differentiated BA ECOs compared to control ECOs were associated with the hypoxia 
inducible factor 1 (HIF-1) signaling pathway and glycolysis/gluconeogenesis (EGLN3, 
PFKL, NOS3, PGK1, SLC2A1, ALDOC, TIMP1, ENO2, ALDOA, HK2, PDK1, VEGFA, ACSS2, PCK1), 
as well as several (auto)immune reactions (i.e. graft-versus-host, type I diabetes 
mellitus disease, viral myocarditis) (IL1B, HLA-B, HLA-C, HLA-A, HLA-F, HLA-G, HLA-E, 
RAC2, CD55) (Figure 5C).

Differentiated BA ECOs displayed downregulation of hepatic functions and ECM-
receptor interactions (Figure 5D). Despite low to moderate confidence of accuracy 
in these pathway enrichments (-log10 adjusted p-value = 0.4-0.8 and 1.5-2), manual 

3
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inspection of the genes associated with the mentioned pathways confirmed correct 
categorization by the software. Specifically, downregulated DEGs were associated 
with peroxisome metabolism (PECR, GNPAT, AGPS, ACSL5, BAAT, XDH, DDO), ECM-
receptor interaction (ITGB1, VTN, RELN, ITGB5, LAMB1, CD36, CD44), vitamin and 
CoA metabolism (ALDH1A3, ALDH1A2, CYP1A1, UGT2A3, LRAT, ADH6, ALDH1B1, VNN2, 
AASDHPPT ), and bile secretion (ABCC4, SLC10A2, UGT2A3, SLC5A1, BAAT, PRKACB). 
Notably, identified pathways for differentiated BA ECOs were based on 7 and 4% of 
the downregulated and upregulated DEGs, respectively. Hence, these results should 
be interpreted with care.

Upregulated DEGs of progenitor BA ECOs compared to progenitor control ECOs 
were associated with immune response pathways (CDH5, RAC2, CLDN18, CTNNA3, 
VAV1, INPP5D) and choline metabolism in cancer (SLC44A5, DGKB, RAC2) (Figure 
5E). However, manual crosschecks revealed incorrect pathway prediction, despite 
moderate prediction confidence of the generated pathway enrichment (-log10 
adjusted p-value = 1-3). This was likely due to the low number of DEGs in this 
condition (n = 68). Instead, the top five associated pathways included ECM-receptor 
interaction, transcription regulation, long non-coding RNAs, cell-cell adhesion and 
polarity, and immune response (Figure 5F, Table S3).

Downregulated DEGs of progenitor BA ECOs compared to progenitor control ECOs 
were associated with hypertrophic cardiomyopathy (TNNC1, AGT ), peroxisome 
metabolism (PECR, GNPAT ), thyroid hormone synthesis (IYD, GPX3), p53 signaling 
(CCND2, SESN3) and renin secretion (AGT, AQP1) (Figure 5G). These pathway 
enrichments were generated with low confidence of accuracy (-log10 adjusted 
p-value = ~0.5), again likely due to the low number of DEGs (n = 52). Manual 
inspection indeed revealed that most downregulated DEGs in progenitor BA ECOs 

← Figure 5. Transcriptome analysis of BA liver organoids at baseline. A) Two-way principal 
component (PC) analysis of BA (ECOs, n = 3; GCOs, n = 4; ICOs, n = 3) and control (CF, CM, HC, 
PVS; ECOs, n = 2; ICOs, n = 2) liver organoids. B) Visualizations of log2 fold changes in gene 
expression of up- (Up) and downregulated (Down) DEGs in differentiated (DM) and progenitor 
(EM) BA and control (CM, CF) ECOs. log2 fold changes are relative to the mean expression of 
the genes across all samples. C-D) EnrichR pathway enrichment analysis of DEGs upregulated 
(C) and downregulated (D) in differentiated BA ECOs with confidence of accuracy indicated 
as the adjusted p-value (padj). E-H) EnrichR (E, G) and manual (F, H) pathway enrichment 
analysis of DEGs upregulated (E-F) and downregulated (G-H) in progenitor BA ECOs with 
indicated confidence of accuracy (padj) or number of genes. The adjusted p-value was 
determined by EnrichR using the Benjamini-Hochberg method with a cutoff of 0.05. Donor 
IDs are defined in more detail in Table S1. BA, biliary atresia; CF, cystic fibrosis; CM, choledocal 
malformation; DEG, differentially expressed gene; ECO, extrahepatic cholangiocyte organoid; 
GCO, gallbladder cholangiocyte organoid; HC, healthy control; ICO, intrahepatic cholangiocyte 
organoid; PVS, pulmonic valve stenosis
 3
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Figure 6. Gene expression patterns and pathway enrichment of DEGs of BA ICOs at 
baseline. A) Visualizations of log2 fold changes in gene expression relative to the mean 
expression of the genes across all samples of up- (Up) and downregulated (Down) DEGs in 
progenitor (EM) and differentiated (DM) BA and control (HC, PVS) ICOs. B-E) EnrichR pathway 
enrichment analysis of DEGs upregulated (B) and downregulated (C) in progenitor ICOs and 
DEGs upregulated (D) and downregulated (E) in differentiated BA ICOs with confidence of 
accuracy indicated as the adjusted p-value (padj). The adjusted p-value was determined by 
EnrichR using the Benjamini-Hochberg method with a cutoff of 0.05. F) STRING network 
analysis of DEGs identified to be downregulated in progenitor and differentiated BA ECOs and 
ICOs. Donor IDs are defined in more detail in Table S1. BA, biliary atresia; DEG, differentially 
expressed gene; HC, healthy control; ICO, intrahepatic cholangiocyte organoid; PVS, pulmonic 
valve stenosis
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are rather involved in immune response, cellular signaling, ion homeostasis, lipid 
metabolism and transcription regulation (Figure 5H, Table S4).

Pathway analyses suggested that progenitor BA ICOs were more differentiated 
toward the hepatic fate compared to control ICOs, as they displayed higher 
expression of genes associated with mature hepatocytes such as metabolism 
of retinol, xenobiotics, carbohydrates, and fat (CYP2C9, UGT1A1, DHRS9, UGT1A4, 
CYP3A4, CYP2C18, UGT1A6, GSTA2, CYP2C19, XDH, AKR1B10SORD, ABCA1, DGAT2, APOA1, 
APOA4, APOB) (Figure 6B). Pathways downregulated in progenitor BA ICOs included 
viral infection (ZNF793, ZNF737, ZNF85, ZNF439, HLA-DPB1, ZNF43, ZNF563) and 
phagocytosis (HLA-DPB1, THBS2, CORO1A) (Figure 6C).

Of note, most of the genes associated with viral infection and phagocytosis in 
these analyses are better known to be involved in transcription regulation. Other 
downregulated functions in progenitor BA ICOs included ECM-receptor interaction 
(SV2A, COL4A6, COL9A3, THBS2, CD44, FREM2), PI3K-Akt signaling (NR4A1, COL4A6, 
COL9A3, THBS2, FGFR1) and protein processing (COL13A1, COL4A6, COL9A3), which 
were associated with reduced cell proliferation, as may be expected with increased 
differentiation toward the hepatic fate.56–58

DEGs of differentiated BA ICOs were associated with similar pathways as progenitor 
BA ICOs, namely increased hepatocyte maturation and decreased proliferation 
(Figure 6D-E). The pathways associated with hepatic maturation included xenobiotics 
and retinol metabolism (CYP2C9, CYP2C8, UGT1A1, ADH1B, CYP2C18, UGT1A6, CYP2C19, 
XDH, AKR1C1, EPHX1). Functions of serotonergic synapse and chemical carcinogenesis 
were also found in differentiated BA ICOs, however, closer inspection revealed that 
most of these genes were identical to DEGs identified for xenobiotics and retinol 
metabolism, except for ITPR1 and HTR1B which were associated with synaptic cell 
signaling. DEGs downregulated in differentiated BA ICOs were associated with 
cell cycle and concur with decreased proliferation (CDC20, CCNA2, CCNB2, CCNB1, 
PTTG1, ESPL1, PLK1, BUB1B, TTK, CDC25C, MAD2L1). DEGs of the pathways of oocyte 
meiosis and maturation, viral infection, and p53 signaling were identical to those 
mentioned for cell cycle pathway, except for GTSE1 which is thought to inhibit mitosis 
progression.59

In summary, BA liver organoids displayed specific transcriptomic differences 
compared to control organoids. Progenitor BA ECOs showed increased cell-ECM 
interaction and decreased immune response which was reversed for differentiated 
BA ECOs. Meanwhile, progenitor and differentiated BA ICOs showed increased hepatic 
differentiation, while cell cycle regulation and cell-ECM interaction were decreased.

3
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Biliatresone
Biliatresone treatment had limited effects on human liver organoids (Figure 7, Figure 
S4). According to principal component analysis BA and control organoids clustered 
together in both maturation states (Figure 7A). Meanwhile, separate clustering 
of progenitor and differentiated organoids suggested that the biggest difference 
between samples was caused by the differentiation status rather than disease type. 
Moreover, no clear separation between BA and control organoids nor between ICOs 
and ECOs was identified. One of each of the respective control organoid donors 
clustered with the opposite organoid type.

Nonetheless, biliatresone induced some transcriptomic changes. 31 DEGs were 
found in BA ECOs exposed to biliatresone compared to BA ECOs not exposed to 
the toxin, of which 23 were significantly upregulated in progenitor BA ECOs (Figure 
7B). Despite not having been identified as significantly dysregulated in control 
ECOs, expression patterns of the 31 DEGs identified showed similar expression 
patterns in control ECOs (Figure 7C). For instance, the gene ABCC2 was upregulated 
in progenitor and differentiated ECOs of both BA patients and controls (Figure 7C). 
This may well relate to the relatively low number of control ECOs studied. Overall, 
these observations suggest that healthy and BA ECOs are equally susceptible 
to biliatresone. Importantly, interdonor differences were observed potentially 
indicating that some donors are more or less susceptible to biliatresone, regardless 
of donor disease history. Similar to baseline differences, expression of upregulated 
genes was generally highest in differentiated ECOs. However, progenitor ECOs 
exposed to biliatresone showed upregulation of the same genes, albeit overall lower. 
To identify overarching pathways stimulated by biliatresone, pathway enrichment 
analyses were carried out using EnrichR. However, outcomes were only available for 
30% of submitted genes, likely due to the small number of DEGs. Hence, biological 
functions for DEGs of biliatresone exposed samples were manually identified by 

← Figure 7. Transcriptome analysis of BA liver organoids exposed to biliatresone. A) 
Two-way principal component (PC) analysis of BA (ECOs, n = 3; GCOs, n = 2; ICOs, n = 3) and 
control (CF, CM, HC, PVS; ECOs, n = 2; ICOs, n = 2) liver organoids. B) Venn diagram of DEGs 
identified for progenitor (EM) and differentiated (DM) BA and control (C) ECOs exposed to 
2 μg/mL biliatresone compared to those exposed with DMSO. C) Visualizations of log2 fold 
changes in gene expression of identified up- and downregulated DEGs in progenitor (EM) 
or differentiated (DM) control (C: CF, CM) and BA ECOs. log2 fold changes are relative to the 
mean expression of the genes across all samples. D) Manually collated biological functions of 
DEGs shown in C. E) STRING network analysis of DEGs shown in C. Node colors correspond 
to the biological functions: green, detoxification; yellow, oxidative stress response; purple, 
pentose phosphate pathway; white, other. Donor IDs are defined in more detail in Table S1. BA, 
biliary atresia; CF, cystic fibrosis; CM, choledocal malformation; DEG, differentially expressed 
gene; ECO, extrahepatic cholangiocyte organoid; GCO, gallbladder cholangiocyte organoid; 
HC, healthy control; ICO, intrahepatic cholangiocyte organoid; PVS, pulmonic valve stenosis
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consulting Uniprot and the Human Protein Atlas, or literature when databases were 
not informative.
 

Among the upregulated DEGs in biliatresone treated organoids of BA and control 
ECOs two major groups were identified (Figure 7D). These were associated with 
detoxification of xenobiotics (AKR1B10, AKR1B15, AKR1C1, AKR1C2, AKR1C3, AKR1C4, 
ALDH3A1, ABCC2) and the oxidative stress response including several glutathione 
metabolism genes (PIR, TXN, GCLM, GSTT1, MGST1, NQO1, TXNRD1, ABCC2). The 
third largest group of upregulated DEGs comprised many long non-coding RNAs 
(RP1−27K12.2, RP11−123J14.2, RP11−345L23.1, RP11−443P15.2), which are generally 
thought to be involved in the regulation of gene expression and associated with 
various pathologies such as cancer.60–62 Other functions associated with upregulated 
DEGs included pentose phosphate pathway (G6PD, TALDO), transcription factor 
(MAFG), iron storage (FTL), NFƘB activation (IKBKG), paracrine signaling associated 
with pathology (PANX263,64), autophagy (SQSTM1), biosynthesis of ECMs (UGDH), 
nuclear export (XPO1), and a few pseudogenes (AKR1B10P1, FTLP3, FTLP17). Two 
downregulated DEGs were identified and were associated with mitosis regulation 
(USP16) and positive regulation of Notch (NEURL1B). Network analyses were 
carried out using STRING to predict putative interactions of proteins encoded 
by the identified DEGs (Figure 7E). This revealed that most genes involved in 
xenobiotics, glutathione metabolism and the pentose phosphate pathway are 
closely interconnected, suggesting functional significance of the identified DEGs 
after challenging organoids with biliatresone.

← Figure 8. Transcriptome analysis of BA liver organoids exposed to poly I:C. A) Two-
way principal component (PC) analysis of BA (ECOs, n = 3; GCOs, n = 2; ICOs, n = 3) and 
control (CF, CM, HC, PVS; ECOs, n = 2; ICOs, n = 2) liver organoids. B-I) Venn diagrams of DEGs 
identified when comparing BA with control (C) liver organoids exposed to poly I:C and when 
comparing BA liver organoids treated with (poly I:C) or without (ctrl) poly I:C to identify a 
subset of DEGs specific for BA liver organoids: B) DEGs upregulated in progenitor ICOs. C) 
DEGs downregulated in progenitor ICOs. D) DEGs upregulated in differentiated ICOs. E) DEGs 
downregulated in differentiated ICOs. F) DEGs downregulated in differentiated ECOs. G) DEGs 
upregulated in differentiated ECOs. H) DEGs downregulated in progenitor ECOs. I) DEGs 
upregulated in progenitor ECOs. J-K) Visualizations of log2 fold changes in gene expression 
of up- and downregulated DEGs of progenitor (EM) or differentiated (DM) BA and control (CF, 
CM, HC, PVS) ICOs (J) and ECOs (K). log2 fold changes are relative to the mean expression 
of the genes across all samples. Donor IDs are defined in more detail in Table S1. BA, biliary 
atresia; CF, cystic fibrosis; CM, choledocal malformation; DEG, differentially expressed gene; 
ECO, extrahepatic cholangiocyte organoid; GCO, gallbladder cholangiocyte organoid; HC, 
healthy control; ICO, intrahepatic cholangiocyte organoid; PVS, pulmonic valve stenosis 3
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Poly I:C
Exposure of liver organoids to the viral analog poly I:C caused a large transcriptomic 
shift (Figure 8, Figure S5). Principal component analysis revealed that BA, healthy 
and disease control organoids in progenitor and differentiation state all shift away 
from baseline (Figure 8A). As was observed for biliatresone and baseline analyses, 
ECOs and GCOs separated from ICOs, except for one healthy and one disease control 
donor which clustered with the opposite organoid type group.

Analysis of the DEGs revealed upregulation of inflammatory pathways in BA, 
healthy and disease control organoids, indicating that the cells responded to poly 
I:C (Figure S6). Closer inspection revealed BA patient-specific changes with the 
majority being upregulated in BA progenitor ECOs (3,049 upregulated DEGs; Figure 
S5-6). Comparison of individual donor expression patterns revealed that expression 
patterns in healthy and disease control organoids followed similar patterns to 
those derived from BA patients but did not reach statistical significance likely due 
to the small sample size (data not shown). Hence, to identify DEGs exclusive to BA 
organoids, we generated an artificial filter by generating a subset of DEGs that 
differed statistically significantly between BA and control organoids exposed to 
poly I:C as well as between BA organoids treated with or without poly I:C (Figure 
8B-I). Side by side comparison of the donors revealed that this subset of DEGs was 
indeed exclusive for BA ECOs exposed to poly I:C (Figure 8J-K).
To identify biological functions likely affected by the identified subset of DEGs, we 
performed pathway enrichment using EnrichR. As experienced previously, small 
numbers of DEGs resulted in pathway enrichments with low confidence of accuracy 
(Figure S7). Hence, further data interpretation was conducted by consulting Uniprot 
and the Human Protein Atlas.

Upregulated DEGs of progenitor BA compared to control ICOs were associated with 
cell morphology and matrix interaction, immune response, long non-coding RNAs, 
signal transduction, and lipid metabolism (Figure 9A, Table S5). Meanwhile, half of 
the downregulated DEGs of progenitor BA compared to control ICOs were associated 
with mitosis regulation, while the remaining DEGs were associated with cell 
morphology and matrix interaction, transcription regulation, histone modification, 
and immune response (Figure 9B, Table S6). Upregulated DEGs in differentiated BA 
compared to control ICOs were associated with similar functions, namely apoptosis 
regulation, cell morphology and matrix interaction, immune response, signal 
transduction, and cell stress response (Figure 9C, Table S7). Downregulated DEGs 
in differentiated BA compared to control ICOs were similarly associated with mitosis 
regulation, transcription regulation, DNA metabolism, long non-coding RNAs, and 
signal transduction (Figure 9D, Table S8). 
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DEGs downregulated in differentiated BA compared to control ECOs were associated 
with long non-coding RNAs, cell morphology and matrix interaction, transcription 
regulation, signal transduction, and cell and tissue development (Figure 9E, Table S9). 
Upregulated DEGs of differentiated BA compared to control ECOs were associated 
with immune response, cell morphology and matrix interaction, transcription 
regulation, amino acid metabolism, and long non-coding RNAs (Figure 9F, Table 
S10). Meanwhile, downregulated DEGs in progenitor BA compared to control ECOs 
were associated with long non-coding RNAs, protein processing, signal transduction, 
transcription regulation, and cell morphology and matrix interaction (Figure 9G, Table 
S11). Upregulated DEGs of progenitor BA compared to control ECOs were associated 
with transcription regulation, cell morphology and matrix interaction, apoptosis, DNA 
metabolism, ion homeostasis, and NFƘB activation (Figure 9H, Table S12).

Figure 9. Manually collated biological functions of DEGs specific for BA ICOs and ECOs 
exposed to poly I:C. A-H) Biological functions of DEGs upregulated in progenitor ICOs (A), 
downregulated in progenitor ICOs (B), upregulated in differentiated ICOs (C), downregulated in 
differentiated ICOs (D), downregulated in differentiated ECOs (E), upregulated in differentiated 
ECOs (F), downregulated in progenitor ECOs (G), upregulated in progenitor ECOs (H). BA, biliary 
atresia; DEG, differentially expressed gene; ECO, extrahepatic cholangiocyte organoid; ICO, 
intrahepatic cholangiocyte organoid 

3
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In summary, poly I:C elicits specific effects in BA patient liver organoids. In progenitor 
BA ICOs we observed decreased cell cycle regulation, and dysregulation of cell-
ECM interaction and immune response. Similarly, differentiated BA ICOs displayed 
reduced cell cycle regulation, while expression of cell-ECM interaction and apoptosis 
regulation was reduced. Meanwhile, progenitor BA ECOs displayed downregulation 
of protein processing and upregulation of cell-ECM interaction and transcription 
regulation. In differentiated BA patient ECOs we observed upregulation of immune 
response and dysregulation of cell-ECM interaction and transcription regulation.

Discussion

Despite decades of research, the pathophysiology of biliary atresia (BA) remains 
elusive. In the present study, we investigated BA patient-derived cholangiocyte 
organoids as a human in vitro model for BA. To our knowledge, this study is the 
first to characterize organoids derived from various regions of the biliary tree of 
BA patients in a progenitor state and a more mature, differentiated state, with and 
without exposure to toxins and viral insults. In doing so we have generated a human 
in vitro model comprising spatiotemporal and endo- and exogenic factors potentially 
influencing BA pathogenesis.

Baseline
Since the start of our study, other groups have established ICOs from BA patients.65,66 
Similar to our experience, the group of prof. dr. Jorge Bezerra reported cystic 
organoid formation from liver tissue of 20 BA patients in 2022.65 In contrast, in 
2020 prof. dr. Paul Kwong Hang Tam’s group generated ICOs from 14 BA patients 
and reported mostly dense structures with slow proliferation.66 While the group of 
prof. dr. Jorge Bezerra used the same protocol as we used, prof. dr. Paul Kwong Hang 
Tam’s protocol involved MACS single cell sorting. This relatively harsher protocol 
may well exert stress on the cells, negating outgrowth of the cells and reducing 
organoid formation success. Biopsy timing is unlikely to have caused the differences 
in organoid formation success since biopsies were obtained shortly preceding or 
during the Kasai procedure in all studies. Alternatively, differences between the 
Asian, European and American BA patient populations might be reflected by these 
variations. Previous epidemiological studies revealed that BA prevalence is highest 
in Taiwan and Japan with 1 in 5,000 births, while it is much lower in the USA with 
1 in 15,000 births and Europe, where it ranges from 1 in 17,000-19,000 births 
annually.67–72 It may be interesting to study putative genetic factors, such as single 
nucleotide polymorphisms, underlying this variation in global prevalence.15,73–75 To 
that end, an overarching global study using harmonized methodology could be 
orchestrated to characterize BA in patients and matching patient organoids.
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While organoid macrostructures, organoid formation success and cryopreservation 
were comparable between our findings and those of the group of prof. dr. Jorge 
Bezerra, they and prof. dr. Paul Kwong Hang Tam’s group both reported aberrant 
polarities in BA ICOs.65,66 Apical and basolateral markers such as F-actin and 
β-catenin were reported to be homogenously distributed across cell membranes, 
thus increasing epithelial permeability. Conversely, we observed no differences 
in polarity, nor morphology. The most striking difference between our culturing 
protocols was the use of 100% (v/v) CultrexTM BME in the other two studies versus 
70% (v/v) MatrigelTM culture ECM in our study. CultrexTM BME and MatrigelTM 
production and thus composition is very similar and these products are assumed 
to be interchangeable.76–78 However, it is well known that ECM stiffness can affect cell 
phenotypes significantly.79–83 The use of 70% versus 100% (v/v) MatrigelTM doubles 
the stiffness from 50 to 100 Pa.84 Stiffer ECMs are known to induce endothelial to 
mesenchymal transition in vitro.79 Hence, aberrant polarity reported by other groups 
might indicate endothelial to mesenchymal transition, which has also previously 
been associated with BA.79,80,85 Likely, the use of softer ECM prevents endothelial 
to mesenchymal transition in our organoids and thus prevents BA phenotype 
from materializing in our cultures. Moreover, the stiffer ECM might mimic the in 
vivo fibrotic environment more closely, and thus provide more physiological cues 
to generate BA phenotypes in ICOs.79 Interestingly, a recent study evaluating a 
synthetic polyethylene glycol (PEG)-based hydrogel found that hydrogel stiffness 
nearing that of in vivo fibrotic tissue hampered organoid formation and elicited 
increased expression of cell stress genes.86 Future evaluation of the effect of softer 
and stiffer ECM for each liver organoid type of different BA patient populations 
would be very valuable to confirm whether a BA phenotype can be manipulated 
through biomaterial stiffness in human liver organoids. Such a study would require 
a harmonized methodology, such as the use of the same ECM, rheology tests, and 
the investigation of relevant cellular characteristics, such as cell-ECM interaction, cell 
stress, cell mobility, cell proliferation, and the degree of endothelial to mesenchymal 
transition.

Within this context, it is interesting to stress that modulated ECM composition, 
ECM remodeling molecules, and aberrant ECM receptor expression have all been 
previously associated with BA.3 In line with this, we observed downregulated 
expression of genes involved in ECM-receptor interactions in progenitor and 
differentiated BA ICOs and differentiated BA ECOs involving encoded proteins that 
are also functionally closely interconnected (Figure 6F). A previous study identified 
similar proteins to be involved in BA, with several microRNAs differentially expressed 
in BA bile and liver tissue.87 Network analyses showed that these microRNAs were 
closely associated with genes involved in ECM-receptor interactions, such as CD44, 
ITGB1 (encoding integrin subunit beta 1), other integrins, laminins, and collagens. 
CD44 encodes for a cell surface glycoprotein which interacts with the ECM and other 
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cells and is thus involved in cell-cell interactions, cell migration, and differentiation. 
Moreover, CD44 is a common marker of cholangiocytes in injured livers.88–90 
Previously, CD44 was associated with BA through a comprehensive analysis of 
SNPs and transcriptomics of BA patients.91 Another study reported significant 
reduction in LAMB1 (encoding laminin subunit beta 1) and ITGB1 expression in 
livers of another BA patient population.92 Laminins are key components of the 
ECM and contribute to cell attachment and differentiation. Meanwhile, integrin 
beta-1 is responsible for epithelial polarization and can facilitate viral entry into 
cholangiocytes.93–97 Reduction in ECM components as well as ECM-receptors can 
thus lead to aberrant morphologies and functions as observed in BA. The lack of 
morphological abnormalities in liver organoids in our study suggests that the culture 
conditions, most likely related to the relatively soft ECM employed, prevented 
morphological presentation of the observed transcriptomic differences between 
BA and control organoids. Adjustments to ECM and medium compositions to mimic 
the in vivo microenvironment more closely might provoke manifestation of the 
morphological consequences of the transcriptomic differences. Despite absence 
of BA-like morphologies, significantly reduced proliferation, downregulation in cell-
ECM interaction, and upregulation of hepatic differentiation indicate that our BA 
organoids reflect a BA-specific phenotype.

Biliatresone
Exposure to biliatresone did not elicit a BA patient-specific response in liver 
organoids. Morphology and transcriptome of BA, healthy and disease control liver 
organoids were similar. These findings suggest that biliatresone acts independently 
of underlying genetic predispositions, which may mean that anyone could acquire 
BA if exposed to toxins akin to biliatresone.

We are the first to show upregulation of glutathione metabolism genes in human 
ECOs in response to biliatresone. Glutathione metabolism may be upregulated to 
counteract the toxic effect of biliatresone which is in line with previous findings in 
murine cholangiocyte spheroids.34,54 In these studies, biliatresone caused rapid 
consumption of glutathione which in turn lead to altered expression of Wnt and 
Notch targets and eventually caused SOX17 expression to decline. The latter is 
responsible for cholangiocyte polarity, thus explaining how transcriptional changes 
would lead to polarity defects in BA. We did not detect differential expression of 
SOX17 in response to biliatresone, which might explain why we did not observe any 
morphological changes. Potentially, exposure conditions for biliatresone such as 
concentration or timing were insufficient to elicit differential expression of SOX17. 
Since species differences in xenobiotics metabolism are well known, human cells 
may require different exposure regimes to the toxin biliatresone than those used 
in rodents and fish.98
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While clear transcriptomic changes in BA ECOs were observed, biliatresone had no 
effect on BA ICOs. This finding might reflect spatial differences of BA pathology in 
vivo where extrahepatic bile ducts are initially and more severely affected. Studies in 
mice and zebrafish models reported higher sensitivity of extrahepatic cholangiocytes 
to biliatresone due to their net lower redox reserve.31,33,34,99 This might explain why 
we did not observe effects in ICOs. Interestingly, the only other study using human 
organoids demonstrated that ICOs developed BA morphology when exposed to 
biliatresone.100 Key differences between the latter and our study are differential 
matrix stiffness and exposure time. Matrix stiffness has previously been shown to 
alter glutathione metabolism.101,102 Cells cultured using softer matrices were shown 
to be more resistant to oxidative stress by replenishing the redox balance rapidly. 
Meanwhile, cells cultured using stiffer matrices were less responsive to oxidative 
stress. It is likely that a stiffer matrix better mimics in vivo ECM stiffness surrounding 
bile ducts. Yet, little is known about in vivo ECM stiffness surrounding bile ducts, 
since suitable techniques are only just being developed.103 Altogether, we argue 
that ECM stiffness of in vitro models of BA may be a crucial aspect that dictates 
morphology and polarity of organoids and requires consideration in the future.

