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SUMMARY 

Human induced pluripotent stem cell (iPSC)-derived cells hold much promise for future cell 

therapy applications in the field of personalized regenerative medicine and offer an unlimited 

source of cell material for all branches of life-science associated research, including their use as 

model systems in pharmacological and toxicological studies. Differentiation of iPSC to 

hepatocyte-like cells (HLC) has been achieved in vitro by a number of differentiation protocols 

showing varying degrees of phenotypic maturity. However, their genome-wide expression 

patterns still differ strongly from primary human hepatocytes (PHH) in that they express liver- as 

well as intestine-associated genes. In this PhD thesis, differentiation of iPSC via definitive 

endoderm (DE) to HLC was characterized by single cell, as well as bulk RNA-sequencing with 

complementary epigenetic analyses. A supervised clustering strategy was developed to identify 

genes that exhibit similar expression dynamics during the differentiation of iPSC to HLC and assign 

them into differentiation pattern groups (DPG). These DPGs were analyzed by bioinformatics 

procedures to identify gene networks and regulatory factors that are likely to contribute to the 

hepatocyte (favorable) or non-hepatocyte (adverse) differentiation of genes in each DPG. 

Epigenetic analysis showed global hypermethylation of promoters in iPSC- derived cells compared 

to PHH and that there is a link between chromatin accessibility and favorable and adverse gene 

expression, suggesting that HLC fail to acquire an epigenetic landscape characteristic of PHH. 

Strikingly, single cell RNA-seq revealed that favorable and adverse gene expression occurs in a 

single population of HLC, rather than subpopulations. Thus, HLC exist in a hybrid state, where 

hepatocyte-associated genes are expressed in concert with genes that are not expressed in PHH 

or fetal hepatocytes (FH) - mostly intestinal genes - within the same cell. This finding highlights a 

substantial lack of developmental cues that are required to guide lineage-specific differentiation 

of iPSC to hepatocytes. Overrepresentation analysis at the bulk level, as well as regulon analysis 

at the single cell level, identified sets of regulatory factors that differ between HLC, FH, and PHH, 

hinting at a central role for the nuclear receptor FXR in the functional maturation of HLC. 

Combined FXR expression plus agonist exposure enhanced the expression of hepatocyte-

associated genes and suppressed undesired non-liver gene expression, thereby improving HLC 

similarity to PHH.  
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ZUSAMMENFASSUNG 

Humane induzierte pluripotente Stammzellen (iPSC) zeigen Potenzial für die therapeutische 

Applikation in der personalisierten Medizin, sowie die Verwendung zur Entwicklung von 

Modellsystemen in pharmakologischen und toxikologischen Studien. Die Differenzierung von iPSC 

zu Hepatozyten-ähnlichen Zellen wurde durch eine Vielzahl an Protokollen realisiert, wobei die 

resultierenden Zellen ein variierendes Ausmaß phänotypischer Reife aufweisen. Die genomweite 

Expression zeigt enorme Unterschiede zu primären Hepatozyten (PHH), veranschaulicht an Hand 

der Expression von Leber- wie auch Darm-assoziierten Genen. In dieser Arbeit wurde die 

Differenzierung von iPSC über definitive Endoderm (DE) zu HLC mittels Einzelzell- sowie Bulk-RNA-

Sequenzierung und epigenetischen Analysen charakterisiert. Für die Auswertung wurde eine 

überwachte Strategie zur Gruppierung von Genen mit ähnlichen Expressionsverläufen in 

Differenzierungsmuster-Gruppen (DPG) entwickelt. Diese DPGs wurden mit bioinformatischen 

Methoden analysiert um Gen-Netzwerke und Regulatoren zu identifizieren, die zu gewünschter 

oder auch unerwünschter Differenzierung beitragen. Epigenetische Analysen konnten zeigen, 

dass eine Verbindung zwischen der Zugänglichkeit von Chromatin und der Expression 

erwünschter und unerwünschter Faktoren besteht und dass HLC im Vergleich zu PHH eine globale 

hyper-Methylierung ihrer Promoter Regionen aufweisen. Dies legt grundsätzlich nahe, dass HLC 

nicht die für Hepatozyten charakteristische epigenetische Landschaft ausbilden. Außerdem 

konnte mittels Einzelzell-Sequenzierung gezeigt werden, dass HLC eine einzige Zellpopulation 

darstellen, welche in einem Hybridzustand verharrt, in dem Hepatozyten-assoziierte Gene 

zusammen mit unerwünschten – hauptsächlich Darm-assoziierten - Genen, die weder in adulten 

noch fetalen primären Hepatozyten vorkommen,  exprimiert werden. Diese Ergebnisse 

verdeutlichen, dass in der Differenzierung von HLC in vitro wichtige Signale fehlen, die der 

Differenzierung von Hepatozyten in vivo zu Grunde liegen. Analysen zur Überrepräsentation von 

Gen-Regulatoren, die zwischen HLC, fetalen und adulten primären Hepatozyten unterschiedlich 

exprimiert werden, deuteten auf eine zentrale Rolle für den Kernrezeptor FXR hin. Die 

Kombination von FXR Expression und Aktivierung des Rezeptors durch Agonisten konnte die 

Expression von Hepatozyten-assoziierten Genen fördern, während die Expression unerwünschter 