Sensitivity differences between intra- and extrahepatic cholangiocytes might 
also reflect the spatiotemporal differences of intra- and extrahepatic bile duct 
obstruction of in vivo BA. If intrahepatic cholangiocytes are more resistant to 
oxidative stress, prolonged exposure to stress through biliatresone treatment 
might be needed to induce morphological and functional changes. A recent study 
using human ICOs showed that a 5-day incubation with 2 µg/ml biliatresone elicited 
aberrant polarity and increased permeability compared to controls.100 This suggests 
that longer incubation times may be needed to study biliatresone effects in human 
ICOs. Moreover, this may imply species differences in biliatresone effects, since 
mouse cholangiocyte spheroids were previously reported to react with abnormal 
polarity within 6-24 hours of treatment with biliatresone.31,34,54 Notably, differences 
in ECM composition used in murine studies may be another factor.31

Poly I:C
We found that ECM remodeling and pro-fibrotic signals, hallmarks of the BA 
phenotype, were reflected in the transcriptomes of BA liver organoids treated with 
poly I:C. Cell morphology and ECM remodeling were among the most dysregulated 
biological functions associated with DEGs in BA ICOs and ECOs after poly I:C 
treatment. Among these gene sets, upregulation of SLIT2 and SLIT3 in differentiated 
ICOs and ECOs are of particular interest. These genes encode proteins which are not 
only involved in cell morphology and migration, but are also capable of recruiting 
immune cells such as macrophages.104,105 Through interaction with proteins of the 
Roundabout (ROBO) family, SLIT proteins have been shown to activate hepatic 
stellate cells in the liver, eventually leading to fibrosis.106,107 Importantly, SLIT2 was 
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shown to be upregulated in livers from patients suffering from primary biliary 
cirrhosis and more recently in BA patients.108,109 Expression of the SLIT signaling 
partner ROBO1 was also recently found to be upregulated in livers of BA patients.110 
We observed that SLIT2 upregulation was also accompanied by ROBO1 upregulation 
in differentiated ICOs, thus supporting the notion that pro-fibrotic signals in these 
cultures are upregulated upon poly I:C stimulation.

Up- or downregulation of various ECM interaction genes after poly I:C treatment 
could suggest that BA organoids are remodeling their environment in an attempt 
to counteract the viral insult. Poly I:C treatment also induced upregulation of CD44 
in differentiated ECOs. Aside from its role in ECM-interaction, CD44 is also thought 
to be involved in reactions to viral infections, with some findings suggesting a role 
in viral replication and distribution, while others reported anti-viral functions of 
CD44.111–113 Meanwhile, NPNT was downregulated in differentiated ECOs exposed 
to poly I:C. NPNT encodes the ECM protein nephronectin; the functional ligand of 
integrin beta-1. Already low expression of ITGB1 in differentiated BA ECOs compared 
to disease controls might mean that a viral insult reduces cell-matrix interaction 
even further by simultaneously reducing expression of ECM component NPNT. 
Altogether, these findings suggest that BA cells are attempting to remodel their 
environment upon viral infection. Indeed, ECM remodeling is well known to play 
an active part in immune response and modulation thereof.114,115 ECM composition 
is crucial to maintain controlled immune responses as deficiency of several ECM 
proteins has been shown to tip the balance of immune cell populations, thus leading 
to skewed and uncontrolled immune responses and eventual pathology.114–117 To 
unravel the functional consequences of the altered ECM remodeling process in ICOs 
and ECOs, co-cultures with immune cells, such as T cells or Kupffer cells, could be 
informative future approaches.

Besides remodeling the surrounding ECM and recruiting immune cells through 
soluble factors, cholangiocytes have also been proposed to act as antigen presenting 
cells.24–26 We observed upregulation of various HLA class II histocompatibility 
antigens in BA ECOs at baseline and ICOs after poly I:C exposure, indicating that 
antigen presenting properties of cholangiocytes are retained in vitro. Importantly, 
various proteins involved in antigen presentation have previously been reported to 
be enriched in liver tissue of BA patients.3,118,119 This suggests that organoids offer a 
possibility to study BA patient-specific HLA reactions and polymorphisms in vitro. 
To investigate this notion, it would be interesting to evaluate protein expression 
in livers and matched organoids from a larger cohort of BA patients. Moreover, 
functional evaluation of immune modulation could be studied through stimulating 
immune cells with organoid media or through co-culture.
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While we observed clear changes in organoid transcriptomes after poly I:C 
treatment, we could not observe lumen obstruction or polarity changes typical for 
BA in vivo and previously reported in poly I:C treated healthy control ICOs by prof. dr. 
Paul Kwong Hang Tam’s group.120 Importantly, in this study, the same stiffer ECM was 
used as in their previous studies, when compared to our softer ECM. Moreover, poly 
I:C exposure with 40 µg/ml was started three days after seeding single cells. While 
it is not fully clear from the report whether poly I:C exposure was continuous, the 
group observed morphological changes after 14 days. Since the different findings 
may relate to differences in protocols, it is important to carefully consider exposure 
protocol design in addition to ECM stiffness in future studies.

Limitations & future perspectives
Regional heterogeneity of BA pathology may be connected to functional and 
morphological cholangiocyte heterogeneity throughout the biliary tree.30,121 Liver 
organoids derived from the different regions may therefore be useful in studying 
BA.43 While we did not perform direct transcriptomic comparisons of liver organoid 
types, we observed grouping of BA ICOs from ECOs and GCOs in principal component 
analyses. Moreover, the observed differences in organoid culture stability and growth 
rate, as well as differential up- and down regulated pathways between ICOs and ECOs 
suggest that regional differences are retained in this model. The use of donor-matched 
organoids of each region for follow-up bioinformatics and functional analyses 
comparing the organoid types directly will be useful to address regional differences.

Similarly, we could not clearly define the maturity and temporal factors that contribute 
to BA pathology. While this may relate to the relatively low numbers of control samples, 
the differentiation medium should also be considered. This differentiation medium 
was originally designed to promote hepatocyte maturation.38 Although previous 
work has demonstrated that all three types of liver organoids generally retain 
important cholangiocyte characteristics in this medium, exact parallels to the in vivo 
developing biliary tree remain elusive.42,43 It would be worthwhile to explore alternative 
cholangiocyte specific differentiation media.65,122–124 Moreover, cross-matching 
transcriptomes to the healthy developing human biliary tree could help to parallel 
liver organoid maturation stadia in vitro to in vivo biliary tree development stadia.

Nonetheless, we observed clear differences between BA and healthy and disease 
control organoids. Interestingly, treatment with poly I:C seemed to elicit BA specific 
responses, while biliatresone elicited transcriptomic changes regardless of disease 
history. This could suggest that the viral hypothesis of BA pathology is linked to 
underlying genetic factors, while toxins or metabolites akin to biliatresone act 
independently of underlying genetic factors.124 Importantly, increased response to 
poly I:C by BA organoids might be the result of a previous in vivo infection having 
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created an epigenetic memory. Repeated exposure of healthy control organoids 
with poly I:C or a rotavirus might aid in clarifying this matter in the future.

Importantly, interdonor variations were observed with some BA organoids displaying 
transcriptomes more similar to healthy or disease control organoids and vice versa. 
Future comparison with clinical presentations of BA patients and control donors might 
reveal whether these transcriptomic differences in patient organoids reflect disease 
severity in vivo. Moreover, since BA pathogenesis is thought to be a multifactorial process, 
it may well be that differences in genetic predispositions and/or previous in vivo exposure 
to environmental stimuli caused sensitivity differences in BA liver organoids in vitro.

Conclusion

The present exploratory study suggests that differences between healthy control 
and BA liver organoids can be observed in vitro even in the absence of distinct 
morphological differences (Figure 10). Thus, human liver organoids represent an 
interesting human patient-specific in vitro model of BA pathogenesis, capable of 
showcasing effects of environmental causes of BA using biliatresone and the viral 
analog poly I:C. Dysregulated ECM-cell interaction and enhanced expression of 
certain antigen presenting genes specifically expressed in BA patients at baseline 
and after a viral insult, suggest that cholangiocytes may play a role in modulating 
the immune system and thereby contribute to BA pathology. It remains to be 
determined if abnormal immune modulation may also be the consequence rather 
than the cause of BA. We believe that modeling BA with human liver organoids has 
the potential to further unravel detailed BA mechanisms.
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Figure 10. Summary of the main findings of this study. A) BA patient ICOs display lower 
growth rates compared to other BA patient and control liver organoids. B) BA patient liver 
organoids display a normal polarity with the apical domain facing the lumen. C) BA liver 
organoids display specific transcriptomic differences compared to control organoids. 
Progenitor and differentiated BA patient ICOs show increased hepatic differentiation and 
decreased cell cycle regulation and cell-ECM interaction. Progenitor BA patient ECOs show 
increased cell-ECM interaction and decreased immune response and vice versa for BA patient 
ECOs. D) The toxin biliatresone elicits increases in detoxification and oxidative stress response 
in all organoid types regardless of disease history. E) Poly I:C elicits BA-specific effects in 
BA patient ICOs. In progenitor BA patient ICOs poly I:C elicits downregulation of cell cycle 
regulation, and dysregulation of cell-ECM interaction and immune response. In differentiated 
BA patient ICOs poly I:C elicits downregulation of cell cycle regulation and upregulation of cell-
ECM interaction and apoptosis regulation. F) Poly I:C elicits BA-specific effects in BA patient 
ECOs. In progenitor BA patient ECOs poly I:C elicits downregulation of protein processing 
and upregulation of cell-ECM interaction and transcription regulation. In differentiated BA 
patient ECOs poly I:C elicits upregulation of immune response and dysregulation of cell-
ECM interaction and transcription regulation. BA, biliary atresia; bili, biliatresone; DM, 
differentiated cell state; ECO, extrahepatic cholangiocyte organoid; EM, progenitor cell state; 
GCO, gallbladder cholangiocyte organoid; HC, healthy control; ICO, intrahepatic cholangiocyte 
organoid; other, non-BA disease control 
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Supplemental Data

Supplemental Figures

Figure S1. Morphology of progenitor liver organoids after exposure to environmental 
insults biliatresone and poly I:C. Representative brightfield images of progenitor BA and 
control (PVS, PFIC2) ICOs, ECOs and GCOs exposed to 2 μg/mL biliatresone or DMSO control for 
24 hours and 80 μg/mL poly I:C for 6 hours. Donor IDs are defined in more detail in Table S1. 
BA, biliary atresia; CM, choledocal malformation; ECO, extrahepatic cholangiocyte organoid; 
GCO, gallbladder cholangiocyte organoid; HC, healthy control; ICO, intrahepatic cholangiocyte 
organoid; PFIC2, progressive familial intrahepatic cholestasis type 2; PVS, pulmonic valve 
stenosis
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Figure S2. Morphology of differentiated liver organoids after exposure to environmental 
insults biliatresone and poly I:C. Representative brightfield images of differentiated BA 
and control (CM, PVS, PFIC2) ICOs, ECOs and GCOs exposed to 2 μg/mL biliatresone or DMSO 
control for 24 hours and 80 μg/mL poly I:C for 6 hours. Donor IDs are defined in more detail 
in Table S1. BA, biliary atresia; CM, choledocal malformation; ECO, extrahepatic cholangiocyte 
organoid; GCO, gallbladder cholangiocyte organoid; HC, healthy control; ICO, intrahepatic 
cholangiocyte organoid; PFIC2, progressive familial intrahepatic cholestasis type 2; PVS, pul-
monic valve stenosis
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Figure S3. Transcriptome analysis of BA liver organoids at baseline and exposed to 
biliatresone or poly I:C. A) Two-way principal component (PC) analysis of progenitor (EM) 
and differentiated (DM) BA (ECOs, n = 3; GCOs, n = 4; ICOs, n = 6) and control (CF, CM, HC, 
PVS; ECOs, n = 2; ICOs, n = 2) liver organoids exposed to DMSO control, biliatresone or poly 
I:C with or without the addition of DAPT to the differentiation medium. B-E) Volcano plots of 
DEGs identified for BA liver organoids when compared to control organoids at baseline: B) 
differentiated ECOs, C) progenitor ICOs, D) differentiated ICOs, E) progenitor ECOs. Donor IDs 
are defined in more detail in Table S1. BA, biliary atresia; CF, cystic fibrosis; CM, choledocal 
malformation; DEG, differentially expressed gene; ECO, extrahepatic cholangiocyte organoid; 
GCO, gallbladder cholangiocyte organoid; HC, healthy control; ICO, intrahepatic cholangiocyte 
organoid; PVS, pulmonic valve stenosis
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Figure S4. DEGs identified for BA liver organoids exposed to biliatresone. Volcano plots 
of DEGs identified for BA and control liver organoids when compared to DMSO conditions: A) 
progenitor control ICOs, B) progenitor BA ICOs, C) differentiated control ICOs, D) differentiated 
BA ICOs, E) progenitor control ECOs, F) progenitor BA ECOs, G) differentiated control ECOs, 
H) differentiated BA ECOs. BA, biliary atresia; DEG, differentially expressed gene; ECO, 
extrahepatic cholangiocyte organoid; ICO, intrahepatic cholangiocyte organoid
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Figure S5. DEGs identified for BA liver organoids exposed to poly I:C. Volcano plots of 
DEGs identified for BA and control liver organoids when compared to DMSO conditions: A) 
progenitor control ICOs, B) progenitor BA ICOs, C) differentiated control ICOs, D) differentiated 
BA ICOs, E) progenitor control ECOs, F) progenitor BA ECOs, G) differentiated control ECOs, 
H) differentiated BA ECOs. BA, biliary atresia; ECO, extrahepatic cholangiocyte organoid; ICO, 
intrahepatic cholangiocyte organoid
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← Figure S6. DEGs and pathway enrichment for BA and control liver organoids exposed 
to poly I:C prior to artificial filter. Venn diagrams an EnrichR pathway enrichment of DEGs 
identified for progenitor (EM) and differentiated (DM) BA and control (C) liver organoids 
exposed to 80 μg/mL poly I:C compared to those exposed to DMSO. Confidence of accuracy 
is indicated as adjusted p-value (padj) which was determined by EnrichR using the Benjamini-
Hochberg method with a cutoff of 0.05. A) Progenitor ICOs. B) Differentiated ICOs. C) 
Progenitor ECOs. D) Differentiated ECOs. BA, biliary atresia; DEG, differentially expressed 
gene; ECO, extrahepatic cholangiocyte organoid; ICO, intrahepatic cholangiocyte organoid

Figure S7. EnrichR pathway enrichment of DEGs specific for BA ICOs and ECOs exposed 
to poly I:C. Biological functions of DEGs upregulated in progenitor ICOs (A), downregulated 
in progenitor ICOs (B), upregulated in differentiated ICOs (C), downregulated in differentiated 
ICOs (D), downregulated in differentiated ECOs (E), upregulated in differentiated ECOs (F), 
downregulated in progenitor ECOs (G), upregulated in progenitor ECOs (H). Confidence of 
accuracy is indicated as adjusted p-value (padj) which was determined by EnrichR using the 
Benjamini-Hochberg method with a cutoff of 0.05. BA, biliary atresia; DEG, differentially 
expressed gene; ECO, extrahepatic cholangiocyte organoid; ICO, intrahepatic cholangiocyte 
organoid

3
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Supplemental Tables

Table S1. Patient details on disease type, additional reasons for sampling a biopsy, type 
of organ of origin, age, sex and whether patient organoids were used for transcriptomics 
analyses.

Donor ID Disease Biopsy reason Organ 
type

Age Sex RNA 
sequencing

A1AT Alpha-1 antitrypsin 
deficiency

Liver 
transplantation

Liver Neonate M

BA01 Biliary atresia N/A Liver Neonate M Y

BA02 Biliary atresia N/A Liver 1 year M Y

BA03 Biliary atresia Diagnostic 
biopsy

Liver 1 month M Y

BA04 Biliary atresia Diagnostic 
biopsy

Bile Duct Neonate N/A Y

BA04 Biliary atresia Diagnostic 
biopsy

Liver Neonate N/A

BA05 Biliary atresia Diagnostic 
biopsy

Bile 
Bladder

Neonate N/A Y

BA05 Biliary atresia Diagnostic 
biopsy

Bile Duct Neonate N/A Y

BA05 Biliary atresia Diagnostic 
biopsy

Liver Neonate N/A Y

BA06 Biliary atresia Diagnostic 
biopsy

Bile 
Bladder

Neonate M Y

BA06 Biliary atresia Diagnostic 
biopsy

Liver Neonate M

BA07 Biliary atresia Kasai Bile 
Bladder

Neonate M Y

BA07 Biliary atresia Kasai Bile Duct Neonate M Y

BA07 Biliary atresia Kasai Liver Neonate M

BA08 Biliary atresia Diagnostic 
biopsy

Bile 
Bladder

Neonate F Y

BA08 Biliary atresia Diagnostic 
biopsy

Liver Neonate F

BA09 Biliary atresia N/A Liver Neonate F Y

BA10 Biliary atresia Diagnostic 
biopsy

Liver Neonate F Y

BA11 Biliary atresia N/A Liver N/A N/A

BA12 Biliary atresia N/A Liver Neonate F

BA13 Biliary atresia N/A Liver Neonate F

BA14 Biliary atresia N/A Liver Neonate F

BA15 Biliary atresia N/A Liver Neonate F

169472_Vivian Lehmann_BNW 6.indd   104169472_Vivian Lehmann_BNW 6.indd   104 22-10-2023   18:0422-10-2023   18:04



105

Human liver organoids to study the pathogenesis of Biliary Atresia

Table S1. Patient details on disease type, additional reasons for sampling a biopsy, type 
of organ of origin, age, sex and whether patient organoids were used for transcriptomics 
analyses.

Donor ID Disease Biopsy reason Organ 
type

Age Sex RNA 
sequencing

BA16 Biliary atresia N/A Bile Duct N/A N/A

BA16 Biliary atresia N/A Liver N/A N/A

BA17 Biliary atresia N/A Liver N/A N/A

BA18 Biliary atresia N/A Liver N/A N/A

BA21 Biliary atresia Diagnostic 
biopsy

Bile Duct Neonate N/A

BA21 Biliary atresia Diagnostic 
biopsy

Liver Neonate N/A

BA22 Biliary atresia Kasai Bile Duct Neonate M

BA22 Biliary atresia Kasai Liver Neonate M

BA23 Biliary atresia Diagnostic 
biopsy

Liver Neonate F

BA24 Biliary atresia Diagnostic 
biopsy

Liver Neonate F

BA25 Biliary atresia Diagnostic 
biopsy

Liver Neonate N/A

BA26 Biliary atresia Diagnostic 
biopsy

Liver 1 year N/A

BA27 Biliary atresia Diagnostic 
biopsy

Liver 1 year F

BA28 Biliary atresia Diagnostic 
biopsy

Liver 1 year F

BA29 Biliary atresia N/A Liver 2 months F

BA30 Biliary atresia N/A Bile 
Bladder

Neonate M

BA30 Biliary atresia N/A Liver Neonate M

C Cardiomyopathy N/A Liver Foetus 23 
weeks + 6 
days

N/A

CD Congenital diarrhea Diagnostic 
biopsy

Liver 10 years F

CF Cystic fibrosis Liver 
transplantation

Bile Duct Adult N/A Y

CF Cystic fibrosis Liver 
transplantation

Liver Adult N/A

CM Choledocal 
malformation

N/A Bile Duct 5 years F Y

3
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Table S1. Patient details on disease type, additional reasons for sampling a biopsy, type 
of organ of origin, age, sex and whether patient organoids were used for transcriptomics 
analyses.

Donor ID Disease Biopsy reason Organ 
type

Age Sex RNA 
sequencing

CTX Cerebrotendinous 
xanthomatosis

Diagnostic 
biopsy

Liver Neonate M

FL Fatty liver Diagnostic 
biopsy

Liver 15 years M

GD Gaucher’s disease Diagnostic 
biopsy

Liver 4 years M

HB Hepatoblastoma Resection 
of healthy 
tissue from 
transplantation 
receiver liver

Liver 5 years M

HC01 Healthy Perinatal 
asphyxia

Liver 3 days F Y

HC02 Healthy Perinatal 
asphyxia

Liver 8 days F

HC03 Healthy Perinatal 
asphyxia

Liver 5 days M

HC04 Healthy Volvulus Liver Neonate N/A

HC05 Healthy Premature 
rupture of 
membranes

Liver Foetus 23 
weeks

M

HC06 Healthy Premature 
rupture of 
membranes

Liver Foetus 22 
weeks

N/A

HC07 Healthy Premature 
rupture of 
membranes

Liver Foetus 23 
weeks

N/A

HC08 Healthy Liver 
transplantation 
donor

Liver 30 years F

HC09 Healthy Liver 
transplantation 
donor

Liver Adult N/A

HC10 Healthy N/A Bile Duct Adult N/A

HC10 Healthy N/A Liver Adult N/A

HC11 Healthy N/A Bile Duct Adult N/A

HC11 Healthy N/A Liver Adult N/A
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Human liver organoids to study the pathogenesis of Biliary Atresia

Table S1. Patient details on disease type, additional reasons for sampling a biopsy, type 
of organ of origin, age, sex and whether patient organoids were used for transcriptomics 
analyses.

Donor ID Disease Biopsy reason Organ 
type

Age Sex RNA 
sequencing

HC12 Healthy Liver 
transplantation 
donor

Liver N/A M

IBD/PSC Inflammatory 
bowel disease + 
primary sclerosing 
cholangitis

N/A Liver 12 years F

LALD Lysosomal acid 
lipase deficiency

Diagnostic 
biopsy

Liver 4 years M

NASH Nonalcoholic 
steatohepatitis

Diagnostic 
biopsy

Liver N/A N/A

NPC1 Niemann-Pick 
disease, type C1

N/A Liver Neonate M

NTD Neural tube defect N/A Liver Foetus 22 
weeks

M

PFIC2 Progressive familial 
intrahepatic 
cholestasis type 2

Bile stoma Bile Duct 7 years F

PVS Pulmonic valve 
stenosis

N/A Liver 2 days M Y

S Sarcoidosis Diagnostic 
biopsy

Liver 13 years F

Abbreviations: F, female; Kasai, Kasai hepato-portoenterostomy; M, male; N/A, information 
not available; Y, yes.

3
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Table S2. Validated primers for RT-qPCR

Primer name sequence (5’-3’) Tm in ºC

GCLC_Fw ATGGAGGTGCAATTAACAGAC 62

GCLC_Rv ACTGCATTGCCACCTTTGCA 62

GCLM_Fw CATTTACAGCCTTACTGGGAGG 62

GCLM_Rv ATGCAGTCAAATCTGGTGGCA 62

GSTO-1_Fw GAACGGCTGGAAGCAATGAAG 62

GSTO-1_Rv TGCCATCCACAGTTTCAGTTT 62

HSP90AA1_Fw GGCAGAGGCTGATAAGAACG 62

HSP90AA1_Rv CCCAGACCAAGTTTGATCATCC 62

NFƘB_Fw TGTGCTTCGAGTGACTGACC 62

NFƘB_Rv TCACCCCACATCACTGAACG 62

CXCL8_Fw GGCACAAACTTTCAGAGACAG 62

CXCL8_Rv ACACAGAGCTGCAGAAATCAGG 62

HP1BP3_Fw CCCACGTCCCAAGATGGAT 62

HP1BP3_Rv CTGATGCACCACTCTTCTGGAA 62

Abbreviations: Fw, forward; Tm, melting temperature; Rv, reverse
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Human liver organoids to study the pathogenesis of Biliary Atresia

Table S3. Manually determined functions of upregulated DEGs of BA progenitor ECOs 
at baseline

Function Number of 
DEGs

DEGs

ECM-receptor 
interaction

10 MFAP5, ST6GALNAC3, FSTL1, COL5A1, EGFL7, ST3GAL6, 
NID2, FERMT2, COL6A1, GALNT6

Transcription regulation 9 EIF1AY, FLI1, ZNF486, ZNF682, RIPPLY3, ZNF154, ELF5, 
ZNF542, ETV7

Long non-coding RNA 6 SBF2−AS1, RP11−345J4.6, TTTY15, RP3−391O22.3, 
LINC00342, LINC00365

Pseudogene 6 TXLNG2P, FLI1−AS1, CYP4F35P, CYP4F29P, 
ANKRD20A11P, HLA−J

unknown 5 FSD1L, LRRN3, TMEM71, SLC44A5, ANKRD36C

Cell-cell adhesion & 
polarity

5 CLDN18, CDH5, CTNNA3, RAC2, VAV1

Immune response 2 INPP5D, VAV1, IL1RL1

Lipid metabolism 3 APOL4, DGKB, PLTP

Cellular signaling 2 SYT1, CYSLTR1

Cytoskeletal 
organization

2 STMN2, CORO1A

Meiosis regulation 2 TDRD1, M1AP

Mitosis regulation 2 FBXL7, CCNA1

Amino acid metabolism 1 RIMKLB

Apoptosis 1 RAC2

Apoptosis prevention 1 TNFRSF10C

Autoimmunity 1 CD274

Cellular stress response 1 ATF3

Dioxin mediated cell 
death

1 AHRR

Histone modification 1 KDM5D

Mesenchymal to 
epithelial transition

1 TCF15

Monocarboxylic acid 
transport

1 SLC16A14

Neuronal development 1 KCTD15

Ribosomal RNA 
metabolism

1 RPS4Y1

TGF-β signaling 1 GDF15

Ubiquitination 1 MKRN3

Wnt signaling 1 DAAM2

Xenobiotics metabolism 1 CBR3

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ECO, extrahepatic 
cholangiocyte organoid

3
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Table S4. Manually determined functions of downregulated DEGs of BA progenitor ECOs 
at baseline

Function Number of 
DEGs

DEGs

Immune response 6 CCL28, CD1D, SIRPB1, HNMT, C2CD4B, VNN1

Pseudogene 6 MTND4P24, TEKT4P2, KRT18P19, KRT18P64, 
KRT8P25, PDZK1P1

Cellular signalling 5 PTPRG, PKIA, NPY4R, REEP6, FGFR3

Ion homeostasis 4 AQP1, GUCA2B, ANO10, SLC17A4

Lipid metabolism 3 SPTLC2, GNPAT, PECR

Transcription regulation 3 SALL1, ZFHX4, OTX1

Cell-cell adhesion 2 PCDHA12, IGSF9B

Cytoskeletal organization 2 TANC2, TNNC1

Exocytosis 2 CPLX2, ANXA4

Long non-coding RNA 2 RP11−783K16.5, RP5−1185I7.1

Mitosis regulation 2 CCND2, HECW2

Oxidative stress response 2 SESN3, GPX3

Apoptosis inhibition 1 APIP

Blood pressure regulation 1 AGT

Degradation of cellular 
structures

1 KLK7

ECM-receptor interaction 1 HSPG2

Erythrocyte maturation 1 C1orf186

Histone binding 1 APCS

Hormone metabolism 1 IYD

Negative regulator of TGF-
beta signalling

1 PMEPA1

Protein processing 1 CADPS

Pyridine nucleotide 
biosynthesis

1 NMNAT2

Transmembrane protein 
sorting

1 PDZK1

unknown 1 AC069213.1

Urea transport 1 SLC14A1

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ECO, extrahepatic 
cholangiocyte organoid
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Human liver organoids to study the pathogenesis of Biliary Atresia

Table S5. Manually determined functions of upregulated DEGs of progenitor BA patient 
ICOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Cell morphology & matrix 
interaction

24 ADAMTS15, HYAL4, LAD1, MMP12, SPOCK1, 
S100A4, BRSK2, CDHR2, DENND2D, EPHB6, 
KAL1, KIAA1462, MAST3, MDGA1, MYO10, 
NPHS1, NRXN3, NXPE2, PSTPIP2, RND1, ROBO1, 
SDK2, TPPP, PPAP2B

Immune response 22 S100A4, BATF, C1orf168, CALCA, CD40, CLEC2D, 
EBF4, EDN2, HLA−DRA, LIF, LRMP, PIP, PTX3, 
RIPK2, SARM1, SCAMP5, SERPINB4, SLPI, 
TRBV30, SERPINB3, PPAPDC2, PPAP2B

Long non-coding RNA 20 AC009014.3, AC009133.14, AC019117.2, 
AFAP1−AS1, BX255923.3, LINC00886, 
LINC00982, NEAT1, NOP14−AS1, RP11−266K4.9, 
RP11−275F13.1, RP11−294O2.2, RP11−356J5.12, 
RP11−363E7.4, RP11−403I13.7, RP1−140K8.5, 
RP11−551L14.1, RP11−552J9.9, RP11−561O23.5, 
RP11−95M15.1

unknown 16 BCAS1, CRCT1, FAM83F, FSTL4, MS4A8, MSMB, 
MYEOV, OAF, SELM, TMEM51, TTC39A, XAGE1A, 
XAGE1B, XAGE1C, XAGE1D, XAGE1E

Signal transduction 11 MFAP3L, PMEPA1, LYNX1, PCSK1N, PPP4R4, 
PTGFR, RHBDL2, SPRR3, ST5, STK40, SULF2

Lipid metabolism 10 CYP2C18, CYP2C19, PPAPDC2, PPAP2B, ABCG1, 
ABHD2, APOB, DGAT2, HSD17B2, TM6SF2

Apoptosis regulation 9 FAM3B, ITPR1, LITAF, RASSF4, RHOB, RNF144B, 
S100A4, SERPINB3, TRAF1

Detoxification 6 CES2, UGT1A1, UGT1A4, UGT1A6, CYP2C18, 
CYP2C19

Cell stress response 5 DUSP1, FICD, HERPUD1, IGF1R, SAA2

Transcription regulation 5 ARNT2, BCL9L, GATA5, TP53INP2, ZNF703

Cell & tissue development 4 GTSF1, MAF, OLFM2, RCAN1

Ion homeostasis 4 FXYD3, HCN4, SLC26A1, TSPAN18

Protein processing 4 PCSK6, GRIP1, RAB3C, RAB6B

Mitosis regulation 3 TPPP, CCND2, NCCRP1

Oxidative stress response 3 GPX3, GSTA4, PYROXD1

Amino acid metabolism 2 ACMSD, AOC1

Bile acid metabolism 2 HSD3B7, ACOX2

Defensive mucus 2 MUC12, PGC

Histone modification 2 HDAC9, HIST1H2BC

Hormone regulation 2 C12orf39, RAMP1

Wnt regulation 2 MCC, WNT4

3
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Table S5. Manually determined functions of upregulated DEGs of progenitor BA patient 
ICOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Pseudogene 2 AKR1B10P1, UGT1A2P

Vitamin metabolism 2 SLC23A2, VDR

Autophagy 1 WDR45

Calcium-mediated intracellular 
processes

1 CPNE7

Glycoprotein metabolism 1 CHSY3

Golgi apparatus 1 FAM174B

Insulin metabolism & signaling 1 INSL4

Pyroptosis 1 DFNA5

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ICO, intrahepatic 
cholangiocyte organoid
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Human liver organoids to study the pathogenesis of Biliary Atresia

Table S6. Manually determined functions of downregulated DEGs of progenitor BA 
patient ICOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Mitosis regulation 43 RNF157, DLGAP5, ASPM, AURKA, BUB1B, 
CCNA2, CCNB1, CCNB2, CCNF, CDC25C, CDCA2, 
CDCA5, CDCA8, CDK1, CDK4, CDKN2C, CENPA, 
CENPE, CENPF, CENPJ, CEP128, CEP55, FAM72A, 
FAM83D, KIF11, KIF20A, KIF23, KIF2C, MAD2L1, 
NDC80, NEK2, NUF2, PLK1, PRC1, PSRC1, 
RACGAP1, SAPCD2, SPAG5, TACC3, TPX2, UBE2C, 
PBK, DEPDC1

Pseudogene 6 HMGN2P21, HMGN2P28, HMGN2P36, 
HMGN2P5, HMGN2P6, PTTG3P

Cell morphology & matrix 
interaction

5 DIAPH3, EPN3, GAS2L3, HMMR, TIAM1

Transcription regulation 4 CDCA7L, SPDEF, TOP2A, HMGB2

unknown 4 CCDC18, FAM72B, FAM72C, FAM72D

Histone modification 3 HMGN2, PHF19, TEX15

Immune response 3 MATR3, PBK, HMGB2

Long non-coding RNA 3 RP11−363E7.4, RP11−417L14.1, RP11−701I24.1

DNA metabolism 2 PARPBP, UBE2T

Protein processing 2 APBA1, RHOBTB3

Signal transduction 2 STMN1, TMEM181

Amino acid metabolism 1 SHMT1

Apoptosis regulation 1 RNF157

Bile acid metabolism 1 ACOX2

Insulin signaling 1 GRB14

Lipid metabolism 1 OXCT1

Meiosis regulation 1 SGOL2

NFkB activation 1 DEPDC1

Negative regulation of 
immune response

1 TRIM59

Positive regulation of Wnt 1 FRAT2

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ICO, intrahepatic 
cholangiocyte organoid

3
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Table S7. Manually determined functions of upregulated DEGs of differentiated BA 
patient ICOs exposed to poly I:C

Function Number of DEGs DEGs

Apoptosis regulation 8 CASP3, LITAF, NTN1, RHOB, RNF144B, 
TP53BP2, MDM2, TRAF1

Cell morphology & matrix 
interaction

6 DOCK4, GAS7, MAST4, NXPE2, ROBO1, SLIT2

Immune response 5 FCGR2A, MIR155HG, PGLYRP4, PTX3, RFTN1

Signal transduction 4 HCAR1, PTGFR, RASGEF1B, TBC1D2B

unknown 4 FAM124A, GRAMD3, OGFRL1, YPEL2

Cell stress response 2 CREBRF, DNAJB6

Glycoprotein metabolism 2 B4GALT6, CSGALNACT1

Mitosis regulation 2 BUB1, UHMK1

Protein processing 2 TVP23B, TVP23C

Amino acid metabolism 1 PIPOX

Cell & tissue development 1 BMPR1B

Detoxification 1 SNN

Hormone regulation 1 C12orf39

Host-virus interaction 1 TMPRSS2

Ion homeostasis 1 SLC8A3

Pseudogene 1 MTND5P14

Transcription regulation 1 ZNF267

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ICO, intrahepatic 
cholangiocyte organoid

Table S8. Manually determined functions of downregulated DEGs of differentiated BA 
patient ICOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Mitosis regulation 8 ARHGEF39, AURKA, CCNF, CDCA8, GPSM2, 
RACGAP1, SAPCD2, TACC3

Transcription regulation 4 CDCA7L, ONECUT3, OSR1, SOX21

DNA metabolism 2 DNA2, TYMS

Long non-coding RNA 2 DYNLL1−AS1, RP11−469H8.6

Signal transduction 2 ADRA2A, GNB1L

Lipid metabolism 1 GDPD3

unknown 1 AIM1L

Histone modification 1 WHSC1

Ion homeostasis 1 SLC26A1

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ICO, intrahepatic 
cholangiocyte organoid
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Table S9. Manually determined functions of downregulated DEGs of differentiated BA 
patient ECOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Pseudogene 10 ADH5P2, KRT18P18, KRT18P23, KRT18P55, 
KRT18P65, KRT8P10, KRT8P14, KRT8P35, 
KRT8P45, KRT8P50

Long non-coding RNA 9 FAM85A, LINC00589, NPSR1−AS1, 
RP11−618I10.1, RP11−626H12.1, 
RP11−790I12.1, RP11−790I12.2, 
RP11−813N20.1, RP6−74O6.2

Cell morphology & matrix 
interaction

9 DEF6, EPHB6, HMHA1, KIF3C, SIGLEC15, 
ADAM8, HABP2, NPNT

Transcription regulation 5 CHD5, HDAC5, PBX4, RBM46, SEPSECS

Signal transduction 5 ARHGEF10L, GAREML, LYPD6B, PDE7B, 
RAB27A

unknown 4 ANKRD37, CCDC33, SH3D21, SLC22A18AS

Cell & tissue development 3 CTXN1, FGFR2, OTX1

Detoxification 3 UGT2B11, UGT2B28, AOX1

Immune response 3 SIRPB1, SPON2, SIRPA

Ion homeostasis 3 CASR, SYT17, ANO10

Protein processing 3 MLPH, REEP6, UNC13C

Mitosis regulation 2 TMEM98, TRNP1

Glycoprotein metabolism 2 PMM1, ST3GAL6

Lipid metabolism 2 INSIG2, PLD1

Vitamin metabolism 2 AMN, LRAT

Angiogenesis 1 VEGFB

Glycolysis 1 ALDOC

Hormone metabolism 1 IYD

Mitophagy 1 NIPSNAP1

NFƘB activation 1 PELI2

Oxidative stress response 1 CERKL

Apoptosis 1 ADAMTSL4

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ECO, extrahepatic 
cholangiocyte organoid

3
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Table S10. Manually determined functions of upregulated DEGs of differentiated BA 
patient ECOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Immune response 5 CXCL17, UBASH3B, VNN2, ZDHHC11, CD55

Cell morphology & matrix 
interaction

5 DNAH17, PALLD, SLIT3, CD44, MMP1

Transcription regulation 4 MT−TM, NUCB2, TFAP2C, ZNF37A

Amino acid metabolism 3 DDO, GPT2, SLC7A2

Long non-coding RNA 3 RNF144A−AS1, RP11−1246C19.1, 
RP11−253E3.3

Protein processing 3 ERO1LB, FBXO39, CADPS2

unknown 2 AC017076.5, AC116366.6

Mitosis regulation 1 STAG1

DNA damage response 1 RNF144A

Ion homeostasis 1 SCN3A

Necrosis 1 GSDMC

Pseudogene 1 CSAG4

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ECO, extrahepatic 
cholangiocyte organoid

Table S11. Manually determined functions of downregulated DEGs of progenitor BA 
patient ECOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Long non-coding RNA 6 AL162759.1, PCAT6, RP11−475I24.3, 
RP11−480I12.7, RP4−800M22.1, SBF2−AS1

unknown 4 AC006273.5, C14orf105, MROH6, NIPAL3

Protein processing 3 ARL17A, ARL17B, REEP6

Signal transduction 2 DIRAS2, RAC2

Transcription regulation 2 HDAC5, ZNF675

Calcium-mediated intracellular 
processes

1 CPNE2

Cell & tissue development 1 PTCH1

Cell morphology & matrix 
interaction

1 PARD3B

Co-factor metabolism 1 NMNAT3

Lipid metabolism 1 CBR4

Mitophagy 1 NIPSNAP1

Pseudogene 1 CALM2P3

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ECO, extrahepatic 
cholangiocyte organoid
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Table S12. Manually determined functions of upregulated DEGs of progenitor BA patient 
ECOs exposed to poly I:C

Function Number of 
DEGs

DEGs

Transcription regulation 5 ATAD2B, CSRP1, NGDN, SALL1, TBP

Cell morphology & matrix 
interaction

2 LYPD3, PDZD2

Apoptosis 1 ITPRIP

DNA metabolism 1 PNP

Ion homeostasis 1 SLC34A2

NFƘB activation 1 FKBP5

Abbreviations: BA, biliary atresia; DEG, differentially expressed gene; ECO, extrahepatic 
cholangiocyte organoid 3

169472_Vivian Lehmann_BNW 6.indd   117169472_Vivian Lehmann_BNW 6.indd   117 22-10-2023   18:0422-10-2023   18:04



169472_Vivian Lehmann_BNW 6.indd   118169472_Vivian Lehmann_BNW 6.indd   118 22-10-2023   18:0422-10-2023   18:04



4

Vivian Lehmann, Adam Myszczyszyn, Manon C. 
Bouwmeester, A. Ibrahim Ardisasmita, Theo Sinnige, 
Marianna A. Tryfonidou, Rosalinde Masereeuw, Sabine 
A. Fuchs, Bart Spee

Manuscript in preparation

Liver-on-a-tube: Improving 
hepatic maturation of 
intrahepatic cholangiocyte 
organoids with hollow fiber 
membrane technology to 
study liver metabolism and 
disease

169472_Vivian Lehmann_BNW 6.indd   119169472_Vivian Lehmann_BNW 6.indd   119 22-10-2023   18:0422-10-2023   18:04



120

Chapter 4

Abstract

Current preclinical models often fail to adequately predict drug-induced liver 
toxicity, which has led to cases of post-marketing withdrawal. As a result, research 
has turned toward improving human liver in vitro models through closer mimicry 
of the hepatic microenvironment. Patient-derived intrahepatic cholangiocyte 
organoids (ICOs) have previously been praised for their potential application in 
preclinical studies. Yet, hepatic maturation of ICOs remains limited. Here, we aimed 
to improve the hepatic identity of ICOs and facilitate transepithelial transport of 
drugs by culturing ICO-derived cells on hollow fiber membranes (HFMs) coated with 
ECM proteins of the hepatic niche. We show that HFM architecture improves hepatic 
maturation compared to conventional ICO culture in MatrigelTM droplets. Moreover, 
human recombinant laminins are suitable candidates to replace MatrigelTM on HFMs. 
Key hepatic markers such as albumin, cytochromes P450 3A4, 2C9, 2B6, and UGT 
are well expressed in HFM cultures and display similar functionality compared to 
gold standards, such as PHH and HepaRG. Furthermore, HFM cultures allow for 
transepithelial transport studies as shown by ATP-binding cassette (ABC) transporter 
expression and activity. Moreover, we show that patient-derived ICO cells cultured 
on HFMs can model progressive familial intrahepatic cholestasis (PFIC) type 3 and 
reflect the patient’s impaired MDR3 activity. We envision that this system will be 
interfaced with a perfusion bioreactor and used to test therapeutics for PFIC3 
and other ABC transporter disorders. Moreover, a modular hepatocyte like-HFM 
bioreactor system allows for connection with HFM systems of other organs, thus 
allowing for high content pharmacology studies in a patient-specific manner.
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Introduction

The liver is the primary organ for drug metabolism, thereby making it prone to drug 
induced injury. Pre-clinical testing repeatedly fails to predict drug induced liver 
injury (DILI) and has led to post-marketing withdrawal of drugs.1–4 Liver failure is also 
seen in rare monogenic disorders affecting liver metabolism.5,6 Progressive familial 
intrahepatic cholestasis (PFIC) represents a group of monogenic disorders resulting 
in deficient bile trafficking machinery. Based on the affected gene, PFIC is subtyped in 
PFIC1, affecting the lipid flippase required for adequate apical membrane structure, 
PFIC2, affecting the bile salt export pump (BSEP), and PFIC3 affecting the multidrug 
resistance protein 3 (MDR3). Inhibition of these and other transmembrane proteins 
by drugs is responsible for 20-40% of DILI cases.7–11 Hence, models for these diseases 
would not only benefit PFIC patients but also the wider public. However, current 
in vitro systems are unsuitable to adequately study transporter functionality and 
drug toxicity.

Current cell models used in pharmacological testing include two-dimensionally 
(2D) cultured cell lines or primary human hepatocytes (PHH), as well as sandwich 
cultured PHH and two-dimensional (3D) organoids. A 2D culture allows for high 
throughput workflows; however, the architecture and insufficient functionality of 
these systems limit their use in hepatic modeling.12,13 Moreover, immortal cell lines 
are ineffective for personalized medicine, since human polymorphisms in phase I 
and II enzymes and hepatic transporters are not accounted for.14–16 In comparison, 
sandwich cultured PHH and organoid systems are better suited for patient-
specific transport and toxicity studies thanks to their 3D architecture and origin 
from primary human tissue. Yet, PHH availability is limited and in vitro expansion 
remains a challenge. Meanwhile, patient-derived ICOs are readily available and easily 
expandable. Previous studies have shown ICO potential in disease modeling and 
drug toxicity testing, albeit with limitations due to incomplete hepatic maturation.17–19

To improve hepatic maturation and thus the predictive power of ICOs 
for pharmacological research, it has been suggested to closely mimic the 
microenvironment of the hepatic niche.20 Proposed strategies include changes in 
media composition and physical stimuli, such as the extracellular matrix (ECM) and 
shear stress.20–23 The ECM of the liver is mostly composed of laminins, fibronectin, 
and collagens which take part in guiding hepatoblasts to proliferate or differentiate 
into hepatocytes. MatrigelTM contains many ECM proteins and is therefore a 
widely used matrix to mimic ECM in vitro. However, its batch-to-batch variation 
and animal-origin make MatrigelTM a poor candidate for standardized human drug 
and disease models.24 Hence, alternative human recombinant ECM proteins are 
being investigated for their applicability in cell culture and potential for steering 
hepatic maturation. Several studies have identified laminins (LN) to support hepatic 

4

169472_Vivian Lehmann_BNW 6.indd   121169472_Vivian Lehmann_BNW 6.indd   121 22-10-2023   18:0422-10-2023   18:04



122

Chapter 4

maturation in vitro. Especially, human recombinant LN111, LN211, LN332, LN411 and 
LN511 were reported to maintain hepatic phenotypes in PHH and promote hepatic 
differentiation in induced pluripotent stem cells and ICOs.25–31

Another physical stimulus promoting the hepatic fate in vivo is shear stress 
caused by blood perfusion. Incorporation of shear stress into cell culture systems 
through microfluidics or perfusion bioreactors has been reported to improve 
hepatic maturation of HepG2 and rat hepatocytes.32,33 Besides perfusion culture, 
microfluidics and macro-scale bioreactors also improve reproducibility through 
increased automation and environmental control. Both aspects are desirable for 
testing drug toxicity, kinetics, and long-term exposure effects. Moreover, such 
systems have the potential to combine tissue-specific micro-environments and 
connect to other organ systems, thereby opening the door to investigate absorption, 
distribution, metabolism, and excretion of a drug of interest across multiple 
organs.34–36

Recently, hollow fiber membrane (HFM) technology has been tested to combine 
the ECM and shear stress strategies in one system. HFMs are being used for water 
purification and clinically for blood purification, including kidney and liver dialysis.37 
This system was also downscaled to create a portable bioartificial liver device and 
tested for in vitro modeling of liver biology.38–41 Yet, this bioartificial liver still required 
large amounts of PHH which are difficult to obtain for regular pharmacological 
testing. Other studies have tested further downscaling of HFM systems and showed 
successful culture and function of different organ models, including human kidney, 
intestine, and bile duct.42–47

Here, we built on these studies to develop a human hepatic HFM culture system using 
patient-derived intrahepatic cholangiocyte progenitors. We tested whether ECM 
proteins of the hepatic niche promote cell attachment and monolayer formation of 
cells derived from healthy donor ICOs on HFMs. Key hepatic markers and functions, 
such as phase I and II enzymes and transporter proteins were investigated in HFM 
cultures. As a first step toward disease modeling, we assessed whether ICOs 
derived from a PFIC3 patient could be cultured on HFMs and preserve the disease 
phenotype. Our findings highlight the potential of combining HFM culture systems 
with patient ICOs for future disease modeling and drug testing.
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Materials and Methods

ICO culture
ICOs were established and cultured as described previously.19 Use of tissue for our 
studies was ethically approved by different collaborating University Centers (MEC-
2014-060; STEM 1-402/K; Metabolic Biobank: 19–489). Briefly, ICOs were cultured 
in droplets of 70% (v/v) MatrigelTM (Corning) and expansion medium containing 
AdDMEM/F12 (Gibco), 1% (v/v) penicillin-streptomycin (Gibco), 1% (v/v) GlutaMax 
(Gibco), 10 mM HEPES (Gibco), 2% (v/v) B27 without vitamin A (Gibco), 1.25 mM 
N-Acetylcysteine (Sigma), 10 mM nicotinamide (Sigma), 10 nM gastrin (Sigma), 10% 
RSPO1 (v/v) conditioned media (homemade), 50 ng/mL EGF (Peprotech), 100 ng/
mL FGF10 (Peprotech), 25 ng/mL HGF (Peprotech), 5 mM A83-01 (Tocris Bioscience), 
10 mM forskolin (Tocris Bioscience). Every 7 days, the cultures were passaged at 
a split ratio of 1:3 to 1:6 by mechanical fragmentation. All cultures were kept in a 
humidified atmosphere of 20% O2 and 5% CO2 at 37ºC and media were refreshed 
every other day.

Hollow fiber membrane preparation
MicroPESTM (polyethersulfone) hollow fiber membranes (HFMs) were extracted from 
SepaPlas®06 cartridges (Heinz Meise GmbH), cut into 3 cm pieces, incubated with 
70% EtOH for 30 minutes on a roller bench and washed three times with sterile 
PBS. Meanwhile, L-DOPA (L-3,4-dihydroxyphenylalanine) was dissolved to 2 mg/
mL in 10 mM Tris buffer (pH 8.5) in the dark at 37ºC in a carousel overnight. Next, 
the solution was filter sterilized and added to the sterile HFMs. L-DOPA and HFMs 
were then incubated for 4 hours in the dark at 37ºC in a carousel. Thereafter, the 
L-DOPA solution was aspirated and the HFMs washed twice with sterile PBS. L-DOPA-
coated HFMs were stored at 4ºC for 1 week or used immediately for ECM coating. 
ECM components were thawed on ice and diluted in cold PBS to the appropriate 
concentration (MatrigelTM, 10 µg/mL; LN111, LN211, LN332, LN411 and LN511 
(BioLamina) each at 10 µg/mL). Up to 15 HFMs were transferred to 5 mL ECM solution 
and incubated for 2 hours in the dark at 37ºC in a carousel, followed by cell seeding.

ICO cell seeding and culture on HFMs
For single cell seeding, ICOs were harvested with TripLETM Select (Gibco) and digested 
until single cells by repeated cycles of mechanical fragmentation and 3-minute 
incubations in a 37ºC water bath. Single cells were then treated with prewarmed 
PBS containing 5 mM MgCl2 and 0.5 mg/mL DNAse I (Merck) solution for 10 minutes 
and thereafter centrifuged at 190 g for 5 minutes at 4ºC. Next, cells were diluted 
in expansion medium containing 10 μM Y27632 (Sigma), counted manually and if 
needed further diluted to reach 0.5x106 cells/mL.

4
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For seeding ICO fragments, ICOs were harvested with cold AdDMEM/F12 containing 
1% (v/v) penicillin-streptomycin, 1% (v/v) GlutaMax, 10 mM HEPES and fragmented 
mechanically. After centrifugation at 70 g for 5 minutes at 4ºC, cells were 
resuspended in expansion medium to obtain ICOs from one well plate per 6 mL 
expansion medium.

Next, two ECM-coated HFMs per 2 mL Eppendorf tube were incubated horizontally 
with 1 mL cell solution in a humidified atmosphere of 5% CO2 in air at 37ºC. After 30 
minutes, cell solutions were gently resuspended by a 360° rotation, followed by 3.5 
hours of undisturbed incubation. Thereafter, cell-laden HFMs were transferred to 
6-well plates containing expansion medium with or without 10 μM Y27632, which 
was refreshed weekly. Left-over cell solutions were centrifuged briefly at 70 g for 
5 minutes at 4ºC and cultured, as described previously, in droplets of 70% (v/v) 
MatrigelTM and expansion medium with or without 10 μM Y27632 as ICO controls.

After 10 days of expansion, ICOs and HFM cultures were pre-treated with 25 ng/
mL BMP7 (Peprotech) for 3 days, whereafter media were changed to hepatic 
differentiation medium composed of AdDMEM/F12 medium supplemented with, 
1% (v/v) penicillin-streptomycin, 1% (v/v) GlutaMax, 10 mM HEPES, 1% (v/v) B27, EGF 
(50 ng/mL), 1.25 mM N-Acetylcysteine, gastrin (10 nM), HGF (25 ng/mL), FGF19 (100 
ng/mL, Peprotech), A83-01 (500 nM), DAPT (10 μM, Selleck Chemicals), BMP7 (25 
ng/mL), and dexamethasone (30 μM, Sigma). Differentiated HFM cultures will be 
referred to as hepatocyte-like HFMs (HL-HFMs) from here on. After seven days of 
differentiation cells were used for functional- or gene expression-analyses.

Cell confluency tracing
HFM cultures were stained with calcein-AM (Santa Cruz Biotechnology) every few 
days through incubation with 0.5 μM calcein-AM in expansion or differentiation 
medium for 15 minutes at 37ºC. Thereafter, medium was refreshed with expansion 
or differentiation medium without calcein-AM and HFMs were imaged using 
an inverted Olympus IX53 epifluorescence microscope at 2x magnification. 
Fluorescence intensities were quantified for the full length of two HFMs per donor 
with ImageJ software (Win64 version: https://imagej.net/Fiji/Downloads) and the 
corrected total cell fluorescence was determined.

RNA isolation and quantitative RT-qPCR
RNA was isolated from whole liver tissue, ICOs and HL-HFMs using the RNeasy 
Mini Kit (Qiagen) according to the manufacturer’s protocol including the use of 
β-mercaptoethanol (Merck). For cell lysis of HL-HFMs, 3 HL-HFMs per condition were 
vortexed for 1 minute in 350 μL RLT buffer, followed by a 5-minute incubation at 
room temperature (RT). Next, samples were centrifuged shortly and stored at -80ºC 
until further use. The remaining RNA isolation from whole liver tissue, ICOs and 
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HL-HFMs was performed according to the manufacturer’s protocol. Next, RNA was 
quantified using a D-1000 spectrophotometer (NanoDrop, Thermo Fisher Scientific) 
and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) according 
to the manufacturer’s protocol. Relative mRNA of genes of interest was quantified by 
real-time PCR using the SYBR Green method (Bio-Rad) and validated primers (Table 
S1). Normalization was performed using reference genes RPL19 and HPRT. Statistical 
analysis was performed using a non-parametric Kruskal-Wallis test followed by a 
Dunn’s multiple comparison using GraphPad Prism software version 9.3.0 (https://
www.graphpad.com/).