Darm Gene teils unterdrückt wurde. Auf diese Weise konnte gezeigt werden, wie die HLC 

Differenzierung durch gezielte Manipulation von Gennetzwerken verbessert werden kann.   
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1. INTRODUCTION 

1.1 Development of stem cell technology in life science 

Stem cell research and technology gained much attention in recent years, looking back at more 

than half a decade of scientific investigation. First indications for hematopoietic stem cells (HSC) 

can be found in the works of Ray D. Owen in 1945, who described the existence of cells that ‘are 

apparently capable of becoming established in the hematopoietic tissues (…) and (…) provide a 

source of blood cells (…), presumably throughout his life’ [1]. Key properties of (hematopoietic) 

stem cells were subsequently described in 1961, in a series of bone-marrow transplantation 

experiments in irradiated mice [2], in which Till and McMulloch concluded that only a fraction of 

undifferentiated cells of a bone marrow suspension could give rise to proliferating colonies of 

primitive cells in the spleen of intravenously injected mice. Over the following years, other types 

of tissue-resident adult stem cells were identified, including intestinal crypt stem cells [3,4] and  

neural stem cells [5] among others. The term ‘embryonic stem cell’ was first coined by Gail R. 

Martin after the successful isolation of mouse in 1981 and subsequently human embryonic stem 

cells by Thomson in 1998 [6,7], describing cells that were capable of giving rise to all major tissues 

and cell types of an organism. More recently, the generation of in vitro reprogrammed pluripotent 

stem cells in 2006 and 2007 using Yamanaka’s cocktail of transcription factors [8,9] revolutionized 

the use of embryonic stem cell-like cells in science.  

In this comparably short period of time, stem cell research has made enormous contributions to 

our understanding of embryonic and post-natal development, organ- and tissue-homeostasis as 

well as mechanisms of disease. Some of this knowledge has been translated into applications in 

regenerative medicine, such as peripheral blood and bone marrow hematopoietic stem cell 

transplantation (HSCT) to reconstitute the blood cell populations of patients suffering from 

conditions such as leukemia and acute ionizing irradiation syndrome. Starting with low patient 

survival rates following transplantation using bone marrow from normal donors without HLA 

matching or major histocompatibility complexes in 1957, E. Donnall Thomas reported that more 

than 50% of acute non-lymphoblastic leukemia patients went into remission following autologous 

bone marrow HSCT in 1979 [10]. By 2018, 9.55 stem cell transplants have been performed per 

100,000 inhabitants in Germany, representing the highest rate of stem cell transplants in Europe 
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[11]. Another important example of how concepts of stem cell biology are applied to solve issues 

of clinical relevance is the emergence of the cancer stem cell (CSC) hypothesis, which contributed 

to  understanding of mechanisms underlying metastasis, drug- and radio-resistance, functional 

heterogeneity and cellular plasticity of cancer [12,13].  

In addition to the development of clinically relevant procedures and therapies, the identification 

and isolation of embryonic and adult stem cells has helped scientists to understand the 

mechanisms that lie at the mere basis of the development of life and maintenance of organisms. 

With increasing knowledge on the potency of stem cells and the mechanisms that lead to their 

acquisition of positional identity, self-renewal, differentiation and organization in niches in 

different tissues of the adult body as adult stem cells, researchers have been able to shed light on 

the mechanistic basis of the ‘cell theory’ that dominated the theory of preformism in the late 19th 

century [14]. Today it is accepted that living organisms are made up of cells that form the basic 

structural units of our bodies and that they come from pre-existing cells, so that all parts of the 

developing body arise from the germ and stem cells sharing the same set of DNA. Based on these 

insights, the perspective of employing principles of embryonic development and cell 

specialization to develop clinical therapies attracted much attention in the scientific community. 

It is thus not surprising that the first isolated human embryonic stem cell lines prompted extensive 

investigation of their therapeutic potential, starting in the end of the 20th century and continuing 

to date [15–17]. However, to differentiate stem cells into specialized cell types or tissues that 

could be employed in cell therapy approaches such as HSCT or as tissue transplants, for example 

to support damaged heart muscle tissue after infarction, the mechanisms governing cellular 

differentiation into specialized cells based on the same genetic material need to be understood 

in order to recapitulate them in vitro.  

In 1957, Conrad Hal Waddington described cellular differentiation in the course of development, 

comparing the unspecialized cell to a ball running down a hill with diverging branches (Figure 1 

A) [18]. He showed that environmental conditions can ‘canalize’ the events that determine the 

balls’ path, thus enforcing a specific path, in a series of fruit fly experiments. He further described 

that, once the ball has reached the bottom of a specific path (terminal differentiation), it cannot 

easily cross the landscape to settle in a different path or reverse the process and run up the hill. 
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Thus, Waddington described cellular differentiation as a unidirectional process in the course of 

development [19,20].  With his work, Waddington challenged the Neo-Darwinist view that 

mutations on the DNA level would be responsible for such phenotypic plasticity and proposed 

that the genes responsible for newly assimilated phenotypes are already present in a population, 

inferring that they just need to be assembled by influences above the DNA level [21]. With this 

observation, the scientific field of epigenetics emerged, investigating the mechanisms that act 

above DNA to establish phenotypic changes in cells, such as DNA methylation, the establishment 

of histone marks and regulation by micro-RNAs involved in nucleosome organization and 

remodeling. It can thus be concluded that every specialized cell type, be it a neuron, a blood cell, 

a hepatocyte or an intestinal enterocyte follows a different path down Waddington’s epigenetic 

landscape. Assuming that all of those very different cell types arise from early stem cells that form 

the embryo, it is intuitive to assume that some cell types are more closely related than others. In 

this example, this can be illustrated at the hand of the hepatocyte and intestinal enterocyte, 

which are both highly metabolically active epithelial cells that arise from the early gut endoderm 

of the embryo. In contrast, the neuron, the blood cell and the hepatocyte have common 

progenitors that occur much earlier in embryonic development, in form of pluripotent stem cells 

in the inner cell mass (ICM) of the developing blastocyst.  