Immunofluorescence
ICOs were harvested with Cell Recovery Solution (Corning) and incubated on a roller 
bench for 30 minutes at 4ºC. After a brief wash with PBS, ICOs and HL-HFMs were 
incubated in 4% (v/v) buffered formaldehyde (Klinipath) on a roller bench at 4ºC 
for 45 minutes. Fixated samples were stored in PBS at 4ºC until further use. For 
wholemount immunocytochemistry HL-HFMs were cut into 0.75-1 cm pieces and 
blocked in washing buffer (WB; 1x PBS + 1% (w/v) BSA + 0.1% (v/v) Tween 20) containing 
10% (v/v) goat serum (Sigma) for 1 hour at RT. HL-HFMs were then incubated with 
primary antibodies (Table S2) in WB overnight at 4ºC, followed by washing in WB 
three times for 20 minutes. Incubation with secondary antibodies (Table S3) and DAPI 
(1 μg/mL, Thermo Fisher Scientific) was done for 2 hours at RT, followed by washing 
three times in WB for 10 minutes at RT. Next, HL-HFMs were mounted on Lab-
Tek™ II Chambered Coverglass (Nunc) with ProLong™ Diamond Antifade Mountant 
(Invitrogen) and imaged within 1 week. Wholemount immunocytochemistry on ICOs 
was performed as described previously using primary and secondary antibodies 
(Tables S2 and S3).48 For paraffin-based immunocytochemistry HL-HFMs were cut 
into 5 mm pieces and mounted vertically in agarose droplets (2.5%, w/v). Agarose 
droplets were dehydrated (70% ethanol, 96% ethanol, 100% ethanol and xylene) 
overnight and embedded in paraffin. Paraffin blocks were cut into 5-µm slices using 
a microtome. The slices were rehydrated in xylene, 100% ethanol, 96% ethanol, 70% 
ethanol and water, followed by antigen retrieval in TRIS-EDTA (pH 9.0) for 30 minutes 
at 95ºC. The slices were washed three times in 1x PBS for 5 minutes and blocked 
in WB containing 10% goat serum for 1 hour at RT. The slices were then incubated 
with primary antibodies (Table S2) overnight at 4ºC. Next, the slices were washed 
three times with 1x PBS containing 0.1% Tween 20 for 10 minutes and incubated with 
secondary antibodies and DAPI (1 µg/mL) for 1 hour at RT. The slices were washed 
three times in 1x PBS with 0.1% Tween 20 for 10 minutes and mounted in FluorSave 
(EMD Milipore). Imaging was performed on a Leica TCS SP8 confocal microscope.

Phase I and II enzyme activity
Cytochrome P450 activity in ICOs, PHH, HepaRG and HL-HFMs was assessed using 
a CYP substrate cocktail as described previously.17 In short, cells were exposed 
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to a substrate cocktail and parent compounds and metabolites were quantified, 
including midazolam (metabolite hydroxymidazolam), tolbutamide (metabolite 
4-hydroxytolbutamide), bupropion (hydroxybupropion), and 7-hydroxycoumarin 
(metabolite 7-hydroxycoumarin glucuronide). Measurements were done at 
timepoints of maximum metabolite formation as determined previously, 17 which 
differed per hepatic cell model (ICOs: 24 hours; PHH: 4 hours; HepaRG: 8 hours). 
Culture and exposure of ICOs, PHH and HepaRG were performed in previous 
experiments.17 HL-HFMs were exposed to substrate cocktails in 1 mL medium at 
day seven of differentiation. After 24 hours, 200 μL medium was collected in glass 
vials containing 200 μL acidified MeOH (0.1% (v/v) formic acid), vortexed and stored 
at -20ºC until LC-MS/MS analysis as described previously.17

Transporter assay
For pre-incubation with inhibitors, ICOs or HL-HFMs were treated with fresh 
differentiation medium containing 5 μM valspodar (PSC-833, Selleck Chemicals), 5 
μM KO-143 (Selleck Chemicals), and 5 μM MK-571 (Selleck Chemicals) as inhibitors 
or an equivalent amount of DMSO for 30 minutes at 37ºC. Thereafter, cultures 
were refreshed with differentiation medium containing inhibitors or DMSO and 
0.5 or 1 μM calcein-AM for 15 minutes at 37ºC. Next, HL-HFMs were refreshed 
with differentiation medium containing inhibitors or DMSO for 30 minutes at 
37ºC, followed by imaging. For transport assays without pre-incubation HL-HFMs 
were refreshed with differentiation medium containing inhibitors or DMSO and 
1 μM calcein-AM for 15 minutes at 37ºC. Prior to imaging, HL-HFMs were washed 
three times with differentiation medium. Finally, three fields of view of each HFM 
were imaged using an inverted Olympus IX53 epifluorescence microscope at 
10x magnification. Mean fluorescence of HL-HFMs was determined using ImageJ 
software.

Meanwhile, media of technical triplicate ICO cultures were refreshed with 
differentiation medium containing inhibitors or DMSO and imaged immediately and 
every hour for 16 hours using an automated Leica THUNDER microscope and Imager 
Live Cell Assay. Fluorescence signal of ICO cultures was determined by analyzing 
particles in ImageJ software after selecting thresholds and circularity settings to 
isolate ICO lumen (size=0.01-Infinity, circularity=0.4-1.00) and full ICOs (size=0.01-
Infinity, circularity=0.0-1.00). Lumen fluorescence was determined as the percentage 
of full ICO fluorescence relative to 0 hours.
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Results

Establishing ICOs on HFMs
As described previously, cells can be cultured on HFMs coated with ECM 
components.43–45 Here, we explored whether ICO cells could be cultured and 
differentiated toward the hepatic fate on HFMs. First, HFMs were coated with 
L-DOPA to prime the HFM for protein attachment. Next, the HFMs were coated 
with MatrigelTM to offer cell attachment sites to the cells. ECM distribution across 
the HFMs was mostly homogeneous and did not differ between coating a single or 
multiple HFMs simultaneously (Figure S1A-B). HFM edges and occasional stripes 
across the HFMs represent reduced ECM coverage, likely indicative of ECM removal 
through handling the HFMs with tweezers and extraction from incubation tubes. 
In the future, perfusion chambers will be used for each step from ECM coating to 
functional assays, thus circumventing damage to ECM or cell layers. Cell seeding 
using single cells from ICO cultures resulted in large variations of seeding success 
across experiments (data not shown). Monolayer formation, if at all, was only 
observed after 16 days under expansion conditions (Figure 1B, i, iii, v). To overcome 
this, we tested the seeding of ICO fragments on HFMs. Leak-tight monolayer 
formation from ICO fragments was observed within 7-10 days of expansion culture 
(Figure 1B, ii, iv, vi; Figure S1C) with good reproducibility (data not shown). Thus, 
further cell seeding was performed with ICO fragments only. Monolayers were 
retained well during culture. Long-term culture was successful up to 21 days after 
the start of differentiation compared to organoid cultures, which collapsed when 
kept in culture longer than 10 days after the start of differentiation (Figure S3).

Immunofluorescence data indicated that cell monolayers on HFMs assumed simple 
columnar polarization. The cell membrane facing the HFM showed heightened 
localization of basolateral markers, E-cadherin and sodium-taurocholate co-
transporting polypeptide (NTCP). Moreover, nuclei were located closer to the HFM. 
In contrast, F-actin was found highly expressed on the cell membrane facing away 
from the HFM, indicative of the apical cell domain (Figure 1D).

Human recombinant laminins perform similarly to MatrigelTM

To comply with the 3Rs, improve hepatic maturation and increase translational 
confidence, we tested whether MatrigelTM could be replaced by human recombinant 
laminins (LN) using three ICO donors. ICO cell culture on HFMs coated with LN111, 
LN211, LN332, LN411 and LN511 was comparable to MatrigelTM HFM cultures (Figure 
S2). Monolayers formed within 7 days for most laminins, while HFMs coated with 
LN332 displayed monolayer formation after 10 days. For all conditions, cells were 
expanded for 10 days and differentiated for 7 days, followed by gene expression 
analysis. Donor-matched whole liver tissue and differentiated conventional 
MatrigelTM droplet ICO cultures aided as control conditions. No significant 
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differences (p-value > 0.05) between the groups were found likely due to high 
interdonor variance. Nonetheless, differences in gene expression trends were 
observed. Based on most of the selected genes, such as ALB and CYP3A4, CYP2B6, 
CYP2C9 and CYP2C19, HL-HFMs outperformed ICO controls (Figure 2). In contrast, 
ABCB1 and ABCB11 encoding for apical transporters ATP binding cassette subfamily 
B member 1 (MDR1) and BSEP, respectively, were expressed similarly in HL-HFMs 
and ICO controls. Some donors showed lower expression of these genes in HL-HFMs. 
Notably, ALB and most genes involved in drug metabolism displayed donor variation 
in each condition. Overall, laminin conditions promoted gene expression of hepatic 
markers similarly as MatrigelTM, albeit generally at lower levels compared to gene 
expression in whole liver tissue.

HL-HFMs show phase I and II enzyme activity
To test enzyme activity involved in drug metabolism, HL-HFMs, ICOs, HepaRG 
and PHH were exposed to cocktails of specific enzyme substrates as described 
previously.17 Enzyme activities of cytochrome P450 enzymes 2B6, 2C9 and 3A4, 
and UGT were determined by measuring metabolite formation (pmol/106 cells; 
Figure 3A-D). Notably, for ICO controls the activity of CYP2B6 and CYP2C9 could 
not be determined, as metabolites were not formed (Figure 3B and C). Interestingly, 
activities of these two enzymes were detectable in HL-HFMs originating from the 
same donors as ICO cultures. CYP2C9 activity in HL-HFMs was higher than in HepaRG 
but lower than in PHH, except for one donor (Figure 3B). In comparison, CYP2B6 
activity was comparable between HL-HFMs and HepaRG, while PHH outperformed 
the other models (Figure 3C). Notably, CYP3A4 activity was higher in HL-HFMs 
compared to any other hepatic model, although with interdonor variation. Finally, 
phase II enzyme UGT performed similarly in all four hepatic models, again displaying 
interdonor variation in HL-HFMs (Figure 3D).

HL-HFMs display ABC transporter expression and activity
Future toxicity studies and disease modeling using HL-HFMs rely on functional 
hepatic transporters, such as superfamilies ATP-binding cassette (ABC) transporters. 

← Figure 1. ICO cells can be cultured on HFMs and form polarized monolayers. A) 
Workflow of ICO culture and analyses on HFMs. B) Cell growth in MatrigelTM droplets or on 
HFMs from ICO fragments or single cells. Brightfield images of conventional ICO culture 
in MatrigelTM (i, ii) and HFM cultures (iii, iv) at different days (D7, D10, D16) of expansion. 
HFMs are visible as large black fibers, covered by cells (iii, iv). Black and white overlay 
after running a threshold on images (iii, iv) with ImageJ to indicate cell locations (v, vi). C) 
Brightfield (i) and immunofluorescent (ii, iii) images of HFM rings embedded in paraffin 
showing the cell monolayer on the outside of the HFM. HFM material is indicated with an 
asterisk. Immunofluorescence images showing basolateral markers E-cadherin (ECAD, red) 
and sodium-taurocholate co-transporting polypeptide (NTCP, green), and nuclei (DAPI, blue) 
(ii, iii). D) Schematic and wholemount immunofluorescent image of HFM (asterisk) side view. 
F-actin is shown in green and nuclei in blue (DAPI). 
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Figure 2. Gene expression of ICO cells after seven days of differentiation on HFMs. 
Relative gene expression was determined using reference genes RPL19 and HPRT (ΔCT) and is 
displayed as log2. Gene expressions of MatrigelTM- (MG) and laminin-coated (LN) hepatocyte-
like HFMs (HL-HFMs) are shown next to those of conventional differentiated ICO cultures (ICOs, 
dotted line) and whole liver tissue (liver). The latter two were used as controls. All conditions 
were donor-matched as represented by matching black symbols. Each dot represents the 
mean of technical triplicates of each ICO donor; 3 donors. ALB, Albumin; ABCB1, ATP binding 
cassette subfamily B member 1; ABCC3, ATP binding cassette subfamily C member 3; CYP3A4, 
cytochrome P450 3A4; CYP2D6, cytochrome P450 2D6; CYP2B6, cytochrome P450 2B6; CYP2C9, 
cytochrome P450 2C9; CYP2C19, cytochrome P450 2C19; SULT1A1, Sulfotransferase family 1A 
member 1; UGT2A3, UDP glucuronosyltransferase family 2 member A3.
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Therefore, we set out to test whether protein expression and function of such 
transporters could be measured in HL-HFMs. First, we confirmed protein expression 
of a selection of transporters on HL-HFMs through immunofluorescence (Figure 
3E). The results indicate homogenous expression of the target proteins MDR1, 
MRP2 (ATP binding cassette subfamily C member 2), F-actin (actin filaments), NTCP 
(sodium-taurocholate co-transporting polypeptide), OATP1B3 (Solute carrier organic 
anion transporter family member 1B3), OAT2 (Organic anion transporter 2) in cell 
membranes. Next, we investigated the export of the fluorescent substrate calcein 
from HL-HFM cells. The parent compound calcein-AM can be transported by the ABC 
transporter MDR1, while the fluorescent product calcein, which is formed through 
esterase cleavage of calcein-AM in the cell, can be secreted by ABC transporters, 
such as MRP2 and MRP3.49,50 Upon inhibition of these transporters using PSC-833, 
KO-143 and MK-571, intracellular calcein accumulation was observed (Figure 3F-H). 
Interestingly, short exposures to inhibitors did not differ in effect from continuous 
supply of inhibitors (Figure 3G-H). Meanwhile, uninhibited transporters were able 
to secrete calcein as indicated by the lower mean fluorescence intensity.

PFIC3 patient model on HL-HFMs
As a proof of concept for disease modeling, we chose PFIC3, a disease caused by 
mutations in the gene ABCB4, resulting in diminished or absent function of the 
encoded ABC transporter MDR3. We generated organoids from a patient with a 
homozygous ABCB4 mutation (glu1012*), which results in absence of the carboxyl-
terminal cytoplasmic ATP-binding site and thereby putatively in absence of protein 
function.51–53 Culturing patient-derived cells in a controlled perfused environment 
may allow to study transport dysfunction and identify potential treatments. In 
addition, this reflects the possibility to study DILI caused by MDR3 interference. 
To this end, we first investigated whether PFIC3 patient ICO cells would grow on 
MatrigelTM-coated HFMs and compared this to an age- and sex-matched healthy 
control (Figure 4A-B). Within 7 days, monolayers had formed on HFMs with PFIC3 
patient and healthy control ICO cells. The PFIC3 patient HL-HFMs retained monolayer 
integrity after differentiation. Monolayer integrity was less in healthy control HL-
HFMs, which may be a coincidental or donor-specific finding, as cell detachment from 
HFMs is observed occasionally with some donors (data not shown). Differentiated 
PFIC3 patient ICOs and HL-HFMs showed deficient expression of the affected ABCB4 
compared to the healthy control (Figure 4C). Other ABC transporters were similarly 
expressed in healthy control and PFIC3 patient HL-HFMs and ICOs. Generally, ABC 
transporter expression was higher in ICOs than in HL-HFMs for both donors as 
observed previously for other donors.

Functional assay to study PFIC3 in ICOs
To establish an appropriate in vitro assay for functional assessment of PFIC3, we 
investigated whether calcein transport in ICOs could distinguish between the PFIC3 
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patient and a healthy control. To this end, we supplied ICOs of both donors with 
calcein-AM and observed hydrolyzed calcein transport into the ICO lumen over time 
(Figure 4D-E). Transport was inhibited by continuous supply of ABC transporter 
inhibitors to stall MDR3 function.54,55 After 9 hours, differences between inhibition 
and control conditions could be observed in healthy control ICOs which progressed 
to 17 hours (Figure 4E-F). In comparison, PFIC3 patient ICOs showed little to no 
calcein accumulation in ICO lumens independent of inhibitor presence, indicating 
lack of MDR3 function.

Discussion

To improve translational confidence of in vitro pharmacological models for studies 
concerning DILI, research has focused on improving hepatic maturation. ICOs are 
of particular interest due to their expandability, patient-origin, and functional drug 
metabolism.19,56–58 Yet, hepatic maturity of ICOs remains limited.17,18,59 The present 
study demonstrates that hepatic maturation of ICOs is improved when cultured 
on HFMs coated with human recombinant laminins or MatrigelTM. Moreover, we 
demonstrate that the HL-HFM system has the potential for drug testing and disease 
modeling as showcased using a PFIC3 casus.

← Figure 3. Hepatocyte-like HFMs express hepatic proteins and functionality. A-D) 
Activity of phase I and II enzymes after seven days of differentiation was measured through 
metabolite formation per 106 cells after 24 hours. A) CYP3A4 activity displayed as formation 
of hydroxymidazolam from parent compound midazolam. B) CYP2C9 activity displayed as 
formation of 4-hydroxytolbutamide from parent compound tolbutamide. C) CYP2B6 activity 
displayed as formation of hydroxybupropion from parent compound bupropion. D) UGT 
activity displayed as formation of 7-hydroxycoumarin glucuronide from parent compound 
7-hydroxycoumarin. Conventional differentiated ICO MatrigelTM droplet cultures (24 hours), 
HepaRG cells (8 hours) and primary human hepatocytes (PHH; 4 hours) were used as controls. 
ICO controls and hepatocyte-like HFMs (HL-HFMs) were donor-matched, as indicated by the 
matching black symbols. Black symbols of HepaRG conditions represent three separate 
experiments at different passages. PHH data represents the mean of technical triplicates 
of 10 mixed donors. E) Protein expression in HL-HFMs displayed by immunofluorescence: 
MDR1, ATP binding cassette subfamily B member 1; MRP2, ATP binding cassette subfamily C 
member 2; F-actin, actin filaments; NTCP, sodium-taurocholate co-transporting polypeptide; 
OATP1B3, Solute carrier organic anion transporter family member 1B3; OAT2, Organic anion 
transporter 2. Images are representative for MatrigelTM-coated HL-HFMs after seven days 
of differentiation and show HFM top views. Nuclear staining is shown with DAPI (blue). F-H) 
Function of superfamilies ATP-binding cassette (ABC) transporters was assessed by exposing 
HL-HFMs at day seven of differentiation to calcein-AM with or without (DMSO) transporter
inhibitors (PSC-833, KO-143 and MK-571, each 5 μM). F) Representative images of monolayer 
morphologies (brightfield) and fluorescent intracellular calcein (GFP channel). HFMs can be 
seen as large black fibers on brightfield images. G-H) Quantification of mean fluorescence 
intensities after continuous (G) or brief (H) exposure to inhibitors. Each dot represents one 
field of view of an HFM. 
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HFM culture improves hepatic maturation of ICO cells
Here, we show that culture of ICO-derived cells on MatrigelTM-coated HFMs improves 
hepatic maturation compared to conventional ICO culture in MatrigelTM droplets. 
This can likely be attributed to the architecture of the HFM culture system, which 
allows for closer proximity to nutrients and oxygen as well as free diffusion of 
waste products into the surrounding media. In contrast, conventionally cultured 
ICOs are fully embedded within the MatrigelTM matrix and contain an enclosed 
lumen causing cellular waste products such as bile salts to accumulate.28,60 Indeed, 
previous studies suggested that increased proximity to oxygen and nutrient supply 
can improve hepatic maturation in primary hepatocytes and ICOs.61,62 Interestingly, 
these changes could in turn be responsible for the occasionally observed reduction 
of ABC transporter expression, since expression of these transporters is responsive 
to changes in metabolism and bile salt concentrations.63,64 We anticipate that closer 
control on the balance between bile acid concentrations and exposure to nutrients 
and oxygen in a perfusion bioreactor will lead to further improvement of hepatic 
maturation.

Human recombinant ECM proteins can replace MatrigelTM

MatrigelTM is an animal-derived product with high batch-to-batch variations.24 To 
improve consistency of hepatic maturation of ICOs and thus translational confidence 
toward humans, we aimed to replace MatrigelTM with human recombinant laminins. 
Laminins are composed of α, β and γ-chains which provide anchor points for other 
proteins and, α-chains in particular, for cells.27,65 LN111, containing isoform α1, is 
the major laminin component in MatrigelTM.66,67 It has previously been shown to 
support ICO growth and differentiation when combined with a synthetic hydrogel 

← Figure 4. PFIC3 patient donor ICOs can be grown on HFMs and maintain the disease 
phenotype. A) Monolayer confluency was assessed on several days (D) of cell expansion and 
differentiation (DM) on MatrigelTM-coated HFMs using life cell staining calcein-AM. Healthy 
donor ICO cells grown on HFMs (HC) served as controls. B) Quantification of live cell staining 
in A, represented by average corrected total cell fluorescence (CTCF) of two independent 
fibers per donor as determined by ImageJ. C) Gene expression of healthy and patient donor 
ICO cells after seven days of differentiation on MatrigelTM-coated HFMs. Conventional ICO 
cultures in MatrigelTM droplets served as controls. Relative gene expression was determined 
using reference genes RPL19 and HPRT (ΔCT) and is shown as log2. ABCB4, ATP binding casette 
subfamily B member 4; ABCB1, ATP binding cassette subfamily B member 1; ABCB11, ATP 
binding cassette subfamily B member 11. D-E) PFIC3 patient donor ICOs display impaired 
funtionality in standard MatrigelTM droplet culture. D) Representative images of healthy con-
trol (HC) and PFIC3 patient (PFIC3) ICOs treated with calcein-AM and inhibitor cocktails (PSC-
833, KO-143 and MK-571, each 5 μM) or DMSO after 0 and 17 hours (h). Overlays of brightfield 
and GFP-channel images are shown. E) Quantification of fluorescence signal in ICO lumens 
of healthy control donor (HC) and PFIC3 patient donor (PFIC3) ICOs treated with calcein-AM 
and inhibitor cocktails (PSC-833, KO-143 and MK-571, each 5 μM) or DMSO relative to 0 hours. 
Each dot represents the mean of three technical replicates. F) Area under the curve (AUC) of 
fluorescence intensities shown in E. **** = p < 0.0001; * = p = 0.0353. 4
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based on polyisocyanopeptides.28 MatrigelTM also contains laminins with alpha 
chain isoforms such as α3, α4 and α5.24 Our results indicate that coatings with 
pure forms of these laminin isoforms on HFMs promote cell proliferation and 
hepatic maturation similarly to MatrigelTM-coated HFMs. Hence, human recombinant 
laminins are suitable replacements for MatrigelTM and make the HL-HFM system 
more compliant with the 3Rs.

Still, compared to liver samples hepatic maturation on HFMs remains incomplete. In 
vivo, laminins surround the progenitor cells during regeneration and are responsible 
for hepatoblast proliferation and biliary differentiation.68,69 This might in part explain 
the partial hepatic maturation on HFMs. Meanwhile, other proteins, especially 
fibronectin, are known to steer hepatocyte differentiation and halt proliferation in 
vivo.68,70 In line with this, we observed poor cell attachment and proliferation on HFMs 
coated with human-derived fibronectin making downstream analyses impossible 
(data not shown). Using combination coatings of laminins and fibronectin might 
promote both proliferation and improved hepatic differentiation. Alternatively, 
addition of fibrinogen to the culture could enhance formation of cell-secreted 
fibronectin into the active fibronectin fibrils and thus facilitate cell interactions.71

Drug metabolism in HL-HFMs
Gene expression of phase I and II enzymes in ICO cells were improved when cultured 
on HFMs compared to conventional MatrigelTM droplet culture. These expression 
trends were also reflected by enzyme activity. Moreover, HL-HFMs perform well 
compared to PHH for most enzyme expressions and activities tested.

To predict DILI, it is important that in vitro models represent human polymorphisms 
of target enzymes.14–16 Variation in gene expression and enzyme activity of CYP3A4, 
CYP2B6, and UGT among ICO donors cultured on HFMs suggests that the system 
accounts for such polymorphisms. Interestingly, we observed previously reported 
polymorphisms in CYP2C9 in enzyme activity of HL-HFM cultures, but not gene 
expression.14 This could be a result of the overall low genetic variation in our 
group of donors tested as well as the low enzyme activity of CYP2C9 compared 
to PHH. Inclusion of more independent experiments, more ICO donors, and 
further improvement of maturation might give a better representation of human 
polymorphisms, as well as sex-related differences.72,73 In the future, genotyping 
of ICO donors to allow for targeted inclusion of polymorphisms might represent 
another useful approach.

While gene expression and enzyme activity correlate for each culture model, this 
is not always the case for intradonor variations in the HL-HFM conditions. For 
example, the highest expression of CYP2C9 on HL-HFMs showed only intermediate 
metabolite formation. This may be caused by the non-linear relationship between 

169472_Vivian Lehmann_BNW 6.indd   136169472_Vivian Lehmann_BNW 6.indd   136 22-10-2023   18:0422-10-2023   18:04



137

Liver-on-a-tube: Improving hepatic maturation of intrahepatic cholangiocyte organoids

gene- and protein-expression and function due to temporal or spatial disconnects, 
proliferation status or silent nuclei.74–76

Working with HFMs comes with technical challenges. The use of certain culture 
components, such as polystyrene culture plates, are known to bind hydrophobic 
chemicals, as was observed for bupropion.17,77 Various environmental chemicals 
have also been reported to adsorb to polyethersulfone, however underlying 
adsorption mechanisms remain unclear.78 For future drug metabolism studies 
of HL-HFM cultures potential depletion of parent compounds or metabolites on 
polyethersulfone needs to be investigated.

Disease modeling
The HL-HFM model presented here not only allows for DILI assessment, but also 
to study genetic diseases affecting ABC transporters, such as PFIC3, showcased in 
this study. Current approaches to study PFIC3 are based on genetically engineered 
mouse models or cell lines such as HEK-293T and HepG2.51,79–85 Here, we demonstrate 
that ICOs derived from a PFIC3 patient reflect the patient phenotype. We show that 
the three-dimensional architecture of ICOs allows for transporter assays to assess 
MDR3 function, which is affected in PFIC3 patients. While ICOs may be used for 
high-throughput applications, these cultures are not suitable for long-term drug 
exposure studies. Cultures typically collapse within 10 days of differentiation in 
conventional MatrigelTM droplet cultures, characterized by collapse of cystic ICO 
structures and the formation of two-dimensional growth, likely due to MatrigelTM 
degradation (Figure S3B). Here, we have shown that HFMs are more suitable to 
support long-term culture, putatively thanks to the simpler architecture and non-
biodegradable support material.

Importantly, the option for long-term culture and the use of patient-derived cells 
make this HL-HFM system a valuable tool for personalized PFIC3 therapeutic 
research. The patient-derived cells reflect the full genetic background of the 
donor, which is crucial in personalized approaches considering the large genetic 
and phenotypic heterogeneity of this disease.5,82 Currently, ursodeoxycholic acid 
(UDCA), used to counteract the detergent effect of bile salts in the liver, is the 
sole available treatment for PFIC3 patients.5,86 Yet, liver transplantation is often 
inevitable.5 Meanwhile, AAV and mRNA-based gene editing strategies are being 
developed and tested in the aforementioned models.83–85 More recently, ivacaftor, a 
known potentiator for the cystic fibrosis transmembrane conductance regulator, has 
been described to rescue MDR3 function in HEK-293T and HepG2 genetically edited 
with patient mutatations.81 With our new in vitro model, gene therapy strategies and 
other therapeutics can be tested for functional correction and for long-term effects 
in a patient-specific manner.