 

Figure 1: Waddington’s epigenetic landscape illustrating developmental fate decisions of pluripotent 

stem cells. A) Canonical development by sequential cell fate decisions depicted as a path down the hill of 
Waddington’s epigenetic landscape. B) Cellular reprogramming reversing the differentiated cells state to 
become pluripotent. C) The process of trans-differentiation is illustrated by conversion of the cell fate of 
one differentiated cell to become a differentiated cell of another lineage, without prior reprogramming to 
a pluripotent state. Adapted from [20]. 
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First doubts concerning the unidirectionality of Waddington’s concept of sequential 

establishment of the epigenetic landscape in cellular differentiation arose soon after it became a 

central dogma in developmental biology. In 1958, James Gurdon showed that the transfer of 

somatic cell nuclei into enucleated Xenopus laevis oocytes gave rise to sexually mature individuals 

[22], which showed that those somatic cell nuclei could be reprogrammed by factors in the 

enucleated oocyte (Figure 1 B). Almost 40 years later, this could be shown also in mammals at the 

famous example of the cloned sheep named Dolly [23]. Furthermore, experiments employing 

certain transcription factors, also known as master regulators, could show that terminally 

differentiated fibroblasts can be pushed over the hills dividing Waddington’s epigenetic landscape 

to become myoblasts; a process that is now known as trans-differentiation (Figure 1 C) [24]. The 

fact that trans-differentiation is a process that also occurs in vivo, for example allowing cells to 

compensate tissue damage [25], highlights the true plasticity of cellular identities.  

Although these insights fueled the development of (cell) therapeutic strategies, such as 

treatments for retinal degeneration [26] or spinal cord injury [27] and enabled ground breaking 

technology, such as the generation of transgenic mouse models by blastocyst transfer of gene-

engineered embryonic stem cells [28], essential limitations remained that prohibited stem cell-

based technology to live up to its long praised potential in clinical application. One disadvantage 

is that human embryonic stem cell (ESC)-based therapy potentially requires life-long 

immunosuppressive treatment. In addition, relatively limited amount of ESC lines carrying specific 

mutations that could serve as disease models are available, which is why their use fell short in 

studies related to mechanisms of disease [29]. Also, use of ESC lines that were isolated from the 

inner cell mass of blastocysts is considered a delicate ethical issue, as it involves the destruction 

of potential life. Even though it has been shown that ESC may also be isolated from pre-

implantation stage blastomeres - that are technically not defined as ESC - and do not lead to 

destruction of the embryo since they are isolated in a procedure resembling that of 

preimplantation genetic diagnosis (PGD), the regulatory landscape for the use of ESC poses legal 

challenges to their application. In general, legal requirements for research involving ESC strongly 

vary internationally, with a wide range of accepted utilization of ESC in Europe (Figure 2). 
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Figure 2: Overview of legal regulation of research involving human embryonic stem cells in Europe. 
Situation in April 2021 according to the Hinxton group (http://www.hinxtongroup.org/wp_eu_map.htmL, 
accessed 04-04-2021). 

 

In Germany, the ‘Embryonen-schutzgesetz’ (ESchG 13th of December 1990 BGBI. I S. 2746 last 

changed 21st of November 2011 BGBl. I S. 2228) issued in 1990 and enforced in 1991 prohibits the 

use of human embryos for research purposes. The definition of embryos here includes the 

fertilized egg and every totipotent cell. While it is often argued that leftover embryos from in vitro 

fertilization (IVT) could be used for research, the ESchG also limits the number of in vitro fertilized 

eggs per IVT cycle to three, while demanding that all of those embryos are transplanted to the 

recipient. Furthermore, the German ‘Gesetz zur Sicherstellung des Embryonenschutzes im 

Zusammenhang mit Einfuhr und Verwendung menschlicher embryonaler Stammzellen‘  (StZG 

Stammzellgesetz vom 28. Juni 2002 BGBl. I S. 2277, last changed 29th of  March, 2017 BGBl. I S. 

626) regulates the import and use of ESC lines that were isolated in other countries, prohibiting 

import and use of ESC lines that were isolated after May 7th of 2007. These legislative restrictions, 

in Germany, limit the potential of ESC in regenerative medicine irrespective of other ethical 
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considerations. However, even without legislative restrictions, the availability of embryos for 

personalized therapies would still be limited for practical reasons. This is also true for trans-

differentiation approaches, because the number of cells that could be harvested from patients is 

limited. 

Finally, with their finding that somatic cells, such as skin fibroblast, can be reprogrammed to 

acquire a pluripotent stem cell state, Takahashi and Yamanaka in 2006 and 2007 found a way to 

circumvent ethical restrictions of stem cell isolation, overcome limitations in availability and 

proved that indeed cellular differentiation could be reversed up to the point of a pluripotent stem 

cell state (Figure 1 B). Human induced pluripotent stem cells (iPSC) can be expanded, maintained 

and differentiated in vitro, which in combination with the progress in gene engineering 

technology has opened up exciting perspectives, such as the development of human- and patient-

specific in vitro models for development and disease or potentially endless cell material 

availability for tissue engineering, transplantation and cell therapies. Several disease models have 

been developed, such as a model for the long QT syndrome [30] and Alzheimer’s disease [31].  

Examples for clinical applications of iPSC to date include treatments for retinal degeneration [32] 

and Parkinson’s disease [33], among others. In recent years the development of iPSC-based three-

dimensional cell aggregates that show self-organization into tissue-resembling structures, 

commonly referred to as organoids, has led to the establishment of bio-banks that store vast 

amounts of patient- and disease-specific organoids for research that is supposed to be translated 

into medicine in the near future [34]. However, in cell therapeutic scenarios as well as model 

systems, major issues have to be overcome in order to ensure biosafety, reproducibility of test 

results and accurate resemblance of iPSC-derived cells of their in vivo counterparts, all of which 

could be limited by genetic and phenotypic instability of iPSC as well as differentiation products. 

To date, a major concern for cell therapeutic treatments on the basis of iPSC is that they were 

shown to share numerous features with neoplastic cells, such as oncogene expression and 

reprogramming-associated DNA mutations, indicating their tumorigenic and immunogenic 

potential [35]. Furthermore, with rapid progress in stem cell technology and bioengineering, 

societies need to face ethical debates concerning, for example, the research and use of chimeric 
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animals as potential sources of human donor organs through embryo complementation with 

genetically engineered iPSC [36] or gene correction approaches in human embryos  [37]. 

1.2 Stem cell types and developmental potency 

In general, stem cells are classified as either embryonic or adult stem cells. While both types of 

stem cells share the property of self-renewal, meaning that cells divide either symmetrically, 

giving rise to two identical cells, or asymmetrically, where one daughter-cell is of a more 

specialized cell type, they differ in their developmental potency. The highest form of 

developmental potency is totipotency, where a cell has the potential to give rise to any tissue, 

intra- and extraembryonic, thus giving rise to an entire organism, which generates offspring [38]. 

In humans, only the zygote is proven to be totipotent, albeit some evidence suggests that cells of 

the 4-cell stage may be totipotent as well [39]. Totipotency of the human embryo is established 

by the removal of epigenetic marks from and remodeling of the parental chromatin [40].  

 

Figure 3: Developmental potency declines following successive cell divisions and differentiation in early 

embryonic development. With specialization and corresponding lineage choices, the ability to 
differentiate into other lineages becomes restricted. This ability can be restored by reactivation of e.g. 
pluripotency associated gene networks to varying degrees (illustrated by red arrows). 

 

This involves the gradual demethylation of DNA at CpG dinucleotides - an epigenetic modification 

that is generally associated with transcriptional silencing [41] -  and editing of histone marks 
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during pre-implantation development. In contrast, the restriction of developmental potency and 

differentiation is generally associated with de novo methylation during post-implantation 

development. Pluripotent stem cells, such as ESC of the inner cell mass (ICM) of the blastocyst, 

are limited to differentiation into the three germ layers, ecto-, meso-, endoderm and their 

derivatives and thus cannot form extraembryonic structures. Reprogramming of somatic cells to 

iPSC using the Yamanaka cocktail of retroviral vectors for delivery of the transcription factors 

OCT4 (POU5F1), NANOG, SOX2 and MYC (also known as OSKM method), reverses the 

differentiation state of the somatic cells to become pluripotent [9]. Although the reprograming  

to and exit from pluripotency remains incompletely understood, it has been shown that POU5F1 

is associated with the regulation of DNA methyltransferases that need to be modulated in order 

to remove DNA methylation in pre-implantation development and allow re-methylation in 

pluripotent cells of the blastocyst [42]. To date, several non-invasive protocols for iPSC generation 

have been developed [43]. Furthermore, other combinations of transcription factors have been 

employed to improve the reprogramming process and gene delivery has been improved to avoid 

(random) integration into the host genome and improve efficiency, for example with synthetic 

RNA [44] or Epstein-Barr virus-derived sequences [45]. Such improved reprogramming 

approaches are thought to reduce the risk of teratoma formation, which is of major concern for 

the use of iPSC in regenerative medicine. Despite the successful acquisition of pluripotency, it has 

been reported that epigenetic memory of the reprogrammed cell type is retained in iPSC [46]. 

This phenomenon has been exploited to produce multipotent induced tissue-specific stem cells 

(iTSC), which are suggested to show more efficient differentiation into the lineage of their origin  

and reported to not form teratomas when subcutaneously injected into mice [47].  