4
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To assess MDR3 functionality we used calcein-AM, which is not a specific MDR3 
substrate but can be transported by several ABC transporters.49,50,87 Of note, despite 
the use of broad ABC transporter inhibitors, we observed occasional fluorescence 
signal in lumens of single ICOs under inhibition conditions in healthy controls. 
Similar observations were made in PFIC3 patient ICOs. Incomplete inhibition or 
passive diffusion might explain these findings. The use of MDR3 specific inhibitors, 
genetic knockouts, and MDR3-specific substrates, such as radioactively labeled 
phosphatidylcholine, would be valuable additions to investigate MDR3 function 
and pathology.51,82

Future perspectives and conclusion
Separate analysis of apical and basolateral domains is valuable for pharmacokinetic 
studies and disease modeling. Most existing hepatic HFM systems mimic in vivo 
hepatocyte cord architecture, without access to the apical domain.38,40,41 The 
HL-HFM system offers separate access to both compartments and can be interfaced 
with a custom bioreactor which is currently being optimized (TNO Leiden, design 
confidential). It allows for automated perfusion of the inner and outer HFM 
compartment to mimic counter current blood and bile flow. This will introduce 
not only light shear stress on the cells, but is also expected to mimic oxygen, 
hormone, and nutrient gradients across the HFM, all of which are anticipated to 
support further hepatic maturation.32,33,88,89 Through incorporation of environmental 
controls, such as oxygen and pH meters, more standardization and control can be 
achieved. Separate sampling from both compartments facilitates separate analysis 
of drug and metabolite conversion and trafficking across the HL-HFM. Repeated 
dosing as well as long-term exposures to candidate compounds will allow for in-
depth toxicity and pharmacokinetic studies.

With the European laws on reducing animal use, in vitro models are increasingly 
demanded to assess body-wide effects of a candidate drug. To address this need, 
our HL-HFM is developed within a consortium to establish a body-on-a-tube system. 
Intestinal, kidney and, bile duct HFM systems have previously been developed.43–47 
Once the HL-HFM system has been optimized and characterized further, all organ 
mimics will be combined and used for multi-organ pharmacology studies.

In conclusion, we have developed a novel culture system, wherein patient-derived 
ICO cells are cultured on laminin-coated HFMs. Improved hepatic maturation 
showcases the system’s potential for pharmacokinetic and toxicology studies 
to predict DILI. In the future, more ICO donors (both healthy and patients) and 
therapeutics will elucidate the systems full potential for pharmacological research.
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Supplemental Data

Supplemental Materials and Methods

Permeability assay
HFMs were prepared as described using L-DOPA and LN332 and placed in a 
3D-printed Eppendorf-tube insert made of a cell-compatible resin (TNO Leiden, 
design confidential). Organoid fragments were seeded on the HFM-insert construct 
in a 2-mL Eppendorf tube for 4 hours under constant rotation at 0.5 RPM. Cell-laden 
HFMs were cultured in expansion medium for 7 days. Then, cell-laden HFMs were 
primed and differentiated as described. A leakage assay was performed using 0.1 
mg/ml FITC-inulin in HBSS with 10 mM HEPES (pH 7.4). The HL-HFM lumen was 
perfused at a speed of 50 µL/minute (500 µL effluent in total) for 10 minutes using 
a custom 3D-printed perfusion bioreactor made of a cell-compatible resin (TNO 
Leiden, design confidential) and a peristaltic pump (Ismatec). Before the assay, 
tubing was assembled and rinsed with 70% ethanol for 10 minutes, with MQ water 
for 10 minutes, with HBSS/10 mM HEPES (pH 7.4) for 10 minutes and with the FITC-
inulin solution for 5 minutes at a speed of 100 µL/minute. The perfusion bioreactor 
was saturated with HBSS/HEPES 10 mM (pH 7.4). The cell-laden HFM-insert was 
washed with HBSS/HEPES 10 mM (pH 7.4). Then, the perfusion bioreactor and 
HFM-insert were assembled (design confidential), 710 µL of HBSS/HEPES 10 mM 
(pH 7.4) was added to the outer, apical compartment, and the bioreactor chamber 
was closed. The system was checked for leakage before connecting the tubing and 
running the assay. A nail polish-covered fiber was used as a negative control. A 
positive control (no cells, coated with L-DOPA and LN332) was lost due to technical 
issues. Basal effluent was collected to an Eppendorf tube and measured in triplicates 
(100 µl each) on a 96-well plate for fluorescence measurements. 500-550 nm 
emission wavelengths were measured using a standard fluorescence plate reader. 
Fluorescence intensities were corrected for background (HBSS/HEPES 10 mM, pH 
7.4). Statistical difference was determined using a non-parametric unpaired t-test.
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Supplemental Figures

Figure S1. ECM and cell confluency on HFMs. A) Immunofluorescence of LN111 detected on 
HFMs coated with MatrigelTM (MG) or PBS. A single (MG1) or 15 (MG15) HFMs were incubated 
at once in an Eppendorf tube. B) Quantification of A represented as the average corrected 
total cell fluorescence (CTCF) of three parts of one HFM determined by ImageJ. C) Quantif-
cation of FITC-inulin leakage from the HFM lumen into the outer apical compartment. HFM 
was cell-laden or covered in nail polish (negative control). The fluorescence of the FITC-inulin 
solution perfused through the fibers during preparation was set to 100%. n = 3, **** < 0.0001.
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Figure S2. Human recombinant laminins (LN) promote monolayer formation of ICO- 
drived cells on HFMs as well as MatrigelTM (MG). Brightfield images at 0 hours and after 
10 days of expansion are shown. HFMs can be seen as large black bars. Scale bars represent 
1000 µm.
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Figure S3. Long-term culture of ICO-derived cells on HFMs and in standard MatrigelTM 
droplet culture. A) Representative brightfield (i, iii) and black and white (ii, iv) image of 
ICO-derived cells on HFMs after 7 (i, ii) and 21 (iii, iv) days of differentiation tested for three 
ICO donors. B) Representative brightfield images of MatrigelTM droplet culture of ICOs on day 
11 of differentiation.
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Supplemental Tables

Table S1. Validated primers for RT-qPCR

Primer name Sequence (5’-3’) Tm in °C

ALB-Fw GTTCGTTACACCAAGAAAGTACC 64

ALB-Rv GACCACGGATAGATAGTCTTCTG 64

CYP2B6-Fw CTACCAAGATCAAGAGTTCCTG 63

CYP2B6-Rv ATTTCAAGAAGCCAGAGAAGAG 63

CYP2C9-Fw GACAGAGACGACAAGCAC 62

CYP2C9-Rv AATCACACGTTCAATCTCTTCC 62

CYP2C19-Fw GGGACAGAGACAACAAGCA 60

CYP2C19-Rv CCTGGACTTTAGCTGTGACC 60

CYP2D6-Fw GAGGTGCTGAATGCTGTC 61

CYP2D6-Rv AGGTCATCCTGTGCTCAG 61

CYP3A4-Fw TGATGGTCAACAGCCTGTGCTGG 60

CYP3A4-Rv CCACTGGACCAAAAGGCCTCCG 60

HPRT-Fw TATTGTAATGACCAGTCAACAG 60

HPRT-Rv GGTCCTTTTCACCAGCAAG 60

ABCB1-Fw CAGTGGCTCACACCCGTAATC 61

ABCB1-Rv GCCAGGCTGGTCTTGAACTC 61

ABCC3-Fw GTCCGCAGAATGGACTTGAT 60

ABCC3-Rv TCACCACTTGGGGATCATTT 60

RPL13A-Fw GTGAAGGCATCAACATTTCTG 60

RPL13A-Rv GATAGGCAAACTTTCTTGTAGG 60

SULT1A1-Fw TTCCTTGAGTTCAAAGCCC 65

SULT1A1-Rv TGTCTTCAGGAGTCGTGG 65

UGT2A3-Fw AATACTCGGCTGTATGATTGG 58

UGT2A3-Rv CATAGATCCCATTCATTCCACC 58

Abbreviations: Fw, forward; Tm, melting temperature; Rv, reverse
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Table S2. Primary antibodies for immunofluorescence

Antigen Supplier Cat. number Raised in Dilution Incubation

BCRP Santa Cruz sc-377176 mouse 1:50 o/n at 4°C

BSEP Santa Cruz sc-74500 mouse 1:50 o/n at 4°C

ECAD BD Biosciences 610181 mouse 1:50 o/n at 4°C

HNF4α Novus 
Biologicals

NBP1-89679 rabbit 1:50 o/n at 4°C

Integrin α6 Novus 
Biologicals

NBP1-85747 rabbit 1:50 o/n at 4°C

LN111 Abcam ab11575 rabbit 1:300 o/n at 4°C

MATE1 Novus 
Biologicals

NBP1-87909 rabbit 1:50 o/n at 4°C

MDR1 Santa Cruz sc-55510 mouse 1:50 o/n at 4°C

MDR3 Santa Cruz sc-58221 mouse 1:50 o/n at 4°C

MRP2 Abcam ab187644 rabbit 1:50 o/n at 4°C

MRP3 Novus 
Biologicals

NBP2-37923 rabbit 1:50 o/n at 4°C

NTCP Novus 
Biologicals

NBP1-60109 rabbit 1:50 o/n at 4°C

OAT2 Novus 
Biologicals

NBP1-62660 rabbit 1:50 o/n at 4°C

OATP1B3 Novus 
Biologicals

NBP1-80980 rabbit 1:50 o/n at 4°C

OCT1 Novus 
Biologicals

NBP1-59464 rabbit 1:50 o/n at 4°C

Phalloidin-
Alexa 488

Thermo Fisher 
Scientific

A12379 – 1:400 o/n at 4°C

ZO1 Thermo Fisher 
Scientific

40-2300 rabbit 1:50 o/n at 4°C

Table S3. Secondary antibodies for immunofluorescence

Antigen Supplier Cat. number Raised in Dilution Incubation

Anti-mouse-Alexa 
488

Thermo Fisher 
Scientific

A11029 goat  1:100 2h at RT

Anti-rabbit-Alexa 
488

Thermo Fisher 
Scientific

A11008 goat  1:100 2h at RT

Anti-mouse-Alexa 
647

Thermo Fisher 
Scientific

A21236 goat  1:100 2h at RT

Anti-rabbit-Alexa 
647

Thermo Fisher 
Scientific

A21245 goat  1:100 2h at RT
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Rare pediatric liver disorders can be very destructive to the lives of patients and 
their families. Often, therapeutic options are limited to symptomatic care and 
precise disease mechanisms remain elusive. The relatively low incidence of each 
individual disease and the often widespread geographic distribution of patients 
complicate research and treatment development. In this thesis, we have investigated 
the potential of patient-derived liver organoids to study such rare pediatric liver 
diseases. We characterized organoids from several monogenic liver disorders and 
showed that organoids express functional biomarkers of these diseases (Chapter 
2). We uncovered that liver organoids possess a hybrid phenotype, combining 
hepatocyte and cholangiocyte characteristics. This led us to investigate whether 
patient-derived liver organoids would be interesting to study the rare perinatal 
disease biliary atresia (BA), in which the hepatobiliary tree is occluded and becomes 
fibrotic (Chapter 3). We found that organoids from different hepatobiliary regions of 
BA patients can be cultured and biobanked. Further characterization showed that 
BA patient organoids display BA specific growth behavior and increased sensitivity 
to viral infections. While we showed that various hepatocyte and cholangiocyte 
functions can be studied in liver organoids in Chapter 2, our data also indicated 
that several hepatocyte functions are currently limited in this in vitro system. 
Therefore, we devised a novel culture strategy to increase hepatic maturation in liver 
organoids (Chapter 4). We found that hepatic functions, such as drug metabolism, 
improve when liver organoid cells are cultured on hollow fiber membranes (HFM) 
coated with extracellular matrix (ECM) proteins of the hepatic niche. Moreover, we 
demonstrated that hepatic transepithelial transporter defects such as progressive 
familial intrahepatic cholestasis type 3 (PFIC3) can be studied in patient-derived liver 
organoids. Collectively, these findings suggest that liver organoids may be suitable 
for drug testing for (specific) rare pediatric liver disorders. In the following chapter, 
I will summarize our findings and discuss their implications for the future use of 
liver organoids to study rare pediatric liver disorders.

Patient-derived liver organoids for modeling rare 
pediatric liver disorders

In this thesis we investigated the usefulness of patient-derived liver organoids to 
study rare pediatric liver diseases. The rarity and often heterogeneity of these 
diseases complicates the investigation of underlying disease mechanisms and the 
development of treatments. In recent years, increasing investment in this field 
has resulted in breakthroughs for several patient groups.1–3 Currently, a variety of 
approaches is used to research these diseases, including individual case studies, 
clinical trials, such as n-of-1 trials, animal models, patient-specific fibroblasts, 
patient-derived iPSCs, organoids and precision-cut liver slices.3–8 Various approaches 
have successfully provided insight in disease mechanisms or helped in clinical 

169472_Vivian Lehmann_BNW 6.indd   154169472_Vivian Lehmann_BNW 6.indd   154 22-10-2023   18:0422-10-2023   18:04



155

Summarizing Discussion

decision-making.1–3,8 However, for many rare pediatric liver diseases no appropriate 
in vitro model or therapy exists.9–14 Our aim was to elucidate whether patient-derived 
liver organoids are a useful tool to model and study rare pediatric liver disorders.

In Chapter 2, we evaluated which rare monogenic diseases can be studied with 
liver-derived intrahepatic cholangiocyte organoids (ICOs) based on gene-expression 
and function. In our experience, the protocol to establish ICOs allows for relatively 
easy sharing of biopsies around the globe, thereby reducing the limitation of global 
distribution of patient material. We demonstrated that patient organoids express 
key phenotypic features of different monogenic liver disorders. Various functions 
affected by monogenic mutations are expressed in liver organoids and allow us 
to distinguish between healthy control and patient organoid phenotypes. We 
showcased that basic metabolic functions, but also hepatocyte-specific functions, 
such as copper metabolism, can be studied in ICOs. Moreover, we demonstrated that 
ICOs are particularly useful to study transepithelial transport functions. The next 
step would be to characterize each monogenic liver disorder modeled in organoids 
in more detail, by increasing the sample size, generating isogenic controls, and 
unraveling disease mechanisms for relevant monogenic liver disorders. Moreover, 
comparison of in vivo patient and in vitro organoid phenotypes will be necessary to 
ensure that the model accurately reflects disease phenotypes. For example, it would 
be interesting to investigate how the clinical biomarker of methylmalonic acidemia 
(MMA) in organoids correlates with the in vivo biomarker expression.

In the case of cystic fibrosis (CF) we were able to demonstrate that ICOs, similarly to 
airway and intestinal organoids, reflect phenotypic consequences of mutations in 
the cystic fibrosis transmembrane conductance regulator (CFTR) and can be used 
to study drug efficacy.9–14 CF affects multiple organs, with progressive lung disease 
being the major cause of clinical complications and mortality.2 Hence, respiratory 
defects have been the focus of clinical and laboratory studies. Meanwhile, CF-
associated liver disease (CFLD) occurs in 10-15% of CF patients and remains poorly 
understood.1,15 Prolonged survival of patients due to early diagnosis and improved 
disease management has led to CFLD being a significant clinical complication of 
CF.15–17 Various hypotheses on the underlying mechanisms of CFLD have been 
proposed, including cholestasis-induced fibrosis and dysregulated cholangiocyte 
immunomodulation as a consequence of CFTR mutations.1,15,18–20 However, none 
has been definitively linked to CFLD in patients, thus hampering prediction and 
prevention of CFLD.15,21 Although intestinal organoids are now routinely used to 
identify effective treatments for CF patients, CFLD cannot be predicted in this gut 
model. Moreover, the effect of novel therapeutics such as ivacaftor and tezacaftor 
on CFLD is currently unclear.15,22–24 ICOs could be a valuable tool to complement 
existing CF organoid models to study CF-related liver disorders in a personalized 
manner. Expression of CFTR and organoid architecture make ICOs suitable to 
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study cholestatic diseases. Moreover, indications from our studies in Chapter 3 
showing retained immunobiology in patient ICOs open the doors to study putative 
immunomodulatory mechanisms related to CFLD in ICOs.

Aside from CFLD, current models are also limited in predicting whether novel CF 
medication causes drug induced liver injury (DILI). As a result, several compounds 
such as ivacaftor and tezacaftor have recently been reported to induce DILI in some 
individuals.25,26 DILI is caused by adverse reactions to the foreign compound or 
formation of unintended metabolites which cause tissue damage and eventually 
lead to acute liver failure.27 Despite extensive drug testing prior to acceptance by the 
FDA or EMA, DILI is frequently observed for various drugs.28–30 Recent studies have 
provided increasing evidence that mechanisms underlying DILI are multifactorial.29,31 
Moreover, susceptibility factors seem to differ between patients which explains why 
current drug testing strategies do not adequately predict DILI.29 In recent years, 
emphasis has shifted toward defining and identifying adverse outcome pathways 
(AOPs) to predict DILI.32–34 AOPs are theoretical frameworks used in toxicology 
to define and link key events leading to drug toxicity.32–34 As such AOPs aid in 
unraveling and understanding mechanisms underlying DILI. To that end, liver in 
vitro models to study DILI are being developed for high content analysis allowing 
careful inspection of key events involved in underlying mechansims.35 Adequate 
expression of relevant enzymes and transporters is essential for an in vitro model 
to display drug toxicity sensitivities akin to in vivo hepatocytes. For example, if drug 
metabolizing enzymes are not properly expressed potentially toxic intermediate 
metabolites are not formed, and thus no toxicity will be detected.36,37 Similarly, 
poor expression of a transepithelial transporter responsible for timely export of 
otherwise toxic compounds can lead to false positive detection of drug toxicity. 
Recent work has established that ICOs express key drug metabolism genes well, 
compared to other patient-derived models such as iPSC-derived hepatocyte-like 
cells (iPSC-HLCs).38 Previous work by our group showed that this transcriptomic 
profile of ICOs is reflected in function as ICOs can predict drug toxicity.39 Moreover, 
we show that liver organoids display interdonor heterogeneity in gene expression 
and function, suggesting ICO suitability for personalized drug testing. However, 
it remains to be determined whether this heterogeneity reflects true differences 
between patients. ICOs from more patients ought to be tested and outcomes 
correlated with in vivo data in order to elucidate whether this liver model can indeed 
predict patient-specific drug metabolizing capacities. In addition, specific evaluation 
of metabolism of CF medication and involved AOPs leading to drug toxicity should 
be performed in ICOs to clarify their potential in predicting DILI for patients with CF 
and other rare diseases, and thus safeguard patient well-being.
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Gene editing in ICOs
For many monogenic liver disorders, new developments in gene therapy present 
promising alternatives to conventional therapies. In the case of Wilson disease, 
the first in-human trial using an adeno-associated vector-based monogenic 
augmentation therapy is currently under way.40–43 While this is a great leap forward, 
a gene correction approach would be more desirable than gene augmentation. 
CRISPR-Cas9 systems as well as CRISPR-derived prime- and base-editing have been 
proposed as accurate and efficient approaches to correct patient-specific mutations. 
We envision that ICOs will be a useful tool to test and tailor patient-specific gene 
editing strategies. Our group and others have previously shown that gene editing of 
organoids using CRISPR-derived systems is efficient and does not result in off-target 
effects.44–47 In the context of disease modeling, the ease of gene editing in ICOs and 
subsequent clonal expansion are useful for the generation of isogenic controls. 
These are established by introducing or correcting patient-specific mutations in 
healthy control or patient organoids. This is especially useful for monogenic diseases 
with poor geno- and phenotype correlation, such as DNA polymerase gamma 
(POLG)-related disease. Mutations affecting POLG lead to mitochondrial DNA 
depletion resulting in neurological malfunction such as epilepsy, muscle weakness, 
and liver dysfunction or failure.48,49 Heterogeneity in onset, mutation and severity 
have resulted in the definition of various diseases caused by POLG mutations, such 
as Alpers–Huttenlocher syndrome and myocerebrohepatopathy.48 We envision that 
the use of isogenic control ICOs will aid in unraveling relationships between geno- 
and phenotypes of POLG-related disorders. In addition, gene editing of potential 
downstream targets affected by a given mutation can aid in unraveling disease 
mechanisms. To this end, our group is currently devising gene-editing strategies 
and expanding the development of functional assays for various monogenic liver 
disorders in ICOs.

Other patient-derived hepatocyte in vitro models
Skin fibroblasts are widely used to study rare monogenic disorders in vitro in a 
personalized manner. Fibroblasts are readily available and easy to handle. Yet, their 
origin suggests that their potential to study hepatocyte-specific disorders is limited. 
Indeed, literature reports on modeling liver disease with fibroblasts is scarce.3 
Our comparison of ICOs and fibroblasts to liver tissue further underscores that 
fibroblasts lack expression of various hepatocyte-specific genes (Chapter 2). Rather, 
fibroblasts are useful to study generic biochemical defects which affect various 
cell types. Hence, for hepatocyte-specific functions, such as drug metabolism, 
hepatocyte-specific cell models are preferred. Due to their origin and bipotent 
nature ICOs were considered an ideal patient-derived hepatocyte in vitro model. 
However, we uncovered that ICOs do not express all relevant hepatocyte-specific 
genes (Chapter 2). Rather, ICOs express a mixture of some cholangiocyte- and 
hepatocyte-specific genes and functions. Hence, with current culture conditions, 

5

169472_Vivian Lehmann_BNW 6.indd   157169472_Vivian Lehmann_BNW 6.indd   157 22-10-2023   18:0422-10-2023   18:04



158

Chapter 5

ICOs are suitable to study a selection of hepatocyte functions affected in rare liver 
disorders, such as copper metabolism or transepithelial transport.

Since our studies with ICOs commenced, various other novel patient-derived in vitro 
models have been developed to study hepatocyte biology and disease. Primary 
human hepatocytes (PHH) are considered the gold standard to study hepatocyte 
functions. Previously, the use of PHH in disease modeling was hampered due to 
the need of significant amounts of starting material, expansion difficulties, and 
rapid loss of hepatic functions in vitro. In recent years, a myriad of promising 
culture methods has been developed to improve long-term expansion and hepatic 
function of PHH. Hu et al. 2018 reported improved long-term culture of PHH and 
maintenance of hepatic functions when cultured as organoids.50 However, in our 
experience and according to others, this protocol is successful for fetal tissue only, 
with very low success rates of establishing stable hepatocyte organoid lines from 
pediatric or adult liver tissue.38,51,52 Work is ongoing to improve the culture conditions 
and we anticipate that this model will be very useful in the future. Others have 
established a protocol wherein PHH are allowed to revert to a fetal-like hepatic 
state for propagation and are re-differentiated when needed.53 While, this proved 
to be a robust method, final hepatic maturity did not reach original PHH levels. Yet 
another approach to model hepatocytes in vitro using patient-derived cells involves 
direct transdifferentiation of skin fibroblasts or urine-derived stem cells through 
lentiviral expression of transcription factors essential for liver development.54,55 
These are very promising in terms of the ease of sampling skin or urine compared 
to liver tissue for PHH or ICOs. However, hepatic maturation and reports on disease 
modeling remain limited. Unfortunately, this is the case for various other novel 
hepatocyte models.53,56 Moreover, characterization of many new models often lacks 
comparison to PHH or liver tissue.38 Similarly, only few key hepatocyte markers and 
functions, such as albumin and drug metabolizing enzyme CYP3A4, are examined 
by most studies. These limitations in study design make it difficult to conclude how 
well these models mimic hepatic functions and whether they can be used to study 
specific rare liver diseases.

One exception are iPSC-based hepatocyte models. iPSCs are well-established and 
widely used patient-derived in vitro models for rare monogenic disorders.3 To 
generate iPSCs from patients suffering from rare monogenic disorders, cell sources 
which allow low invasive sampling methods, such as dermal fibroblasts or peripheral 
blood cells, are commonly used. Successful modeling of various rare liver diseases 
using iPSC-HLCs has been showcased, such as the urea cycle disorder citrullinemia 
type 1, mitochondrial DNA depletion syndrome 3 and hypercholesterolemia.3,57–59 
Nonetheless, not all monogenic liver disorders can be studied in iPSC-HLCs to date 
due to limited hepatic maturation, as also seen in ICOs.38,60 It has been suggested 
that the genetic reprogramming methods to generate iPSC-HLCs can affect the cells’ 
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maturation capacities.61,62 Indeed, it was shown that reprogramming can activate 
normally silenced genes by affecting DNA methylation.63–66 In one example, human 
endogenous retroviral genes were activated as a byproduct of iPSC generation.65 
These genes have been suggested to maintain cell pluripotency and can thus 
inhibit differentiation.67,68 Therefore, the field of iPSC-HLCs faces specific hurdles 
concerning robust reprogramming methods, expansion, and differentiation to the 
hepatic fate. This suggests that iPSC-derived models are currently less suitable to 
study diseases with unclear geno- and phenotype correlations.3,69,70 In such cases, 
ICOs might present a better choice.

Recently, an unbiased transcriptomic wide comparison pipeline for hepatocyte-
like cells derived from various sources, including hepatocytes, intrahepatic 
cholangiocytes, iPSCs, and fibroblasts was developed by our group.38 Overall, the 
study confirmed the previous notion that no hepatocyte model fully mimics the 
PHH transcriptome. Some hepatic markers were well expressed in multiple models 
and yet again others could not be detected in any model. Interestingly, each model 
displayed their individual strengths. For example, ICOs performed better in drug 
metabolism, while iPSC-HLCs performed better in urea metabolism. Since the focus 
of this study was not the direct comparison between these two model systems, no 
further in-depth proteomics or functional assays were performed. Such functional 
comparisons would be very useful to uncover whether existing models can synergize 
in research on monogenic liver disorders. Importantly, continuous improvements of 
differentiation protocols for any hepatic in vitro model will likely yield a larger array 
of functions that can be studied in the future.

While functional performance of a model is one of the most important aspects, 
financial investment, time to first assay, expansion potential, and protocol complexity 
can also affect the successful adoption of a novel in vitro model. In the case of 
ICOs and iPSC-HLCs, protocols and investment requirements differ significantly. 
The generation of iPSC-HLCs is known to be difficult and time-consuming due to 
low reprogramming efficiency, continuous need for characterization and manual 
colony picking.69,71–75 Eventually, iPSC-HLCs can be generated within a minimum of 
40 days.75,76 In comparison, ICOs are generated and maintained using a relatively 
simple protocol and are ready to use within a minimum of one to two weeks of 
sampling a patient biopsy. Depending on the function of interest, an additional week 
of differentiation is required before functional assays can commence. Naturally, for 
both models additional time is required if larger cell numbers are desired.

In the end the model choice must be made based on the expression of the 
function of interest, availability and flexibility of laboratory infrastructure, and the 
invasiveness of sampling patient material. In some cases, functions affected by 
monogenic liver disorders are well expressed in fibroblasts making invasive needle 
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biopsies or extensive reprogramming protocols unnecessary. In other instances, 
more mature hepatic models such as ICOs or iPSC-based models are desirable. 
Thanks to the ease of culturing, ICOs are preferred if the function of interest is 
expressed sufficiently to distinguish between healthy and patient organoids. In 
addition, the genomic stability of ICOs is advantageous for studying diseases with 
unclear geno- and phenotype relations. However, needle biopsies are more invasive 
than skin biopsies and come with risks of internal bleeding, which may lead to 
choosing iPSC-HLCs over ICOs.

Liver organoids to study biliary atresia

Since Chapter 2 revealed that ICOs retain various cholangiocyte characteristics, we 
were interested to see whether BA could be studied using patient-derived ICOs. In 
BA, the biliary tree is obstructed and fibrotic, thus prohibiting bile flow from the 
liver into the intestine. While the pathogenesis remains unclear, the phenotype 
strongly suggests that cholangiocytes lining the biliary tree play a central role in 
BA.77 Importantly, timing and severity differences between extra- and intrahepatic 
symptoms suggest differential underlying mechanisms or susceptibilities of 
cholangiocytes of different hepatobiliary regions during specific developmental 
periods. Extra- and intrahepatic bile ducts develop from different progenitors, 
which could be an important factor underlying these spatiotemporal differences.77 
Following the establishment of organoid cultures from intrahepatic cholangiocyte 
progenitors (ICOs), protocols have been developed to generate organoid cultures 
from extrahepatic bile duct (ECOs) and gallbladder cholangiocyte progenitors 
(GCOs).78,79 Since these organoids retain regional differences in vitro we hypothesized 
that they would be useful to study regional heterogeneity of BA.78,79 Therefore, we 
tested whether organoids could be cultured from these three hepatobiliary regions 
from BA patient tissue. We demonstrated successful culture and cryopreservation 
of BA patient organoids, but also showed that growth behavior of BA ICOs differed 
from control organoids. Despite normal organoid morphologies, transcriptome 
analyses suggested that BA organoids differed from control organoids, especially 
in genes involved in ECM remodeling and proliferation, both of which are functions 
putatively involved in BA pathogenesis.7,80–84 Various hypotheses on BA pathogenesis 
exist, including exposure to an environmental or metabolic toxin, viral infections, 
and a dysregulated immune response.7,85 Since liver organoids are a minimalistic 
model of the biliary epithelium, the exact mechanism of action of a virus or toxin 
can be studied in isolation from other cell types. To gain insight into whether liver 
organoids are indeed suitable to test existing hypotheses, we treated BA and control 
organoids with a synthetic viral analog (poly I:C) and a previously identified plant 
toxin (biliatresone) known to cause BA in animals.86,87 We found that biliatresone 
provoked upregulation of cellular stress responses such as glutathione metabolism 
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in BA, healthy and non-BA disease control ECOs. Poly I:C exposure elicited BA-specific 
responses on a transcriptomic level, including ECM remodeling and pro-fibrotic 
signals. Overall, our data suggests that liver organoids represent an interesting 
human in vitro model to study BA.

While we only discussed the most conspicuous findings in the transcriptomics 
analyses in Chapter 3, we anticipate that our large dataset contains many more 
valuable insights to unravel the pathogenesis of BA. This large dataset deserves 
an in-depth discourse separate from this initial characterization of BA patient 
liver organoids. It would be useful to increase the sample size to ensure sufficient 
statistical power to eliminate current uncertainties. Similarly, it would be interesting 
to include datasets from previous studies of BA organoids. Importantly, taking along 
BA patient liver tissue or blood samples in the transcriptomics analysis as reference 
as well as cross-checking clinical records of the patients might aid in connecting in 
vitro and in vivo findings.

One of the most supported hypotheses for BA pathogenesis assumes involvement 
of a viral infection combined with a dysregulated immune reaction. Indeed, besides 
forming the tight epithelial barrier of the bile ducts, cholangiocytes are known to 
be immunocompetent. Cholangiocytes are antigen presenting cells (APCs) and 
can recognize pathogens through pattern-recognition receptors, such as toll-like 
receptors (TLRs), and elicit downstream inflammatory reactions.88,89 However, 
the specific mechanisms involved remain poorly understood, partly because 
interspecies differences in immunobiology such as antigen presentation and 
TLR reactivity complicate the study of underlying mechanisms.88,90 Thus, human 
cholangiocyte models such as liver organoids are valuable tools to study human 
cholangiocyte immunobiology. Our transcriptomics data support this notion and 
suggest that cholangiocytes might be actively involved in altering the immune 
response in BA. Alternatively, the organoids may react abnormally due to their 
origin from the fibroinflammatory environment of BA patient tissue. In the future, 
cholangiocyte immunomodulatory functions and putative dysregulation thereof 
should be studied in more detail. Initially, it will be necessary to confirm our findings 
that BA patient organoids modulate the ECM and secrete immunomodulatory 
compounds. By repeating immunological insults, we may discriminate between 
immunological dysregulation as the cause or consequence of BA.

To identify whether upregulated pro-fibrotic signals in BA organoids have functional 
implications, the effects of specific cytokines, conditioned media or organoid co-
cultures on hepatic stellate cells might be a useful approach. Potentially, one could 
mimic intrahepatic fibrosis in BA in vitro by combining BA patient ICOs with hepatic 
stellate cells. Such study designs have previously been shown to successfully 
mimic liver fibrosis.91–93 Using hepatic stellate cells from a healthy donor would 
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help in identifying whether BA patient cholangiocytes provoke fibrosis through 
dysregulated ECM remodeling. Other immune cells likely involved in BA pathogenesis 
include macrophages, natural killer cells, and T-cells.88 Previously, interactions 
between human cholangiocytes and T-cells have been studied in vitro through two-
dimensional transwell culture and cytokine stimulation.89,94–97 Similar approaches 
using liver organoids could be useful to gain insight into the immunomodulatory 
capacity of BA patient and healthy cholangiocytes from different hepatobiliary 
regions and the effects thereof on relevant immune cells. Such in vitro studies will 
aid in understanding underlying cellular and molecular mechanisms specific for 
cholangiocyte immunobiology.

Importantly, in vitro models lack many aspects of the complex network of 
biological interactions and chemical signaling constituting immunobiology. Despite 
interspecies differences, rodent models such as mice remain a useful model to 
study the full picture of immune dysregulation involved in BA, provided that 
interpretations of in vivo findings are done cautiously and under consideration of 
interspecies differences.90,98 Together mouse in vivo and human in vitro studies will 
likely synergize to unravel immunobiology underlying BA.

To gain insight into how viral infections are involved in BA pathogenesis, a broad 
array of viruses and specific viral proteins ought to be tested. To date, most studies 
focus on rotaviruses, while it is well known that viral strains encountered in BA 
patient tissues are highly heterogeneous.88,99 The use of poly I:C in our study not 
only limits our results to information on RNA viruses, but also does not allow the 
study of cholangiocyte-virus interactions. The latter has been proposed to be a 
key mechanism behind cholangiocyte specificity of BA.88,100,101 Particularly, viral 
capsid proteins, such as rotavirus proteins VP4 and VP7, have been proposed to 
have high affinity for cholangiocyte receptors, thus increasing viral entry in this 
cell type.100,101 Certain amino acid sequences have been identified to bind to cell 
surface receptors.101,102 Specifically, the amino acid sequence SRL present on capsid 
or attachment proteins of various viruses associated with BA has been identified 
as a key player.101,103–105 This peptide specifically binds to the cell surface domain 
of the cholangiocyte heat shock cognate 70 (Hsc70).101 The involvement of SRL-
Hsc70 interaction in the pathogenesis of human BA remains poorly understood.88 
Therefore, studying the effect of the SRL peptide on human liver organoids will be 
useful to gain understanding in the involvement of viral infections in BA.

Aside from environmental insults, genetic and epigenetic susceptibility factors 
have also been proposed to be involved in BA pathogenesis.7 Single nucleotide 
polymorphisms (SNPs) in promoter or non-coding regions of several genes involved 
in the regulation of immune responses and cell polarity have previously been 
associated with BA.106–109 Such SNPs may contribute to the large heterogeneity of 
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clinical presentation of BA. Since organoids reflect a patient’s genome, this model 
lends itself to investigate the effects of polymorphisms on BA pathogenesis.69,110 
Aside from genomic aberrancies, DNA methylation has been proposed as a factor 
involved in BA pathogenesis.111,112 These studies suggested that hypomethylation 
leads to expression of inflammatory genes such as INF-gamma. Whether liver 
organoids are suitable to study such BA patient-specific epigenetic aberrancies is 
unclear since epigenetic stability in liver organoids remains elusive.69,110 Meanwhile, 
epigenetic drifts have recently been identified in long-term cultures of intestinal 
organoids.113,114 Potentially, the epigenome of liver organoids is similarly affected 
by long-term culture which would limit their applicability in studying disease 
mechanisms dependent on epigenetics. Future studies will be necessary to unravel 
whether epigenetic drifts occur in liver organoids, and whether these divert 
the in vitro model from the patient and affected disease mechanisms. Putative 
epigenetic instability could be alleviated by adjustments to culture protocols, such 
as incorporation of hypoxia during expansion, which has previously helped to 
increase epigenetic stability in iPSC cultures.115,116 Interestingly, despite potential 
epigenetic drifts, we have identified clear differences between BA and control 
patient transcriptomes. BA organoids display higher inflammatory signatures 
than healthy controls under the same conditions. This might suggest that DNA 
hypomethylation is retained in BA organoids in vitro. While it remains important 
to investigate epigenetic drifts in vitro, our data indicate that sufficient differences 
remain between healthy and diseased organoids to study disease mechanisms and 
treatments.

Recently two other groups have reported their experiences with BA patient-derived 
organoids.117–119 Interestingly, differences in organoid morphology and polarity 
were observed between our and these studies. While this might be due to slight 
differences in study design, well known variations in BA occurrence, pathology and 
severity around the globe might also be reflected by these differences.120–125 If this 
were true, liver organoids would represent a more powerful tool to study BA than 
assumed so far. Naturally, differences due to varying study designs need to be 
excluded first by investigating the effects of matrix stiffness as discussed in Chapter 
3. However, if differences in morphology and polarity remain after streamlining 
culture conditions, a harmonized multi-laboratory study could clarify whether 
global variation in BA is represented by patient-derived liver organoids. As part 
of such a study, laboratories and hospitals world-wide involved in BA patient care 
and research could collectively evaluate relationships between patients’ clinical 
presentations, genomics and epigenetics, infection history, ethnicity, disease 
progression, and histology with in vitro performance of patient-matched organoids 
at baseline as well as in response to environmental factors. In that way, more pieces 
of the puzzle that is BA pathogenesis may be connected.
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Hollow fiber membrane technology to improve hepatic 
maturation of ICO-derived cells

In Chapter 2, we demonstrated that ICOs express a mixture of hepatobiliary 
functions and not purely those of a mature hepatocyte. To improve hepatic maturity 
of ICOs, we devised a novel culture strategy (Chapter 4). We showed that ICO-derived 
cells can be cultured on hollow fibers made of porous polyethersulfone membranes 
coated with ECM proteins of the hepatic niche. Cells formed confluent monolayers 
and showed improved expression of key hepatic markers, such as albumin and 
phase I and II drug metabolizing enzymes, compared to conventional organoid 
culture. As a first step toward disease modeling using this novel hepatocyte-like 
hollow fiber membrane (HL-HFM) system, we demonstrated that PFIC3 patient 
ICO-derived cells can be cultured on HFMs. Moreover, we demonstrated that the 
functions of transmembrane transporters such as MDR3 affected in PFIC3 can be 
studied in ICOs in both conventional cultures and HL-HFMs. We believe that the 
HL-HFM system is a powerful tool to study liver disease including DILI, steatosis, and 
cholestasis as well as long-term effects of therapeutic strategies for rare pediatric 
liver diseases, such as PFIC3, in a personalized manner.

While we showed that expression of some hepatocyte-specific genes and functions 
are improved when culturing ICO-derived cells on HFMs, broader characterization 
is needed to determine exactly which functions and thus which diseases can be 
studied using the HL-HFM system. To that end, we are currently expanding functional 
characterization of drug metabolism in HL-HFMs. Moreover, molecular pathways 
affected in mentioned diseases of interest, such as lipid metabolism and bile acid 
metabolism and transport, should be characterized in-depth.

Thorough characterization of hepatic functions in the HL-HFM is also crucial for DILI 
prediction.28–30 The recent shift toward the use of AOPs to define and predict DILI 
has put emphasis on the development of in vitro models suitable for high content 
analysis.32–35 Since no single in vitro model is capable of recapitulating all aspects 
underlying DILI, the field focuses on developing specialized in vitro models to inform 
about specific DILI aspects.35 As a whole these models are anticipated to aid in the 
development of safer therapies. We believe that the architecture of the HL-HFM, 
the option for perfusion culture, the potential for long-term culturing, and use of 
patient-derived cells makes the system especially useful to study mechanisms 
leading to cholestatic DILI. To that end, relevant molecular events and pathways 
putatively involved in cholestatic DILI need to be thoroughly characterized in the 
HL-HFM. For example, cholestasis modeling in HL-HFMs could be validated by using 
troglitazone, verapamil or cyclosporin, drugs well known to induce cholestasis 
through inhibition of the bile salt export pump (BSEP) and MDR3.126–130 Importantly, 
this would also serve for functional validation of PFIC2 and PFIC3 modeling as BSEP 
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and MDR3 are affected in these monogenic disorders. Furthermore, as suggested 
earlier, it would be very valuable to assess the risk of DILI of CFTR potentiators 
and correctors, such as ivacaftor and tezacaftor, in HL-HFMs. Finally, we anticipate 
that repeated and long-term drug-exposure can be studied using HL-HFMs. To this 
end, maintenance of relevant cellular functions needs to be evaluated in long-term 
culture of the HL-HFM system.

The architecture of the HL-HFM system lends itself well for transepithelial transport 
studies. In various monogenic liver disorders, such as CF, PFIC2 and PFIC3, 
transmembrane transporters required for ion homeostasis or the transport of 
bile acids are affected. Although we have shown that ICOs in conventional culture 
are suitable to study these functions in a patient specific manner, ICOs cannot be 
cultured continuously for more than 10 days. Overgrowth in expansion condition, 
organoid collapse and two-dimensional growth in differentiation conditions makes 
the conventional culture system unsuitable for long-term studies. Moreover, ICO 
architecture prevents sampling of products secreted by cells to the apical domain. 
This complicates mechanistic and pharmacokinetic studies for which the exact 
contents of the apical cell domain are of interest. The HL-HFM system satisfies 
these needs since it offers easy access to both cell domains and long-term culture. 
Currently, a bioreactor is being tested for culturing the HL-HFM system. The design 
of this bioreactor allows perfusion and separate access to each cell domain.

Other designs aiming to incorporate aspects of the microanatomy of the hepatic 
niche include other larger scale HFM bioreactors and microfluidic liver-on-a-chip 
systems. Like our HL-HFM bioreactor, these systems are designed to include media 
perfusion, which has been suggested to provide oxygen levels and gradients similar 
to what hepatocytes encounter in vivo.131–133 Hepatocytes have a high demand for 
oxygen to maintain their metabolic functions and different oxygen concentrations in 
vitro have been shown to promote or inhibit hepatocyte maturation.131–133 However, 
microfluidic liver-on-a-chip systems offer limited oxygen availability and control 
compared to conventional culture vessels, due to low ratios of surface-to-volume 
and thus cells-to-medium.134,135 Our larger scale HL-HFM system is unlikely to 
encounter this limitation.

Aside from oxygen provision, separate access to the apical and basolateral cell 
domain is crucial for mechanistic disease and pharmacokinetic studies. While 
previous HFM bioreactor systems offer media perfusion and access to the 
basolateral compartment, the apical domain is incaccessible.136–139 Likewise, apical 
cell domains of cells cultured in microfluidic liver-on-a-chip systems regularly 
connect to bile canaliculi, but the design does not allow separate access.140,141 To 
our knowledge, only one system design incorporated the separation of the apical 
and basolateral domains.142 Similar to a transwell system, HepaRG were cultured 
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on a flat porous membrane which divided the culture chamber into an upper and 
lower channel. These were fed by medium reservoirs at either end through gravity-
induced flow using a rocker. Interestingly, this study reported that inclusion of the 
apical compartment and introduction of perfusion on both sides of the hepatocytes 
promoted hepatic maturation. This finding further underlines the importance of 
incorporating both sinusoidal (basolateral) and bile (apical) compartments when 
mimicking hepatic microarchitecture. Currently, we are optimizing said bi-directional 
perfusion in our HL-HFM system. Compared to the transwell-like HepaRG system, 
the HL-HFM system not only allows for more control in terms of perfusion speed, 
but can also be multiplexed with other organ mimics to study multi-organ effects 
of a disease or drug of interest.

Modeling BA with the HFM system
The architecture of the HFM system could be suitable to study BA. Early mechanisms 
of BA pathogenesis are thought to involve breach of the epithelial layer that 
constitutes the bile duct. Therefore, permeability studies using the HFM perfusion 
bioreactor could be useful to study putatively involved toxins or viruses and 
underlying mechanisms. Importantly, access to both the apical and basolateral 
cell domains in the HL-HFM system allows to study domain specific virus or toxin 
interactions. Currently, it remains unclear whether viral entry in BA occurs at the 
apical or basolateral domain of cholangiocytes. The previously suggested Hsc70 
involved in viral entry is expressed on the apical domain of cholangiocytes, while 
other surface proteins thought to be involved in viral entry are expressed on the 
basolateral domain.101,143,144 The apico-basal separation in the HL-HFM system could 
aid in determining viral entry points. Similarly, first insights on biliatresone domain 
specificity have recently been provided by a study utilizing a bile duct-on-a-chip 
device with similar apico-basal separation.145 The study indicated that biliatresone 
causes more severe barrier breach in mouse cholangiocytes when administered 
from the basolateral domain. Similarly, to conventional organoid culture this system 
made use of a collagen hydrogel, which is molded to leave an empty channel for cell 
culture. As such, the cellular apical domain faces inward as is the case in vivo. This 
might be advantageous since bile concentration, curvature and ECM stiffness might 
mimic the in vivo situation more closely than is the case in the HL-HFM. However, 
the architecture of this bile duct-on-a-chip system also complicates harvesting of 
basolaterally secreted components, such as bile acids and glucose.146,147 Here, the 
HL-HFM system is more suited since the basolateral compartment can be easily 
accessed by collecting effluent from this compartment of the bioreactor.
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Strategies to further improve hepatic maturation of ICOs

Extracellular matrix
We have demonstrated that human recombinant laminins are a suitable replacement 
for MatrigelTM in the HL-HFM system. Looking at the liver microenvironment it 
becomes apparent that the use of single laminin isoforms does not recapitulate 
the complete liver ECM. Potentially, combinations of different laminin isoforms 
could further improve hepatic maturation of ICOs. Importantly, several laminins 
are responsible for guiding hepatoblast development rather than hepatic 
maturation.148,149 Thus, other ECM components, such as perlecans, vitronectin, 
collagens, and fibronectin will be important to explore. However, as we already 
found with fibronectin, ECMs promoting differentiation also halt proliferation. Thus, 
to promote initial proliferation and yield confluent monolayers, combinations of 
fibronectin with proliferation promoting ECMs, such as LN111, might be a good 
avenue to explore. Indeed, previous work has shown that combinations of ECM 
components such as different isoforms of laminins, fibronectin, and different 
collagens affect hepatic maturation of iPSCs and bipotential mouse embryonic liver 
progenitor cells.150,151 Potentially, replacing MatrigelTM with human recombinant ECM 
components in conventional organoid culture could also improve hepatic maturation 
of ICOs and make the system more compliant with the 3R’s principle. Previously, the 
combination of a synthetic hydrogel based on polyisocyanopeptides and human 
recombinant LN111 was shown to be an excellent substitute for MatrigelTM.152 While 
LN111 promoted hepatic maturity to similar degrees as MatrigelTM, combinations 
of different ECM components which are known to promote hepatic maturation 
could potentially improve hepatic maturation of ICOs further. Alternatively, key 
integrin-binding motifs of relevant ECMs could be chemically linked to the synthetic 
hydrogel as has previously been done with generic cell adhesion motifs.153,154 As such 
a hydrogel specific for hepatic differentiation could be synthesized.

Media composition
Aside from the microarchitecture and ECM composition, soluble factors play a 
crucial role in steering hepatic maturation in vivo. Hence, delicate orchestration of 
media composition is a vital aspect in improving hepatic maturation in vitro. Being 
derived from bipotent cholangiocyte progenitors, ICOs should be able to mature 
into functional hepatocytes. Yet, our data reveal that current culture conditions do 
not suffice to push the cells toward fully mature hepatocytes. Interestingly, it has 
recently been demonstrated that the differentiation medium supposedly promoting 
hepatocyte differentiation in ICOs also elicits cholangiocyte differentiation in 
human embryonic stem cells and iPSCs.38,155 This underlines the need to optimize 
the ‘hepatocyte’ differentiation medium used in ICO culture. A recent comparison 
of current hepatocyte models provides an excellent overview of the different 
differentiation media in combination with an overview of how well each model 
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mimics the transcriptional profile of hepatocytes.38 This overview is a useful tool to 
guide improvements of media formulations. Importantly, cell origin was found to 
strongly affect differentiation potential and may dictate what cues a cell requires for 
hepatic maturation. For example, while iPSCs may require mimicry of organogenesis, 
ICOs may require signals appearing after liver damage. These aspects ought to be 
taken along when designing new differentiation media.

Co-cultures
To fully reconstruct the hepatic niche in health and disease, a variety of other cell 
types, including Kupffer cells, hepatic stellate cells, sinusoidal endothelial cells, 
cholangiocytes, and natural killer cells ought to be included in the model. In vivo, 
these cells help to regulate ECM composition, secrete growth factors, and partake 
in inflammation and tissue repair. Therefore, inclusion of the various cell types 
of the hepatic niche will likely improve hepatic differentiation of ICOs. Indeed, 
previous studies have made use of micropatterned co-cultures where islands of 
hepatocytes are surrounded by non-parenchymal cells.156–158 Long-term viability 
and function made these systems useful to study hepatic function for up to six 
weeks.158 Liver-on-a-chip approaches have also utilized co-cultures with various cell 
types including endothelial and Kupffer cells.159,160 The studies reported improved 
hepatic maturation, by demonstrating increases in key hepatic functions such as 
drug metabolism, bile transport and albumin and urea secretion. Others have 
demonstrated improvement of hepatic maturity of iPSC-HLCs when co-cultured 
with endothelial and mesenchymal cells.161,162 Similar approaches using ICOs are 
currently being assessed in our laboratory. We expect that hepatic maturity of the 
model will be suitable to study a broader array of hepatic functions and diseases. On 
the other hand, co-cultures complicate the culturing systems through adaptations 
to the culture media and matrices to sustain different cell types. Moreover, while 
better modeling the physiologic organ, co-cultures lose the simplicity of studying a 
cell-specific reaction in isolation.

Figure 1. The potential and limitations of liver organoids and outlook for their use in 
modeling rare pediatric liver disorders. Liver organoids can be easily established and 
shared with researchers around the world. Furthermore, liver organoids are suitable to 
model a selection of hepatocyte functions, including copper metabolism and transepithelial 
transport functions. The availability of liver organoids of varying hepatobiliary origin allows 
for the regional modeling of cholangiocytes and associated cholangiopathies, such as biliary 
atresia. Through the use of perfusion technologies, co-cultures, and matrix (ECM) engineering 
the hepatic niche can be mimicked more closely in vitro resulting in improved hepatic mtu-
rity of liver organoids. Our findings and suggestions for future research suggest that liver 
organoids are a strong tool to study disease mechanisms and test drugs in a personalized 
manner. We envision that patient-derived liver organoids will synergize with other models, 
such as microfluidics platforms, animal models, patient-derived induced pluripotent stem 
cells (iPSCs) and fibroblasts, to one day relieve patient suffering through the development of 
personalized therapies.  →
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Hepatic zonation
Another interesting aspect to be mimicked in vitro is hepatic zonation. Depending 
on their location within the liver lobule, hepatocytes specialize in certain functions. 
This is steered by gradients of the various cues which hepatocytes encounter. For 
example, oxygen concentration is highest close to the portal vein and decreases 
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toward the central vein. ECM components also change throughout the zones, 
with laminins mostly present periportally, while fibronectin is found mostly 
pericentrally.163 Likewise growth factors steering hepatic fate differ across the zones. 
Currently, most efforts in generating mature hepatocytes in vitro do not introduce a 
zonation pattern or aim to develop a specific zonal hepatocyte phenotype. Instead, 
most research focusses on the generic hepatocyte markers albumin, phase I drug 
metabolism and urea secretion, which represent a mixture of functions from various 
hepatic zones. More directed mimicry of hepatic zonation could yield improvement 
of specific functions of interest. In isolation, varying oxygen concentrations have 
been used to provoke expression of hepatic functions specific to the respective 
hepatic zone.132,164 Similarly, ECM gradients were shown to promote zonation-specific 
phenotypes.165 If the full array of hepatic functions is to be studied, all zones could 
be mimicked in vitro by including the full gradients of ECM, oxygen, and growth 
factors in one system. As has been shown before, perfusion cultures are especially 
suitable to generate oxygen gradients.132,164 Similarly, hormone, nutrient and growth 
factor gradients are expected to arise under gentle perfusion. Hence, the HL-HFM 
system would be suitable to test the mimicry of these gradients since the bioreactor 
allows to control media perfusion. While ECM gradients have previously only been 
achieved on flat surfaces using chemical and irradiation strategies, the perfused 
HFM system might offer a simpler solution.166–168 ECM components used to mimic 
the hepatic niche in vitro are sensitive to washing steps. Therefore, ECM gradients 
could be generated on HFMs by sequential coating and washing steps of varying 
ECM components in the perfusion bioreactor.

Conclusion

In this thesis we have demonstrated that patient-derived liver organoids are a useful 
tool to study various rare liver and metabolic disorders affecting the hepatobiliary 
tract. Several diseases such as BA, CF, PFIC3, Wilson disease and MMA can 
currently be studied with ICOs. Although liver organoids were previously praised 
as a new break-through hepatocyte model, we have shown that organoids from all 
hepatobiliary regions are at least equally useful for researching cholangiopathies.

I believe that liver organoids can be a truly powerful tool to aid in unravelling the 
disease mechanisms underlying BA. The development of new technologies, such 
as organ chips and co-culture strategies, are exciting not only to study the disease 
mechanisms of rare diseases but also to improve the hepatic maturity of ICOs. 
Applying the myriad of culture improvement strategies to ICOs will likely produce a 
fantastic patient-derived hepatocyte model. We have taken the first steps toward 
improving hepatic maturation of ICOs and in doing so have demonstrated that the 
ICO application range can be broadened to facilitate the study of (cholestatic) disease 
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mechanisms. Similarly, we anticipate that these improvements in hepatic maturation 
of ICOs will aid in the development of safe therapeutics for (rare) liver diseases in a 
personalized manner in the future. With the exciting new avenues ahead of us, I hope 
that patient-derived liver organoids will one day aid in relieving patient suffering as 
Heracles came to rescue Prometheus from the nightly mutilation of his liver.

“Heracles [raised] his bow and [shot] down Zeus’s avenging eagle as it soared out of 
the sun towards them. (…) ‘Thank you, Heracles,’ said the Titan. (…) ‘You are ridding the 

world of its foulest beasts, its dragons, serpents and many-headed monsters (…) for 
the world to be made safe for humankind to flourish.’”

From Heroes – The myths of the Ancient Greek heroes retold, by Stephen Fry169
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De hedendaagse Herakles – patiënt-eigen lever organoïden voor 
het modelleren van zeldzame leverziekten bij kinderen

“Twee prachtige adelaars vlogen uit de lucht en zweefden dicht bij Prometheus, 
waardoor het zonlicht werd geblokkeerd. Zeus riep hem toe. ‘Je zult voor altijd aan 

deze rots vastgeketend liggen. (…) Elke dag zullen deze adelaars je lever komen 
uitrukken, net zoals je mijn hart hebt uitgetrokken. Ze zullen het voor je ogen opeten. 
Omdat je onsterfelijk bent, groeit het elke nacht weer aan. Deze marteling zal nooit 

eindigen.’”

Uit Mythos – De Griekse mythen herverteld, van Stephen Fry 
Vertaald vanuit de Engelse versie.