Multipotent stem cells, such as cells from the three germ layers, hematopoietic, neural and 

mesenchymal stem cells can differentiate into all cells of a specific lineage. They can be generated 

by differentiation of pluripotent stem cells or isolated from adult tissues with varying efficiency 

and have been used for HSCT [48]. They have shown potential for treatment of orthopedic disease 

[49] and cardiac infarction [50,51]. Of the least developmental potency are unipotent progenitor 

cells, such as germ line stem cells [52] or epidermal stem cells [53], which in addition to self-

renewal are capable of differentiation into one cell type only.  
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At the moment, mesenchymal stem cells represent the stem cell type that is employed most in 

clinical trials with 1,199 listed trials in April of 2021 (https://www.clinicaltrials.gov). The number 

of clinical trials with iPSC- or ESC-based therapy is much lower, with 113 and 48 listed studies, 

respectively. However, regarding in vitro test systems, mesenchymal stem cells cannot be 

obtained, expanded, maintained and differentiated as effectively as pluripotent stem cells, which 

makes their use less feasible.  

 

1.3  The liver 

The human liver is the largest internal organ of the human body and is located in the right upper 

quadrant of the abdominal cavity. It receives oxygenated blood from the hepatic artery and 

oxygen depleted blood from the intestine, spleen and pancreas via the portal vein, accounting for 

about one third and two thirds of the total blood supply, respectively [54]. Among the various 

metabolic as well as endo- and exocrine functions exerted by the liver are bile production, which 

is essential for absorption of fat and lipophilic nutrients, metabolization of dietary compounds for 

carbohydrate and lipid homeostasis, biochemical detoxification, production of blood coagulation 

factors and maintenance of cardiovascular homeostasis, e.g. by elimination of old erythrocytes. 

Furthermore, the liver is involved in immune regulation by exerting local and systemic tolerogenic 

effects, evidenced by the success of porcine allografts of liver together with skin, kidney or heart 

from the same donor, without application of immunosuppressive drugs [55]. 

The basic microvascular unit of the liver is the hepatic acinus, represented by a cluster of 

parenchymal cells, the hepatocytes, around the terminal branches of the hepatic arteriole and 

portal venule that together with collecting bile ducts and lymph vessels form the space of Mall, 

also known as portal triads (Figure 1 A, B). The human liver is estimated to consist of about 

100,000 acini [54]. Oxygenated blood enters through the hepatic arterioles and mixes with oxygen 

depleted blood from portal venules into hepatic sinusoids - thin-walled microvessels that are lined 

by highly fenestrated liver sinusoidal endothelial cells (LSEC), which allow blood plasma flow into 

the space of Disse between sinusoids and hepatocytes.  Having passed the sinusoids, blood enters 

terminal hepatic venules that converge into the hepatic vein, bearing low oxygen levels. Six portal 

triads arranged in a hexagon formation around a central terminal hepatic venule constitute a liver 
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lobule; three terminal venules around a portal triad are referred to as a portal lobule (Figure 1 A). 

This architecture and associated gradients of oxygen, nutrients, hormones and signaling 

molecules such as WNT/β-catenin account for metabolic zonation of the liver that determines 

hepatocyte functionality along sinusoids. It has been shown that by reversing blood flow in vivo, 

liver zonation can be reversed [56]. Under physiological conditions, the periportal zone (zone 1) 

is characterized by oxidative energy metabolism, gluconeogenesis, tricarboxylic acid cycling and 

ureagenesis. Bearing relatively low levels of oxygen, the perivenous zone (zone 3) exhibits higher 

activity in xenobiotic metabolism, glycolysis and liponeogenesis. The intermediate zone (zone 2) 

is characterized by a mixture of zone 1 and 3.  

 

Figure 4: Liver microscopic architecture. A) Schematic of liver architectural units [57] B) Liver zonation 
and associated processes according [58] C) Schematic representation of the liver acinus architecture and 
close-up illustrating the resident cell populations in their respective compartments [59]. 
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In the perisinusoidal space of Disse, plasma containing nutrients, glucose, bacteria, debris and 

toxins is available to the microvilli on the basolateral membranes of adjacent hepatocytes that 

are arranged in plates of 15-25 cells [60]. Hepatocytes are parenchymal cells that constitute about 

80% of the liver, representing the major cell type responsible for its metabolic capacity [61]. The 

microvilli maximize the surface area of the basolateral membrane (Figure 1B), which harbors 

transporters such as the Na+-taurocholate co-transporting polypeptide (NTCP), members of the 

organic anion transporting polypeptide (OATP) family and organic anion transporters (OAT) [62]. 

Compounds that are taken up by hepatocytes are modified, stored or degraded via different 

metabolic pathways, often under the influence of hormonal regulation, while excessive plasma in 

the space of Disse is drained into lymphatic vessels. Glucose, for example, under influence of 

insulin signaling, can be broken down to pyruvate via glycolysis, stored as glycogen, oxidized 

through the TCA cycle to produce ATP or converted into fatty acids or amino acids through de 

novo synthetic pathways [63]. In a fasting state, glycogen, pyruvate or lactate, can be employed 

for synthesis of glucose under influence of glucagon signaling. In addition to their metabolic 

repertoire, hepatocytes also exert important functions in innate immunity [64], by secreting acute 

phase proteins including complement and clotting factors. These are, together with other 

metabolic products such as lipids, proteins and carbohydrates, released into the blood stream, 

leaving the liver via the inferior vena cava [65]. On their apical side, hepatocytes secrete products 

of hepatocyte metabolism including conjugated bilirubin, bile salts, cholesterol, phospholipids, 

copper, proteins, ions and water into bile canaliculi via transporters such as the bile salt export 