Hoewel mensen geen onsterfelijke titanen zijn, schuilt er een kern van waarheid 
in de mythe van Prometheus: het fascinerende regeneratieve vermogen van de 
lever. Omdat het functioneren van de meeste organen afhankelijk is van de lever, 
is leverregeneratie een essentieel proces. Bij alle gewervelde dieren is de lever 
geëvolueerd om zijn massa en functie aan te vullen na letsel. Als er bijvoorbeeld 
70% van de lever van een gezond mens verwijderd wordt voor orgaandonatie, dan 
regenereert 50% van het oorspronkelijke levervolume binnen een week. Binnen een 
jaar is het orgaanvolume en functioneren weer compleet hersteld.

Dit ongelooflijke regeneratieve vermogen is het resultaat van een complexe 
orkestratie van signalen, waaronder groeifactoren en een herstelde samenstelling 
van de omgevingseiwitten waarin de cellen zitten. Deze signalen bevorderen de 
zelfvernieuwing van elk leverceltype na acuut letsel. Er zijn echter situaties, zoals 
virale infecties, waarin de zelfvernieuwing van één van de twee meest voorkomende 
leverceltypen, hepatocyten en cholangiocyten, wordt geremd. Om de leverfunctie te 
redden hebben gewervelde dieren een tweede mechanisme voor leverregeneratie 
ontwikkeld. In gewervelden kunnen hepatocyten en cholangiocyten veranderen 
naar het andere celtype. Op deze manier fungeren ze als een soort stamcellen om 
het andere celtype aan te vullen en de leverfunctie veilig te stellen.
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Toch zijn er, in tegenstelling tot Zeus’ bewering van oneindige hergroei van de 
lever in de mythe van Prometheus, grenzen aan leverregeneratie. Chronische 
leverbeschadiging zal leverregeneratie uiteindelijk belemmeren. De samenstelling 
van eiwitten waarin de cellen zitten verandert, er ontstaat een ontstekingsomgeving 
en genetische fouten stapelen zich steeds meer op naarmate hepatocyten hectisch 
proberen het verlies van hepatocyten aan te vullen. Naarmate de omgeving van de 
cellen drastisch verandert, gaan regeneratiesignalen verloren en leidt leverschade 
tot orgaanfalen. Als gevolg hiervan sterven in de VS jaarlijks 17 van de 100.000 
volwassenen aan leverfalen. In Europa bedraagt het aantal sterfgevallen als gevolg 
van leverfalen gemiddeld een vergelijkbaar aantal en kan in sommige landen zelfs 
oplopen tot 25 van de 100.000.

Het is duidelijk dat er dringend behoefte is aan oplossingen voor patiënten met 
een leverziekte. Er is dan ook veel onderzoek gedaan naar de veelvoorkomende 
leveraandoeningen, zoals niet-alcoholische leververvetting en hepatocellulair 
carcinoom. Individuele zeldzame leverziekten krijgen minder aandacht, ook al is 
het totaal aantal gevallen aanzienlijk. Ongeveer 25% van de zeldzame leverziekten 
treft patiënten jonger dan 5 jaar, terwijl nog eens 37% de levensverwachting van de 
patiënt aanzienlijk beïnvloedt. Het is een uitdaging om deze ziekten te bestuderen, 
omdat er veel verschillende ziektebeelden zijn binnen individuele leverziekten en het 
aantal patiënten binnen één ziekte beperkt is. Ook is het moeilijk om leverfuncties 
en functionele defecten in het laboratorium te modelleren. In dit proefschrift 
onderzoeken we de mogelijkheden om zulke zeldzame kinderleverziekten te 
onderzoeken door het gebruik van patiënt-eigen lever organoïden, met als 
uiteindelijk doel de zorg- en behandelingsopties voor getroffen kinderen te 
verbeteren.

Leveraandoeningen in kinderen en onderzoeksmodellen
De lever is een vitaal orgaan van het lichaam en verantwoordelijk voor veel 
essentiële functies. Het fungeert als een grote zeef waardoor het bloed wordt 
gefilterd. Schadelijke stoffen worden geneutraliseerd en vervangen door nuttige 
moleculen, waaronder hormonen en eiwitten. Hepatocyten zijn verantwoordelijk 
voor de meeste leverfuncties. De driedimensionale positionering van hepatocyten 
maximaliseert het contact met het bloed en de galkanalen om het transport 
van substraten en afvalproducten door het celmembraan te vergemakkelijken. 
Cholangiocyten zijn het op een na meest voorkomende celtype van de lever. Ze 
bekleden de galwegen binnen (intrahepatisch) en buiten (extrahepatisch) de lever 
en vergemakkelijken de galstroom uit de lever naar de galblaas en het duodenum.

Een defect of verstoring van het ingewikkelde metabolische netwerk van de lever kan 
tot ziekte leiden. Vooral leverziekten bij kinderen laten de vitale functie van de lever 
zien en de problemen die ontstaan wanneer een enkele leverfunctie tekortschiet. 
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Omdat de lever zo’n belangrijk en complex orgaan is, is levertransplantatie 
uiteindelijk de enige behandeling voor veel leverziekten bij kinderen.

Tot de belangrijkste oorzaken van levertransplantaties bij kinderen behoren 
cholestatische leverziekten, zoals galgangatresie en stofwisselingsstoornissen. 
Galgangatresie is een ziekte die voorkomt bij pasgeboren kinderen en zich 
manifesteert met verstopte of afwezige extrahepatische galwegen en galblaas, 
waardoor de galafvoer uit de lever wordt geremd. Wanneer galgangatresie 
onbehandeld blijft ontwikkelen de kinderen leverschade die binnen korte tijd 
tot orgaanfalen leidt. Het ziektemechanisme van galgangatresie is waarschijnlijk 
multifactorieel, maar de details en connecties blijven onduidelijk. De 
behandelingsopties voor patiënten zijn hierdoor beperkt tot chirurgische correctie 
en levertransplantatie. Ter vergelijking worden verschillende andere (mono-
genetische) leverziekten bij kinderen veroorzaakt door mutaties in één enkel 
gen dat codeert voor een enzym of een transporter. Dit resulteert vaak in een 
veranderde metabolische route. Belangrijke metabolieten ontbreken of stapelen 
tot giftige hoeveelheden op, zoals het geval is bij citrullinemie type I, een stoornis 
van de ureumcyclus waarbij ammoniak niet wordt verwerkt en zich ophoopt in het 
lichaam. Primaire familiale intrahepatische cholestase (PFIC) is een voorbeeld van 
een genetische ziekte, waarbij defecten in het uitscheidingssysteem van gal leidt 
tot galstapeling in de lever. Dit heeft als gevolg dat de zeepachtige gal schade aan 
hepatocyten veroorzaken.

Uiteindelijk leiden deze functionele defecten tot falen van de lever of andere 
organen voordat patiënten de volwassenheid bereiken. Individuele monogenetische 
leverziekten zijn zeldzame ziekten, maar hun totaal voorkomen is hoog, met 1 op de 
2.000 geboorten per jaar. Toch belemmeren de diversiteit, geografische spreiding 
van patiënten en zeldzaamheid van monogenetische leverziekten ons begrip van de 
onderliggende ziektemechanismen. Tragisch genoeg heeft dit ook de ontwikkeling 
van farmaceutische oplossingen geremd.

De afgelopen jaren hebben de toenemende investeringen op dit onderzoeksgebied 
geresulteerd in doorbraken voor verschillende patiëntengroepen. Momenteel 
worden er verschillende modellen gebruikt om deze ziekten te onderzoeken, 
waaronder klinische onderzoeken gebaseerd op individuele patiënten, diermodellen, 
patiënt-eigen fibroblasten, patiënt-eigen geïnduceerde pluripotente stamcellen 
en organoïden. Deze verscheidene modellen hebben met succes inzicht gegeven 
in ziektemechanismen en sommige hebben zelfs bijgedragen aan klinische 
besluitvorming. Voor veel kinderleverziekten bestaat echter nog geen geschikt 
model en blijven ziektemechanismen en mogelijke behandelingsopties onbekend. 
Hierdoor blijft de medische zorg beperkt tot symptomatische behandeling, terwijl 
voor andere leveraandoeningen behandelingsopties geheel afwezig zijn.
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Een aantal jaar geleden werden leverorganoïden ontwikkeld en aangeprezen als 
hét nieuwe levermodel voor zeldzame ziekten. Leverorganoïden zijn gemaakt van 
levercellen afkomstig van leverbiopten van patiënten of gezonde donoren. In het 
laboratorium worden de biopten mechanisch en met enzymen kleingemaakt om 
zo galepitheelcellen uit het weefsel te bevrijden. Om organoïden te vormen worden 
de cellen in een 3D gel geplaatst en met specifieke groeifactoren gevoed. De cellen 
vormen dan binnen enkele dagen holle bollen die leverorganoïden worden genoemd. 
Leverorganoïden zijn in staat zich zowel als hepatocyte als als cholangiocyte 
te specialiseren, waardoor de weg wordt geopend om zowel de lever als ook de 
galgang te bestuderen op basis van één biopsie van een enkele patiënt. Bovendien is 
gerapporteerd dat leverorganoïden gedurende meerdere maanden stabiel kunnen 
worden ingevroren en gekweekt, wat niet mogelijk is voor andere primaire menselijke 
cellen. Na de ontwikkeling van organoïden uit cholangiocyten afkomstig van de 
lever (intrahepatisch), zijn protocollen ontwikkeld om organoïden te genereren uit 
galwegen die buiten de lever zitten (extrahepatisch) en de galblaas. Sindsdien zijn er 
nieuwe naamgevingen ontwikkeld om onderscheid te maken tussen leverorganoïden 
van verschillende oorsprong. De leverorganoïden die voor het eerst werden 
ontwikkeld door Huch et al. in 2015 heten nu intrahepatische cholangiocytorganoïden 
(ICO’s). Andere leverorganoïden worden als volgd genoemd: leverorganoïden 
gemaakt van hepatocyten worden hepatocyt-organoïden genoemd; organoïden 
gemaakt van biopten van de extrahepatische galgang worden extrahepatische 
cholangiocytorganoïden (ECO’s) genoemd, terwijl organoïden gemaakt van biopten 
van de galblaas galblaascholangiocytorganoïden (GCO’s) worden genoemd.

Binnen de context van zeldzame leverziekten bij kinderen presenteerde het eerste 
rapport over leverorganoïden veelbelovende resultaten over het bestuderen van 
ziektemechanismen van het Alagille-syndroom en α1-antitrypsinedeficiëntie. Het 
vooruitzicht van vrijwel oneindig beschikbaar patiëntenmateriaal waarmee zeldzame 
ziekten kunnen worden bestudeerd was aanlokkelijk. Daarom investeerde onze 
groep in het UMC Utrecht in de infrastructuur en (inter)nationale samenwerkingen 
om een Metabole Biobank op te zetten. Zo zijn leverorganoïden afkomstig uit 
leverweefsel van honderden patiënten en gezonde donoren opgeslagen. Deze 
grote biobank van leverorganoïden van verschillende zeldzame leverziekten bij 
kinderen biedt een waardevolle kans om het nut van leverorganoïden te ontrafelen 
als hulpmiddel bij onderzoek naar ziektemechanismen en klinische besluitvorming.

Evaluatie en verdere ontwikkeling van leverorganoïden als 
hulpmiddel bij onderzoek naar leverziekten bij kinderen
Tijdens de oprichting van onze biobank was de wereldwijde kennis over de 
toepasbaarheid van leverorganoïden voor het bestuderen van ziektemechanismen 
beperkt. Sinds het eerste rapport over leverorganoïden is er geen verdere informatie 
gepubliceerd over het scala aan leverfuncties dat tot uiting komt in leverorganoïden. 
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Hoewel Huch et al., 2015 hebben aangetoond dat meerdere hepatocytfuncties 
kunnen worden bestudeerd in leverorganoïden, zijn er slechts beperkte functionele 
vergelijkingen gemaakt met humane volwassen hepatocyten of leverweefsel. 
Hierdoor blijft het onduidelijk of deze leverfuncties sterk genoeg tot uiting 
komen om ziektepatronen op te kunnen sporen. Bovendien komen verschillende 
levereigenschappen, zoals de uitscheiding van albumine, aanzienlijk minder tot 
uiting in leverorganoïden dan in leverweefsel. Samen suggereerden deze data dat 
leverorganoïden mogelijk niet het volledige scala van hepatocytfuncties weerspiegelen. 
Daarom bleef het onduidelijk welke leverfuncties en -ziekten met leverorganoïden 
kunnen worden bestudeerd. In dit proefschrift onderzochten we daarom het 
potentieel van leverorganoïden om de ziektemechanismen van monogenetische 
leveraandoeningen en andere zeldzame leverziekten bij kinderen te bestuderen.

Om te beginnen introduceerd hoofdstuk 1 de wetenschappelijke en 
maatschappelijke belangen achter het onderzoek. In hoofdstuk 2 hebben we op 
basis van genen en functionele studies bekeken welke zeldzame monogenetische 
ziekten kunnen worden bestudeerd met ICO’s. Onze ervaring is dat het protocol 
om ICO’s te maken het mogelijk maakt om patiëntweefsel met laboratoria in de 
hele wereld te delen. Dit vermindert de beperkingen die de wereldwijde distributie 
van patiëntenmateriaal met zich meebrengt. Verder hebben we aangetoond dat 
organoïden van patiënten belangrijke kenmerken van verschillende monogenetische 
leverziekten uiten. Hierdoor zijn we in staat onderscheid te maken tussen 
gezonde controle- en patiëntorganoïden. We hebben laten zien dat fundamentele 
metabolische functies, maar ook hepatocytspecifieke functies, zoals het 
kopermetabolisme, in ICO’s kunnen worden bestudeerd. Bovendien hebben we 
aangetoond dat ICO’s bijzonder nuttig zijn om galtransportfuncties te bestuderen.

Huidfibroblasten worden veel gebruikt om zeldzame monogenetische aandoeningen 
op gepersonaliseerde wijze in het laboratorium te bestuderen. Fibroblasten zijn 
gemakkelijk verkrijgbaar en eenvoudig te hanteren. Toch suggereert hun oorsprong 
dat hun potentieel om hepatocyt-specifieke aandoeningen te bestuderen beperkt 
is. De zeldzaamheid van literatuurrapporten over het modelleren van leverziekten 
met fibroblasten ondersteund deze speculatie. Onze vergelijking van ICO’s en 
fibroblasten met leverweefsel onderstreept verder dat fibroblasten verschillende 
hepatocytspecifieke genen niet uiten (hoofdstuk 2). In plaats daarvan zijn 
fibroblasten nuttig voor het bestuderen van generieke biochemische defecten 
die verschillende celtypen beïnvloeden. Voor hepatocytspecifieke functies, zoals 
het metabolisme van geneesmiddelen, wordt daarom de voorkeur gegeven aan 
meer hepatocytspecifieke celmodellen. Vanwege hun oorsprong en bipotente aard 
werden ICO’s beschouwd als een ideaal model voor hepatocyten. We ontdekten 
echter dat ICO’s niet alle relevante hepatocytspecifieke genen uiten (hoofdstuk 2). 
In plaats daarvan uiten ICO’s een mengsel van enkele cholangiocyt- en hepatocyt-

169472_Vivian Lehmann_BNW 6.indd   190169472_Vivian Lehmann_BNW 6.indd   190 22-10-2023   18:0422-10-2023   18:04



191

Nederlandse samenvatting

specifieke genen en functies. Daarom zijn ICO’s onder de huidige omstandigheden 
geschikt om een selectie van hepatocytfuncties te bestuderen die zijn aangetast 
bij zeldzame leveraandoeningen.

De pogingen om het nut van leverorganoïden te ontrafelen zijn in hoofdstuk 3 
uitgebreid door te onderzoeken of leverorganoïden kunnen worden gebruikt 
om leverziekten bij kinderen met onopgeloste ziektemechanisme te bestuderen. 
Omdat uit hoofdstuk 2 bleek dat ICO’s verschillende cholangiocytkenmerken 
behouden, waren we geïnteresseerd om te zien of galgangatresie bestudeerd 
kon worden met behulp van patiënt-eigen ICO’s. Bij galgangatresie is de galboom 
doordrongen met littekenweefsel en vernauwd, waardoor de galstroom van de 
lever naar de darm wordt verhinderd. Hoewel het ziektemechanisme onduidelijk 
blijft, suggereert het ziektebeeld sterk dat cholangiocyten in de galwegen 
een centrale rol spelen in galgangatresie. Verder suggereren de verschillen in 
timing en ernst tussen symptomen in de galwegen binnen (intrahepatisch) en 
buiten (extrahepatisch) de lever verschillen in onderliggende mechanismen of 
gevoeligheden van cholangiocyten van diverse regio’s en ontwikkelings-stadia. 
De galwegen binnen en buiten de lever ontwikkelen zich uit verschillende 
oorsprongscellen, wat een belangrijke factor zou kunnen zijn die ten grondslag ligt 
aan deze locatie- en tijdsverschillen. Na de publicatie van ICO’s, zijn protocollen 
ontwikkeld om organoïden te genereren uit extrahepatische galwegen (ECO’s) 
en galblaascholangiocyten (GCO’s). Omdat deze organoïden in het lab regionale 
verschillen van de lever en de galboom behouden, vermoedden we dat ze nuttig 
zouden zijn om de regionale variëteit van galgangatresie te bestuderen. Daarom 
hebben we getest of organoïden konden worden gekweekt uit deze drie regio’s van 
galgangatresie patiëntenweefsel. Zo hebben we aangetoond dat galgangatresie 
patiëntenorganoïden kunnen worden gekweekt en ingevroren. Ook hebben we 
aangetoond dat het groeigedrag van galgangatresie ICO’s verschilde van controle-
organoïden. Ondanks normaal uiterlijk van galgangatresieorganoïden suggereerde 
de uiting van bepaalde genen dat galgangatresie organoïden verschilden van 
controleorganoïden. De verschillen lagen vooral in genen die betrokken zijn bij 
verandering van omgevingseiwitten en groei; twee functies die vermoedelijk 
betrokken zijn bij het mechanisme dat leidt tot galgangatresie.

In de afgelopen decennia zijn verschillende hypothesen over het ziektemechanisme 
voorgesteld, waaronder virale infecties, toxines, auto-immuunreacties en genetische 
predispositie. Van deze hypothesen wordt de betrokkenheid van virale infecties en/
of een gif uit de omgeving of een giftige metaboliet het meest ondersteund door 
klinisch en experimenteel bewijs. Omdat leverorganoïden een minimalistisch model 
zijn van het galepitheel, kan het exacte werkingsmechanisme van een virus of gif 
afzonderlijk van andere cellen worden bestudeerd. Om inzicht te krijgen in de vraag 
of leverorganoïden inderdaad geschikt zijn om bestaande hypothesen te testen, 
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hebben we galgangatresie en controleorganoïden behandeld met een synthetisch 
viraal analoog (poly I:C) en een plantengif (biliatresone) waarvan bekend is dat het 
galgangatresie bij dieren veroorzaakt. We ontdekten dat biliatresone een verhoging 
van cellulaire stressreacties, zoals het glutathionmetabolisme, in galgangatresie en 
controle ECO’s veroorzaakte. Poly I:C blootstelling veroorzaakte galgangatresie-
specifieke veranderingen in de uiting van bepaalde genen, waaronder verandering 
van omgevingseiwitten en het vormen van littekenweefsel. Over het geheel 
genomen suggereren onze bevindingen dat humane leverorganoïden een geschikt 
model zijn om galgangatresie te bestuderen.

Hoewel we in hoofdstuk 2 hebben laten zien dat verschillende functies van 
hepatocyten en cholangiocyten kunnen worden bestudeerd in leverorganoïden, 
gaven onze gegevens ook aan dat verschillende functies van hepatocyten momenteel 
beperkt zijn in dit model. Daarom onderzochten we of de levermaturatie van ICO’s 
kan worden verbeterd. Met dit doel voor ogen ontwikkelden en karakteriseerden 
we in hoofdstuk 4 een nieuwe kweekmethode voor ICO’s door gebruik te maken 
van verschillende strategieën om de omgeving van hepatocyten in de lever na te 
bootsen. We fragmenteerden de 3D organoïden en kweekten de losse stukjes 
op het oppervlak van holle poreuze vezels (HFMs). Bovendien gebruikten we 
omgevingseiwitten om celhechting op HFMs te faciliteren en hepatocyt-specifieke 
signalen na te bootsen. We zagen dat cellen strakke lagen vormden en ontdekten dat 
leverfuncties, zoals het metabolisme van geneesmiddelen, verbeterden in dit nieuwe 
kweeksysteem. Ook maken HFMs interne en externe perfusie mogelijk wanneer 
ze zijn aangesloten op een bioreactor en perfusiepomp, waardoor de bloed- en 
galstroom in het laboratorium kan worden nagebootst. Als een eerste stap in de 
richting van ziektemodellering onderzochten we of patiënt-eigen ICO’s in het nieuwe 
systeem kunnen worden gekweekt. Hier lag de focus op ziekten die galtransporters 
aantasten, aangezien de HFM-architectuur de scheiding van celcompartimenten, die 
gal of bloedonderdelen produceren, mogelijk maakt. Daardoor worden functionele 
studies mogelijk om dergelijke ziekten te bestuderen. Zo hebben we aangetoond 
dat hepatische galtransporterdefecten zoals PFIC type 3 (PFIC3) bestudeerd kunnen 
worden in patiënt-eigen leverorganoïden. Gezamenlijk suggereren deze bevindingen 
dat het HFM-systeem een krachtig hulpmiddel is om leverziekten evenals de 
langetermijneffecten van therapeutische strategieën voor zeldzame leverziekten 
bij kinderen zoals PFIC3, op een gepersonaliseerde manier te bestuderen.

Ten slotte vat hoofdstuk 5 de bevindingen van het proefschrift samen en gaat 
dieper in op de implicaties voor het toekomstige gebruik van leverorganoïden. 
Door raakvlakken tussen de uitgevoerde onderzoeken en recente literatuur 
te identificeren, worden toekomstige onderzoeksmogelijkheden voorgesteld 
om het toepassingsbereik van leverorganoïden te verbreden en ons begrip van 
ziektemechanismen te verbeteren.
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Conclusie

In dit proefschrift hebben we aangetoond dat patiënt-eigen leverorganoïden een 
nuttig hulpmiddel zijn bij het bestuderen van verschillende zeldzame lever- en 
metabolische ziekten die de lever en de galboom aantasten. Verschillende ziekten 
zoals taaislijmziekte, PFIC3, de ziekte van Wilson en methylmalon acidurie kunnen 
momenteel met ICO’s worden bestudeerd. Hoewel leverorganoïden eerder werden 
geprezen als hét nieuwe hepatocytenmodel, hebben we aangetoond dat organoïden 
uit alle regio’s van de galboom minstens even nuttig zijn voor het onderzoeken van 
galgangaandoeningen.

Ik ben ervan overtuigt dat hepatobiliaire organoïden een werkelijk krachtig 
hulpmiddel kunnen zijn om te helpen bij het ontrafelen van de mechanismen die tot 
galgangatresie leiden. De ontwikkeling van nieuwe technologieën zoals orgaanchips 
en co-cultuurstrategieën zijn veelbelovend, niet alleen om de ziektemechanismen 
van zeldzame ziekten te bestuderen, maar ook om de levermaturatie van ICO’s te 
verbeteren. Het toepassen van de talloze verbeteringsstrategieën voor ICO-kweek 
zal waarschijnlijk een fantastisch, patiënt-eigen hepatocytenmodel opleveren. 
We hebben de eerste stappen gezet in de richting van het verbeteren van de 
levermaturatie van ICO’s en hebben daarmee aangetoond dat de toepassingen van 
ICO’s kunnen worden uitgebreid om de studie van ziektemechanismen mogelijk te 
maken. We geloven dat de combinatie van leverorganoïden en andere hepatocyten-
modellen een krachtig werktuig is om ziektemechanismen te ontrafelen en te 
helpen bij het identificeren van veilige therapeutische strategieën voor zeldzame 
leverziektes bij kinderen op een gepersonaliseerde manier. Met de veelbelovende 
nieuwe wegen die voor ons liggen, hoop ik dat patiënten-eigen hepatobiliaire 
organoïden op een dag zullen helpen bij het verlichten van patiëntenleed net als 
Heracles Prometheus kwam redden van de nachtelijke mutilatie van zijn lever.

“Heracles [hief] zijn boog en [schoot] Zeus’ wrekende adelaar neer (…) ‘Dank je, 
Heracles,’ zei de Titaan. (…) ‘Je bevrijdt de wereld van haar smerigste beesten, haar 
draken, slangen en veelkoppige monsters (…) zodat de wereld veilig wordt gemaakt 

zodat de mensheid kan gedijen.’”

Uit Helden – De grote avonturen uit de Griekse mythologie, van Stephen Fry 
Vertaald vanuit de Engelse versie.
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Der moderne Herakles – patienteneigene Organoiden zum 
Modellieren von seltenen Leberkrankheiten bei Kindern

„Zwei prächtige Adler flogen vom Himmel, schwebten nahe an Prometheus heran 
und blockierten das Sonnenlicht. Zeus rief ihm zu: ‚Du wirst für immer an diesen 
Felsen gekettet sein. (…) Jeden Tag werden diese Adler kommen und dir die Leber 

herausreißen, so wie du mir das Herz herausgerissen hast. Sie werden deine Leber vor 
deinen Augen essen. Weil du unsterblich bist, wächst sie jede Nacht nach. Diese Folter 

wird niemals enden.‘“

Aus Mythos – Was uns die Götter heute sagen, von Stephen Fry 
Aus der englischen Version frei übersetzt.

Obwohl Menschen keine unsterblichen Titanen sind, steckt etwas Wahres im 
Mythos von Prometheus: die faszinierenden Regenerationskräfte der Leber. Da die 
Funktionen der meisten Organe von der Leber abhängen, ist die Leberregeneration 
ein wichtiger Prozess. Bei allen Wirbeltieren hat sich die Leber so entwickelt, dass 
sie nach einer Verletzung ihre Masse und Funktion wieder anreichert. Wenn 
beispielsweise 70% der Leber eines gesunden Menschen für eine Organspende 
entnommen werden, regeneriert innerhalb einer Woche 50% des ursprünglichen 
Lebervolumens. Innerhalb eines Jahres sind Organvolumen und Funktion vollständig 
wiederhergestellt.

Diese unglaubliche Regenerationsfähigkeit ist das Ergebnis einer komplexen 
Koordination von Signalen, einschließlich Wachstumsfaktoren und einer neuen 
Zusammensetzung der Proteine, in der sich die Zellen befinden. Diese Signale 
fördern die Selbsterneuerung jedes Leberzelltyps nach einer akuten Verletzung. 
Es gibt jedoch Situationen, beispielsweise bei Virusinfektionen, in denen die 
Selbsterneuerung einer der beiden zahlreichsten Leberzelltypen, Hepatozyten und 
Cholangiozyten, gehemmt ist. Um die Leberfunktion wiederherzustellen, haben 
Wirbeltiere einen zweiten Mechanismus zur Leberregeneration entwickelt. Bei 
Wirbeltieren können sich Hepatozyten und Cholangiozyten jeweils in den anderen 
Zelltyp verändern. Auf diese Weise fungieren sie als eine Art Stammzelle, um den 
anderen Zelltyp zu ergänzen und die Leberfunktion zu sichern.
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Doch im Gegensatz zu Zeus‘ Behauptung eines unendlichen Nachwachsens der 
Leber im Mythos von Prometheus gibt es Grenzen für die Leberregeneration. 
Chronischer Leberschaden wird die Leberregeneration letztendlich verhindern. 
Die Proteinzusammensetzung verändert sich, es entsteht eine entzündliche 
Umgebung und genetische Fehler häufen sich zunehmend, da Hepatozyten hektisch 
versuchen, den Hepatozytenverlust auszugleichen. Da sich die Umgebung der Zellen 
dramatisch verändert, gehen Regenerationssignale verloren und Leberschäden 
führen zu Organversagen. Infolgedessen sterben in den USA jedes Jahr 17 von 
100.000 Erwachsenen an Leberversagen. In Europa ist die Zahl der Todesfälle durch 
Leberversagen im Durchschnitt ähnlich hoch und kann in einigen Ländern sogar 
bis zu 25 von 100.000 betragen.