pump (BSEP/ABCB11) and multidrug resistance proteins (MRP and MDR) [62]. The bile is 

transported in the opposite direction of the blood flow towards the canals of Hering, interlobular 

bile ducts of the portal triad [66] and larger ducts of the hepatic biliary tree. Cholangiocytes, which 

are closely related to hepatocytes, are non-parenchymal cells of the liver that form a polarized 

epithelial cell layer lining these ducts and are involved in modification of bile in a series of 

reabsorptive processes. These include secretion of Cl−, HCO3
−, and water from cholangiocytes and 

reabsorption of bile acids, amino acids, and glucose into cholangiocytes [67]. Subsequently, bile 

is transported via extrahepatic ducts to the gallbladder, where it is stored and concentrated, and 

to the intestine, where bile acids are involved in the digestion and absorption of fats and fat-

soluble vitamins, before being recycled to the liver via the portal vein. Waste products are 
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excreted. The circulation of nutrient-rich blood to the liver and bile to the intestine is referred to 

as enterohepatic circulation and plays a major role in models of pharmacokinetics and toxicity of 

recirculating compounds [68].  

A number of other non-parenchymal cells participate in specialized physiological functions of the 

liver. Within sinusoids, non-parenchymal cells play an important role in the innate immune 

response. Liver resident macrophages, also known as Kupffer cells, act as the first line of defense 

against particulates and immunoreactive compounds that enter via the portal circulation [69]. 

Adherent to LSECs, they effectively capture and phagocytose dying erythrocytes and other cells 

in the hepatic parenchyma and act as antigen-presenting cells that can either act immunogenic 

or tolerance-inducing, depending on innate immune signals [70]. Together with LSEC and Kupffer 

cells, professional antigen-presenting dendritic cells form the reticulo-endothelial system, which 

clears antigens, waste and toxins from sinusoidal blood by uptake through endocytic receptors. 

Some of these ligands can be transported to hepatocytes for metabolic conversion [65]. Kupffer 

cells can also interact with pit cells, which are large granular lymphocytes that originate from 

circulating natural killer cells of the immune system. They adhere to LSEC and Kupffer cells within 

sinusoids, where they are involved in the elimination of tumorigenic cells, thus representing a 

protective mechanism against cancer [71]. Another important non-parenchymal cell type of the 

liver are stellate cells, constituting up to 8% of the total cells in the liver [72]. They reside in the 

perisinusoidal space of Disse and due to their long cytoplasmic processes have been called 

‘Sternzellen’. These usually quiescent cells have been implicated in important homeostatic and 

regulatory functions in health and disease, including storage of 80% of retinoids in human body 

within lipid droplets and turnover of extracellular matrix compounds [72]. It has been reported 

that stellate cells exhibit significant contractile ability that contributes to the regulation of blood 

flow within sinusoids [73]. Under disease conditions, such as liver fibrosis, stellate cells become 

activated through various mechanisms involving cytokine and stress signals and contribute to 

disease progression through the production of larger amounts of extracellular matrix, while 

acquiring a (myo-) fibroblastic phenotype. 

The liver has been shown to regenerate up to 70% of its mass after resection, a process which 

involves all cell types and an orchestrated process of growth factor and cytokine action and is 
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largely dependent on the plasticity of differentiated hepatocytes and biliary cells, rather than liver 

progenitor cells (LPC); stem cells that long have been assumed to replenish the hepatocyte pool 

in the ‘streaming liver’ model [74]. Despite this enormous potential, liver disease today 

represents a major burden worldwide with two million deaths per year. The diverse functions of 

the liver are central to our health – loss of liver functionality leads to chronic ‘hepatic 

encephalopathy’ and eventually coma [75].  Liver cirrhosis and hepatocellular carcinoma rank in 

the top 20 causes of death, which is fueled by the high prevalence of risk factors in the population 

world-wide, including alcohol consumption, obesity, diabetes and drug abuse. Viral hepatitis 

prevalence is high and the prevalence of acute hepatitis continues to rise on the basis of 

increasing incidence of drug induced liver injury (DILI), which represents the leading cause of 

withdrawal of pre-clinical studies of drugs in development. Top drugs linked to liver injury world-

wide include antimicrobials, central nervous system agents, anti-epileptic drugs, cardio-vascular 

drugs and anti-neoplastic agents. In the UK and US, acetaminophen represents a top ranking 

cause for DILI [76]. Injuries of the liver are generally associated with inflammation. If left 

untreated, inflammation of the liver develops into fibrosis, with increased scar formation in the 

liver tissue, slowly replacing the healthy, functional liver tissue architecture. Liver fibrosis over 

time develops into cirrhosis, where the scar formation process becomes irreversible and liver 

functionality is strongly impaired. From here, it progresses to end-stage liver disease (ESLD), 

which can only be treated with liver transplantation. Liver transplantation represents the second 

most common solid organ transplantation although less than 10% of globally required donor 

organs are available. Hepatocyte transplantation has been applied to temporarily improve liver 

function, however, it is dependent on non-transplantable donor livers from which hepatocytes 

are isolated and associated with several disadvantages. Hepatocytes need to be isolated from 

donor livers, a process that is associated with loss of proliferative and metabolic capacities, 

decreased cell viability, poor engraftment and modest therapeutic benefit [77]. Yet, human liver 

material is not only required for transplantation, but also the source of human primary 

hepatocytes, which are currently the most widely accepted, golden standard of in vitro systems 

in use in pharmacologic and toxicity testing. Therefore, alternative cell sources for liver in vitro 

test systems, such as stem cell-derived hepatocyte-like cells (HLC), are attractive. 
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1.4 Stem cell-based in vitro test systems for liver and developmental toxicology 

The wide use of in vitro systems for evaluation of compound toxicity prior to pre-clinical and 

clinical development has several advantages, since these systems can offer species specificity and 

successfully identify toxic compounds. This way the need for costly experiments in vivo, using 

animal models, can be reduced to those cases where compounds that passed initial in vitro 

toxicity screens are evaluated in the context of intact metabolic routes, i.e. in rodents and 

primates. However, investigating toxicity and the molecular mechanisms involved following 

exposure to test compounds requires competence of in vitro systems to not only be 

representative of cytotoxic mechanisms that are shared by diverse cell types, such as apoptosis 

mechanisms, but also tissue-, organ- or even cell type-specific molecular mechanisms. In liver 

toxicology, xenobiotic metabolizing enzyme (XME) induction assays require expression and 

activity of those enzymes in order to generate representative results. These assays serve to 

investigate the risk of unwanted drug-drug interactions posed by administration of test 

compounds. They were carried out in rats, dogs and sometimes monkeys up to the early 1990s, 

until they were replaced by in vitro XME induction assays using cryopreserved hepatocyte 

cultures [78]. However, even though in vitro test systems have expanded on the existing 

repertoire of available methods to assess drug safety and efficiency in treating disease, effects 

involving mechanisms such as the adsorption into the blood, distribution to tissues and organs, 

metabolism and excretion via the kidneys or bile are difficult to predict with standard in vitro 

methods. It is therefore not realistic that all animal experiments will be replaced by in vitro models 

in the near future. Rather, a combination of in vivo and in vitro experiments is advised. 

Nevertheless, developing suitable in vitro systems and assays that can reliably predict compound 

effects holds enormous potential for resolving ethical concerns and avoiding the cost of animal 

experiments, inter- and intra-species accuracy of results and shortages of primary tissue and cells. 

Induced pluripotent stem cell-based test systems are especially promising in this regard: (i) iPSC 

can be generated from somatic cells of any patient in unlimited numbers, (ii) they can 

theoretically be differentiated into any cell type constituting human tissues and (iii) they may 

serve as (patient-specific) model systems mimicking development and disease conditions in the 

future.  
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Regardless of whether they will be used for the assessment of cyto- or developmental toxicity, 

stem cell-based, organ-specific test systems will need to be able to produce mature cell types 

representative of the respective organ. To date, the development of stem cell-based liver and, 

more specifically, hepatocyte differentiation systems has progressed to a point where protocols 

from different laboratories allow for differentiation of HLC or liver organoids in vitro [79–85]. 

Despite this progress, the use of primary human hepatocytes (PHH) represents the gold standard 

for liver toxicology mostly due to the fact that stem cell-based hepatocyte differentiation fails to 

model hepatocyte-specific (xenobiotic) metabolism to an extent that is truly comparable to PHH. 

Notably, also primary human hepatocytes ex vivo were shown to de-differentiate rapidly when 

taken into culture, especially in a 2D monolayer culture format [86,87]. Culturing PHH in a 

sandwich culture, where PHH are cultured in between collagen gel layers, or spheroids, where 

cells are aggregated in hanging drop culture systems, has been shown to improve the stability of 

their phenotype in vitro and allow for higher and more durable expression of metabolizing 

enzymes [88,89]. Still, creating a phenotype-stabilizing microenvironment in vitro continues to 

pose a challenge that needs to be overcome by the currently available culture methods. 

Moreover, whether mono-cellular 2D test systems, 3D spheroids or even multi-cellular organoids 

are best applicable in toxicological testing largely depends on the type of assay that is used, the 

reproducibility of the results and acceptance as an industry standard. Since the results of toxicity 

tests can depend on the levels of drug-metabolizing enzymes, deviations in their expression by 

orders of magnitude in HLC compared to primary hepatocytes is an obstacle to their 

implementation.  

Since iPSC require induction of developmental signaling pathways in order to differentiate them 

into specialized cell types, they are also considered a promising tool for assessment of 

developmental toxicity. Test compounds that interfere with such developmental pathways can 

be expected to negatively affect iPSC differentiation in vitro, thus indicating developmental 

toxicity. A critical consideration for testing developmental toxicity is the discrimination of 

cytotoxic substances and developmentally harmful teratogens. Therefore, the ratio by which 

developmental genes are enriched among genes that become differentially expressed as a 

consequence of the compound treatment, compared to what can be randomly expected, has 
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been proposed as an index of developmental toxicity (Di) (Figure 4) [90]. A more direct but less 

sensitive measure of whether a compound has the potential to induce developmental effects is 

given by the overlap of developmental genes and genes altered by a test compound divided by 

the number of developmental genes, which was described as developmental potency (DP).  