Es ist eindeutig, dass ein dringender Bedarf an Behandlungen für Patienten 
mit Lebererkrankungen besteht. An viel verbreiteten Lebererkrankungen, wie 
der nichtalkoholischen Fettleber und dem hepatozellulären Karzinom, wurde 
viel geforscht. Einzelne seltene Lebererkrankungen erhalten jedoch weniger 
Beachtung, obwohl die Gesamtzahl aller Fälle hoch ist. Etwa 25% von seltenen 
Lebererkrankungen betreffen Patienten unter 5 Jahren, während weitere 37% 
die Lebenserwartung der Patienten erheblich beeinträchtigen. Die Forschung 
an diesen Krankheiten ist eine Herausforderung, da es bei diesen einzelnen 
Lebererkrankungen viele verschiedene Krankheitsbilder gibt und die Anzahl der 
Patienten innerhalb einer Krankheit begrenzt ist. Außerdem ist es schwierig, 
Leberfunktionen und Funktionsdefekte im Labor zu modellieren. In dieser 
Doktorarbeit untersuchen wir die Möglichkeiten, solch seltene Leberkrankheiten 
bei Kindern mit Hilfe von patienteneigenen Leberorganoiden zu erforschen, mit dem 
ultimativen Ziel, die Therapiemöglichkeiten für betroffene Kinder zu verbessern.

Lebererkrankungen bei Kindern und derzeitige 
Forschungsmodelle
Die Leber ist ein lebenswichtiges Organ des Körpers und für viele unerlässliche 
Funktionen verantwortlich. Es fungiert als großes Sieb, durch das das Blut 
gefiltert wird. Schädliche Substanzen werden neutralisiert und durch nützliche 
Moleküle, darunter Hormone und Proteine, ersetzt. Hepatozyten sind für die 
meisten Leberfunktionen verantwortlich. Die dreidimensionale Positionierung der 
Hepatozyten maximiert den Kontakt mit dem Blut und den Gallengängen, um den 
Transport von Substraten und Abfallprodukten durch die Zellmembran zu erleichtern. 
Cholangiozyten sind der zweithäufigste Zelltyp der Leber. Sie kleiden die Gallengänge 
innerhalb (intrahepatisch) und auβerhalb (extrahepatisch) der Leber aus und 
erleichtern den Gallenfluss von der Leber zur Gallenblase und zum Zwölffingerdarm.

Ein Defekt oder eine Störung des komplexen Stoffwechselnetzwerks der Leber kann 
zu Krankheiten führen. Insbesondere Lebererkrankungen bei Kindern offenbaren 
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die lebenswichtige Funktion der Leber und die Probleme, die entstehen, wenn 
eine einzelne Leberfunktion ausfällt. Da es sich bei der Leber um ein so wichtiges 
und komplexes Organ handelt, ist eine Lebertransplantation letztlich die einzige 
Behandlungsmethode für viele Lebererkrankungen bei Kindern.

Zu den Hauptursachen für Lebertransplantationen bei Kindern zählen cholestatische 
Lebererkrankungen wie Gallengangatresie und Stoffwechselstörungen. 
Gallengangatresie ist eine Erkrankung bei Neugeborenen, die sich durch 
verstopfte oder fehlende extrahepatische Gallenwege und Gallenblase äußert 
und den Gallenabfluss aus der Leber behindert. Bleibt eine Gallengangatresie 
unbehandelt, kommt es bei Kindern zu Leberschäden, die innerhalb kurzer Zeit 
zu Organversagen führen. Der Krankheitsmechanismus der Gallengangatresie 
ist wahrscheinlich multifaktoriell, die Zusammenhänge bleiben jedoch unklar. 
Die Behandlungsmöglichkeiten für Patienten beschränken sich daher auf einen 
chirurgischen Eingriff und Lebertransplantation. Im Vergleich dazu werden mehrere 
andere (monogenetische) Lebererkrankungen bei Kindern durch Mutationen 
in einem einzelnen Gen verursacht, das für die Kodierung eines Enzyms oder 
eines Transporters verantwortlich ist. Dies führt häufig zu einem veränderten 
Stoffwechselweg: Schlüsselmetaboliten fehlen oder reichern sich in giftigen Mengen 
an, wie es bei Citrullinämie Typ I der Fall ist, einer Störung des Harnstoffzyklus, bei der 
Ammoniak nicht verarbeitet wird und sich im Körper ansammelt. Die primäre familiäre 
intrahepatische Cholestase (PFIC) ist ein Beispiel für eine erbliche Erkrankung, bei der 
Defekte im Gallenausscheidungssystem zu einer Ansammlung von Gallenflüssigkeit 
in der Leber führen. Die seifenähnliche Gallenflüssigkeit schädigt die Hepatozyten.

Letztendlich führen diese Funktionsstörungen dazu, dass die Leber oder 
andere Organe versagen, bevor die Patienten das Erwachsenenalter erreichen. 
Einzelne monogenetische Leberkrankheiten sind seltene Erkrankungen, ihre 
Gesamtinzidenz fällt jedoch mit weltweit 1 von 2.000 Geburten pro Jahr hoch 
aus. Dennoch erschweren die Vielfalt, weltweite Verteilung aller Patienten und 
Seltenheit monogenetischer Leberkrankheiten unser Verständnis der zugrunde 
liegenden Krankheitsmechanismen. Tragischerweise hat dies auch die Entwicklung 
pharmazeutischer Lösungen behindert.

In den letzten Jahren haben zunehmende Investitionen in diesem Forschungsbereich 
zu Durchbrüchen für verschiedene Patientengruppen geführt. Derzeit werden 
mehrere Modelle zur Untersuchung dieser Krankheiten verwendet, darunter 
klinische Studien von einzelnen Patienten, Tiermodelle, patienteneigene 
Fibroblasten, patienteneigene induzierte pluripotente Stammzellen und 
Organoiden. Diese verschiedenen Modelle haben erfolgreich Einblicke in 
Krankheitsmechanismen geliefert und einige haben sogar zu Entscheidungen über 
Behandlungsmöglichkeiten beigetragen. Für viele Leberkrankheiten bei Kindern 
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gibt es jedoch noch kein geeignetes Modell und Krankheitsmechanismen und 
mögliche Behandlungsmöglichkeiten sind noch unbekannt. Dadurch beschränkt 
sich die medizinische Versorgung auf die symptomatische Behandlung, während 
Behandlungsmöglichkeiten für einige Lebererkrankungen gänzlich fehlen.

Vor einigen Jahren wurden Leberorganoiden als neues Lebermodell für seltene 
Krankheiten entwickelt und bekannt gemacht. Leberorganoiden werden aus 
Leberzellen hergestellt, die aus Leberbiopsien von Patienten oder gesunden 
Spendern entnommen werden. Im Labor werden die Biopsien mechanisch und 
mit Enzymen zerkleinert, um Gallenepithelzellen aus dem Gewebe freizusetzen. 
Zur Bildung von Organoiden werden die Zellen in ein 3D-Gel gegeben und mit 
spezifischen Wachstumsfaktoren gefüttert. Die Zellen bilden dann innerhalb 
weniger Tage hohle Bällchen, sogenannte Leberorganoiden. Leberorganoiden sind in 
der Lage, sich sowohl als Hepatozyten als auch als Cholangiozyten zu spezialisieren, 
was die Möglichkeit eröffnet, sowohl die Leber wie auch die Gallengänge anhand 
einer einzigen Biopsie eines einzelnen Patienten zu modellieren. Darüber hinaus 
wurde berichtet, dass Leberorganoiden mehrere Monate lang stabil eingefroren 
und kultiviert werden können, was für andere primäre menschliche Zellen nicht 
möglich ist. Nach der Entwicklung von Organoiden aus Cholangiozyten, die aus 
der Leber stammen (intrahepatisch) wurden Protokolle entwickelt, um Organoiden 
aus Gallengängen auβerhalb der Leber (extrahepatische) und der Gallenblase 
zu erzeugen. Seitdem wurde eine neue Nomenklatur entwickelt, um zwischen 
Leberorganoiden unterschiedlicher Herkunft zu unterscheiden. Die in 2015 erstmals 
von Huch et al. entwickelten Leberorganoiden werden heute intrahepatische 
Cholangiozytenorganoiden (ICOs) genannt. Andere Leberorganoiden werden 
wie folgt benannt: Leberorganoiden, die aus Hepatozyten hergestellt werden, 
werden Hepatozytenorganoiden genannt; Organoiden, die aus Biopsien des 
extrahepatischen Gallengangs hergestellt werden, werden als extrahepatische 
Cholangiozytenorganoiden (ECOs) bezeichnet, während Organoiden, die aus Biopsien 
der Gallenblase hergestellt werden, als Gallenblasencholangiozytenorganoiden 
bezeichnet werden ( GCOs).

Im Bereich der seltenen Leberkrankheiten bei Kindern präsentierte der erste Bericht 
über Leberorganoiden vielversprechende Ergebnisse, vor allem zur Untersuchung 
der Krankheitsmechanismen des Alagille-Syndroms und des α1-Antitrypsin-Mangels. 
Die Aussicht auf nahezu unbegrenzt verfügbares Patientenmaterial zur Erforschung 
seltener Krankheiten war verlockend. Aus diesem Grund hat unsere Gruppe am 
UMC Utrecht in die Infrastruktur und (inter)nationale Zusammenarbeit investiert, 
um eine Metabolische Biobank einzurichten. Hierzu wurden Leberorganoiden aus 
Lebergewebe von Hunderten von Patienten und gesunden Spendern eingelagert. 
Diese große Biobank von Leberorganoiden von mehreren seltenen Leberkrankheiten 
bei Kindern bietet eine wertvolle Gelegenheit, den Nutzen von Leberorganoiden als 
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Instrument für die Erforschung von Krankheitsmechanismen und Entscheidungen 
über Behandlungen aufzudecken.

Begutachtung und Weiterentwicklung von Leberorganoiden als 
Instrument zur Erforschung von Leberkrankheiten bei Kindern
Während der Errichtung unserer Biobank war das weltweite Wissen über das Nutzen 
von Leberorganoiden zur Untersuchung von Krankheitsmechanismen begrenzt. Seit 
dem ersten Bericht über Leberorganoiden wurden keine weiteren Informationen 
über die Bandbreite der Leberfunktionen von Leberorganoiden veröffentlicht. 
Obwohl Huch et al., 2015, gezeigt haben, dass mehrere Hepatozytenfunktionen in 
Leberorganoiden untersucht werden können, wurden nur wenige Funktionen in 
Leberorganoiden mit menschlichen erwachsenen Hepatozyten oder Lebergewebe 
verglichen. Dadurch bleibt unklar ob diese Leberfunktionen stark genug zum 
Ausruck kommen um Krankheitsbilder messen zu können. Hinzu kommt, dass 
mehrere Lebereigenschaften, wie beispielsweise Albuminauscheidung, deutlich 
geringer in Leberorganoiden zum Ausdruck gebracht werden als im Lebergewebe. 
Zusammengenommen deuten diese Daten darauf hin, dass Leberorganoiden 
möglicherweise nicht das gesamte Spektrum der Hepatozytenfunktionen 
widerspiegeln. Daher blieb unklar, welche Leberfunktionen und -krankheiten mit 
Leberorganoiden untersucht werden können. Ziel dieser Arbeit war es also, das 
Potenzial von Leberorganoiden um Krankheitsmechanismen monogenetischer 
Lebererkrankungen und anderer seltener Lebererkrankungen bei Kindern zu 
erforschen.

Dazu wird in Kapitel 1 das Forschungsthema eingeleitet, gefolgt von Kapitel 2, 
worin wir an Hand von Genen und Funktionsstudien untersucht haben, welche 
seltenen monogenetischen Erkrankungen mit ICOs erforscht werden können. 
Unserer Erfahrung nach ermöglicht das Protokoll zur Produktion von ICOs den 
Austausch von Patientengewebe mit Laboren auf der ganzen Welt. Dies verringert 
die Beschränkungen, welche die globale Verteilung von Patientenmaterial darstellt. 
Darüber hinaus haben wir gezeigt, dass Organoiden von Patienten wichtige Merkmale 
mehrerer monogenetischer Lebererkrankungen aufweisen. Dies ermöglicht 
uns zwischen gesunden Kontroll- und Patienten-Organoiden zu unterscheiden. 
Wir haben gezeigt, dass sowohl grundlegende Stoffwechselfunktionen als auch 
Hepatozyten-spezifische Funktionen, wie z. B. der Kupferstoffwechsel, in ICOs 
erforscht werden können. Darüber hinaus haben wir gezeigt, dass ICOs besonders 
nützlich sind, um Gallentransportfunktionen zu untersuchen.

Hautfibroblasten werden häufig verwendet, um seltene monogenetische 
Erkrankungen auf personalisierte Weise im Labor zu untersuchen. Fibroblasten 
sind leicht verfügbar und einfach zu handhaben. Ihr Ursprung deutet jedoch darauf 
hin, dass ihr Potenzial zur Erforschung Hepatocyten-spezifischer Erkrankungen 
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begrenzt ist. Die geringe Anzahl an Literaturberichten zur Modellierung von 
Lebererkrankungen mit Fibroblasten unterstützt diese Mutmaβung. Unser 
Vergleich von ICOs und Fibroblasten mit Lebergewebe zeigt außerdem, dass 
Fibroblasten mehrere Hepatozyten-spezifische Gene nicht zum Ausdruck bringen 
(Kapitel 2). Stattdessen eignen sich Fibroblasten zur Erforschung allgemeiner 
biochemischer Defekte, die verschiedene Zelltypen betreffen. Für Hepatozyten-
spezifische Funktionen, wie etwa den Arzneimittelstoffwechsel, werden daher 
Hepatozyten-spezifische Zellmodelle bevorzugt. Aufgrund ihres Ursprungs und 
ihrer bipotenten Natur galten ICOs als ideales Modell für Hepatozyten. Wir fanden 
jedoch heraus, dass ICOs nicht alle relevanten Hepatozyten-spezifischen Gene 
zum Ausdruck bringen (Kapitel 2). Stattdessen bringen ICOs eine Mischung aus 
einigen Cholangiozyten- und Hepatozyten-spezifischen Genen und Funktionen zum 
Ausdruck. Daher sind ICOs unter aktuellen Bedingungen geeignet um eine Auswahl 
von Hepatozytenfunktionen zu untersuchen, die bei seltenen Lebererkrankungen 
betroffen sind.

Die Bemühungen zur Aufklärung des Nutzens von Leberorganoiden wurden 
in Kapitel 3 erweitert, indem untersucht wurde, ob Leberorganoiden zur 
Behandlung von Kinderleberkrankheiten mit ungeklärten Krankheitsmechanismen 
eingesetzt werden könnten. Da in Kapitel 2 gezeigt wurde, dass ICOs mehrere 
Cholangiozyteneigenschaften bewahren, waren wir daran interessiert zu sehen, 
ob Gallengangatresie mithilfe patienteneigener ICOs erforscht werden kann. 
Bei einer Gallengangatresie ist das Gallengangsystem von Narbengewebe 
durchwachsen und verengt, wodurch der Gallenfluss von der Leber in den Darm 
verhindert wird. Obwohl der Krankheitsmechanismus unklar bleibt, zeigt das 
Krankheitsbild eindeutig, dass Gallengangcholangiozyten eine zentrale Rolle bei 
der Gallengangatresie spielen. Darüber hinaus weisen die Unterschiede in Zeitpunkt 
und Intensität zwischen Symptomen in Gallengängen innerhalb und auβerhalb 
der Leber deutlich auf Unterschiede in den zugrunde liegenden Mechanismen 
oder Anfälligkeiten von Cholangiozyten verschiedener Gallengangregionen 
und Entwicklungsstadien hin. Gallengängen innerhalb und auβerhalb der Leber 
entwickeln sich aus unterschiedlichen Ursprungszellen, was ein wichtiger Faktor 
für diese Intensitäts- und Zeitunterschiede sein könnte. Nach der Veröffentlichung 
von ICOs wurden Protokolle entwickelt, um Organoiden aus extrahepatischen 
Gallengängen (ECOs) und Gallenblasencholangiozyten (GCOs) zu erzeugen. Da diese 
Organoiden im Labor regionale Unterschiede des Gallengangsystems bewahren, 
vermuteten wir, dass die regionale Vielfalt der Gallengangatresie mit ICOs, ECOs 
und GCOs modelliert werden könnte. Daher haben wir getestet, ob Organoiden aus 
diesen drei Gallengangregionen von Gallengangatresiepatientengewebe erzeugt 
werden können. Tatsächlich haben wir nachweisen können, dass Organoiden 
von Gallengangatresiepatienten kultiviert und eingefroren werden können. 
Wir haben darüberhinaus nachgewiesen, dass sich das Wachstumsverhalten 
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von Gallengangatresie-ICOs von Kontrollorganoiden unterscheidet. Trotz des 
normalen Äuβerlichen der Gallengangatresieorganoiden deutete der Ausdruck 
einiger Gene darauf hin, dass sich die Gallengangatresieorganoiden von den 
Kontrollorganoiden unterscheiden. Die Unterschiede lagen hauptsächlich in Genen, 
die an der Veränderung von Umgebungsproteinen und Wachstum beteiligt sind; zwei 
Funktionen, von denen angenommen wird, dass sie am Krankheitsmechanismus 
der Gallengangatresie beteiligt sind.

In den letzten Jahrzehnten wurden mehrere Hypothesen zum Krankheitsauslöser 
von Gallengangatresie aufgestellt , darunter Virusinfektionen, Gif te, 
Autoimmunreaktionen und genetische Veranlagung. Von diesen Hypothesen 
wird die Beteiligung viraler Infektionen und/oder eines Umweltgifts oder eines 
giftigen Metaboliten am meisten durch klinische und experimentelle Beweise 
gestützt. Da Leberorganoiden ein minimalistisches Modell des Gallenepithels 
sind, kann der genaue Wirkmechanismus eines Virus oder Giftes unabhängig 
von anderen Zellen erforscht werden. Um zu ergründen, ob hepatobiliäre 
Organoiden tatsächlich zum Testen bestehender Hypothesen geeignet sind, 
haben wir Gallengangatresieorganoiden und Kontrollorganoiden mit einem 
viralen Imitator (Poly I:C) und einem Pflanzengift (Bilatreson), von dem bekannt ist, 
dass es Gallengangatresie in Tieren verursacht, behandelt. Wir stellten fest, dass 
Bilatreson zelluläre Stressreaktionen, wie z. B. des Glutathionstoffwechsels, bei 
Gallengangatresie und Kontroll-ECOs erhöht. Poly I:C verusachte Gallengangatresie-
spezifische Veränderungen im Ausdruck von bestimmten Genen, einschließlich 
der Veränderung von Umgebungsproteinen und der Bildung von Narbengewebe. 
Insgesamt deuten unsere Ergebnisse daraufhin, dass menschliche hepatobiliäre 
Organoiden ein geeignetes Modell für Gallengangatresie sind.

Obwohl wir in Kapitel 2 gezeigt haben, dass mehrere Funktionen von Hepatozyten 
und Cholangiozyten in Leberorganoiden untersucht werden können, deuten unsere 
Daten auch darauf hin, dass mehrere Funktionen von Hepatozyten in diesem Modell 
derzeit eingeschränkt sind. Deshalb haben wir untersucht, ob die Leberreife von 
ICOs verbessert werden kann. Zu diesem Zweck haben wir in Kapitel 4 eine neue 
Kulturmethode, basierend auf verschiedenen Strategien zur Nachahmung der 
Umgebung von Hepatozyten in der Leber, für ICOs entwickelt und charakterisiert. 
Wir haben die dreidimensionalen Organoiden fragmentiert und die losen Stücke 
auf der Oberfläche von porösen Hohlfasern (HFMs) wachsen lassen. Darüber 
hinaus verwendeten wir Umgebungsproteine, um den Zellen zu erleichtern sich an 
die HFMs zu binden und um Hepatocyten-spezifische Signale nachzuahmen. Wir 
sahen, wie Zellen dichte Lagen bildeten, und stellten fest, dass sich Leberfunktionen, 
wie beispielsweise der Arzneimittelstoffwechsel, in diesem neuen Kultursystem 
verbesserten. HFMs ermöglichen auch interne und externe Durchströmung, 
wenn sie an einen Bioreaktor und eine Perfusionspumpe angeschlossen sind, 
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wodurch der Blut- und Gallenfluss im Labor simuliert werden kann. Als ersten 
Schritt zur Krankheitsmodellierung haben wir untersucht, ob patienteneigene 
ICOs im neuen System wachsen können. Dabei lag der Fokus auf Erkrankungen, 
die Gallentransporter betreffen, da die HFM-Architektur die Trennung von 
Zellkompartimenten, welche Galle oder Blutbestandteile produzieren, ermöglicht. 
Dies begünstigt funktionelle Studien zur Erforschung solcher Erkrankungen. Somit 
haben wir den Nachweis erbracht, dass hepatische Gallentransporterdefekte 
wie PFIC Typ 3 (PFIC3) in patienteneigenen Leberorganoiden untersucht werden 
können. Zusammengenommen legen diese Ergebnisse nahe, dass das HFM-
System ein leistungsstarkes Instrument zur personalisierten Forschung von Leber-
erkrankungen, sowie der langfristigen Wirkungen von Medikamenten für seltene 
Leberkrankheiten bei Kindern, wie z.B. PFIC3, ist.

Abschließend fasst Kapitel 5 die Ergebnisse der Doktorarbeit zusammen und 
geht auf die Konsequenzen für die zukünftige Verwendung von Leberorganoiden 
ein. Durch die Identifizierung von Schnittstellen zwischen den durchgeführten 
Studien und der aktuellen Literatur werden zukünftige Forschungsmöglichkeiten 
vorgeschlagen, um den Anwendungsbereich von Leberorganoiden zu erweitern und 
unser Verständnis der Krankheitsmechanismen zu verbessern.

Schlussfolgerung
In dieser Doktorarbeit haben wir gezeigt, dass patienteneigene Leberorganoiden 
ein nützliches Hilfsmittel bei der Erforschung mehrerer seltener Leber- und 
Stoffwechselerkrankungen sind, die die Leber und das Gallengangsystem 
betreffen. Mehrere Krankheiten wie zystische Fibrose, PFIC3, Wilson-Krankheit 
und Methylmalonazidurie können derzeit mit ICOs erforscht werden. Obwohl 
Leberorganoiden zuvor als neues Hepatozytenmodell gefeiert wurden, haben wir 
nachgewiesen, dass Organoiden aus allen Gallengangregionen mindestens genauso 
nützlich für die Erforschung von Gallengangerkrankungen sind.

Ich davon überzeugt, dass Leberorganoiden ein fantastisches Instrument sein 
können, um die Mechanismen aufzuklären, die zu einer Gallengangatresie führen. 
Die Entwicklung neuer Technologien wie Organchips und Co-Kulturstrategien 
versprechen nicht nur die effektivere Erforschung der Krankheitsmechanismen 
seltener Krankheiten, sondern auch die Verbesserung der Leberreifung von ICOs. 
Die Anwendung der zahlreichen Verbesserungsstrategien für die ICO-Kultur wird 
wahrscheinlich zu einem fantastischen patienteneigenen Hepatozytenmodell 
führen. Wir haben die ersten Schritte zur Verbesserung der Leberreifung von 
ICOs unternommen und demonstriert, dass die Anwendungen von ICOs erweitert 
werden können, mit dem Ziel die Erforschung von mehr Krankheitsmechanismen zu 
ermöglichen. Wir sind davon überzeugt, dass die Kombination von Leberorganoiden 
und anderen Hepatozytenmodellen ein wirksames Instrument zur Aufklärung von 
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Krankheitsmechanismen sein wird und dabei helfen kann, sichere Therapiestrategien 
für seltene Leberkrankheiten bei Kindern auf personalisierte Weise zu identifizieren. 
Angesichts der vielversprechenden neuen Wege hoffe ich, dass patienteneigene 
Leberorganoiden eines Tages dazu beitragen werden, das Leiden der Patienten zu 
lindern, so wie Herakles kam, um Prometheus vor der nächtlichen Verstümmelung 
seiner Leber zu retten.

„Herakles [erhob] seinen Bogen und [schoss] auf den Racheadler von Zeus (…) ‚Danke, 
Herakles‘, sagte der Titan. (…) ‚Du befreist die Welt von ihren schlimmsten Tieren, ihren 

Drachen, Schlangen und vielköpfigen Monstern (…), damit die Welt sicher ist und die 
Menschheit gedeihen kann.‘“

Aus Helden - Die klassischen Sagen der Antike neu erzählt, von Stephen Fry
Aus der englischen Version frei übersetzt.
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in early 2018, it was time to take some time off studying. Vivian spent some time 
backpacking through Mexico and worked at a boulder gym in Utrecht. Although 
Vivian enjoyed her time perfecting latte art and meeting different people with 
the same love for the outdoors and climbing, science was calling her ever louder. 
Eventually, Vivian returned to the laboratory of dr. Bart Spee, dr. Louis Penning 
and dr. Kerstin Schneeberger to pursue her PhD on liver organoids. With the wish 
to focus on medical applications, a sandwich PhD position was arranged with dr. 
Sabine Fuchs. Part of their work was published in the Journal of Inherited Metabolic 
Disease in 2022 titled ‘The potential and limitations of intrahepatic cholangiocyte 
organoids to study inborn errors of metabolism’. Moreover, Vivian presented 
their work at different (inter)national conferences as well as on the podcast of the 
Journal of Inherited Metabolic Disease. In the four years of her PhD, Vivian enjoyed 
the diversity of working in two different groups and aided in strengthening their 
collaborations.

Vivian’s love for science communication continued to grow throughout her PhD 
and she ensured to incorporate it into her work. She was involved in several 
outreach programs where she visited primary schools, was present at open days 
of museums and universities as an expert, and joined the communications team of 
the Regenerative Medicine Centre Utrecht to establish and write for the RM helpdesk 
website. Similarly, Vivian created and wrote for a science news website together 
with friends. Vivian continues to be involved with the Regenerative Medicine Centre 
Utrecht for science communication.

Working in a product-oriented field, Vivian was also involved in a venture challenge 
to aid establish a company around an invention by dr. Bart Spee and dr. Kerstin 
Schneeberger. Although Vivian learned that the business world is not her cup of tea, 
she is proud to have been involved in the process to make the company Orgonex 
become established.

After many years exploring different options within science, Vivian sees a clear path 
in front of her and is currently exploring the options to combine the role of science 
program coordinator with her skills in science communication.
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Several figures in this dissertation were created with BioRender.com
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Rare pediatric liver disorders can be very destructive to the lives of 
patients and their families. Often, therapeutic options are limited to 
symptomatic care and precise disease mechanisms remain elusive. 
The relatively low incidence of each individual disease and the 
often widespread geographic distribution of patients complicate 
research and treatment development. In this dissertation, we have 
investigated the potential of patient-derived liver organoids to study 

such rare pediatric liver diseases. The Modern Day Heracles
Patient-derived Liver Organoids to Model Rare  

Pediatric Liver Diseases
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