 

Figure 5: Quantification of the developmental effects of test compounds in stem cell differentiation. 
Developmental potency (Dp) gives the fraction of all developmental genes (D genes) that are affected by a 
compound. The developmental index (Di) informs how strongly D genes are enriched among all genes that 
are affected by a compound (T genes). [78] 

 

Even though in vitro differentiation cannot yet fully recapitulate embryonic development with 

regard to its duration and the complexity of micro-environmental cues that establish positional 

identities, guiding cell lineage choices and organogenesis into fully functional tissues, this 

technology represents a considerable leap forward in our capacity to investigate developmental 

toxicity mechanisms of compounds at sub-toxic concentrations. However, because of the vast 

number and incomplete understanding of processes that are involved in human embryonic 

development, it remains to be seen if stem cell based in vitro test systems will allow to 

successfully identify critical concentrations of teratogens that induce congenital abnormalities in 

vivo. Therefore, comprehensive studies employing stem cell-based test systems representative 

of various developmental pathways are required that are exposed to large numbers of substances 

including appropriate controls with low and high cytotoxicity, but no developmental toxicity.  
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1.4.1 Hepatocyte differentiation in liver development and PSC differentiation strategies 

In order to establish stem cell-based alternative cell sources as a replacement for primary human 

hepatocytes, stem cell-based differentiation approaches in vitro aim at recapitulating known 

developmental mechanisms in vivo. Detailed knowledge on human embryonic liver development 

is limited but required in order to achieve proper differentiation into hepatocytes. Although 

availability of studies on human liver development is scarce, conserved key mechanisms were 

identified in mice. It is well known that hepatocytes are epithelial cells that originate from 

endoderm lineage, which is established as the result of one of the first cell fate decisions in 

mammalian development.  

 

Figure 6: Early lineage decisions in the developing mouse embryo lead to formation of extra-embryonic 

tissues and germlayer formation. A) Extraembryonic tissues arise from trophectoderm and contribute to 
placenta formation (a). B) Pluripotent embryonic stem cells from the inner cell undergo the first linage 
choice of embryonic development involving Nanog and Gata6 expression, to either become primitive 
endoderm (PrE) or pluripotent epiblast cells. The figure was adapted from [91]. 

 

The endoderm is one of the three primary germ layers - ectoderm, mesoderm and endoderm - 

that originates from pluripotent stem cells of the inner cell mass (ICM) of blastocysts and gives 

rise to various epithelial cell types in organs lining the respiratory and digestive tract, including 

thyroid, thymus, lungs, liver, biliary system, and pancreas [92]. Two types of endoderm cells 
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emerge during mammalian development and contribute to formation of the early gut tube from 

which the future liver bud will be formed (Figure 6). First, primitive endoderm (PrE) cells, which 

were long thought to exclusively contribute to the extraembryonic parietal and visceral yolk sac, 

arise at the blastocyst stage at embryonic day (E) 3.5-4 from cells of the ICM. The second type, 

the cells of definitive endoderm (DE) arise from another fraction of the ICM, called epiblast, during 

gastrulation. Lineage decision of the ICM cells towards either PrE or epiblast cells is not fully 

understood, but involves downregulation of the pluripotency-associated transcription factor 

POU5F1 and ‘salt and pepper’ expression of Nanog and GATA6, where Nanog primes cells for the 

epiblast and GATA6 for the PrE lineage, respectively (Figure 6). Additionally, FGF4, BMP4 and 

PDGFA signaling has been shown to be required for maturation of the PrE lineage. These signaling 

molecules are produced by epiblast cells and received by neighboring cells that have been 

specified as PrE [93]. In PrE, endoderm markers including SOX17, FOXA2, CXCR4, GATA4a and 

DAB2 become expressed [93,94].  

The formation of DE in the process of gastrulation likewise involves a complex interplay of 

different signaling pathways and cell migration that sequentially specifies the (positional) identity 

of the epiblast cells. Gastrulation leads to the formation of the three primary germ layers - 

ectoderm, mesoderm and (definitive) endoderm - and starts around E6.5 with the formation of 

the primitive streak, which in the course of its elongation of the epiblast defines the anterior-

posterior and medio-lateral axes of the embryo [95]. Acquisition of migratory properties by a 

fraction of epiblast cells through epithelial-to-mesenchymal transition (EMT) facilitates their 

ingression [96] through the primitive streak to give rise to mesoderm and definitive endoderm at 

E7.5 [91,92,95]. These transient, migratory cells represent common progenitors of mesoderm and 

DE, referred to as mesendoderm [97]. Epiblast cells that do not undergo EMT and remain at the 

anterior pole of the epiblast contribute to ectoderm formation. In contrast to the long prevailing 

view that the future gut endoderm arises solely from DE cells that originate from the epiblast, it 

was shown recently in a single cell sequencing approach that the future gut tube (indicated with 

a dotted line in the in situ hybridization image of Figure 6 B)  is formed through intercalation of 

visceral endoderm that arises from PrE and definitive endoderm cells of epiblast origin [98].  
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Several morphogens are required for the control and fine tuning of these processes including 

WNT, more specifically WNT3a, BMP, FGF and Nodal. Their signaling controls initiation of the 

primitive streak and the formation of DE, mesoderm and ectoderm, as well as specification of 

different derivatives of the gut tube, based on duration and concentration of signaling gradients 

[99,100]. The complexity of these processes is illustrated by Nodal signaling in DE specification, 

where high Nodal activity is initially required but needs to be repressed for endoderm maturation 

[91,101]. Since Nodal was shown to control the activity of a number of endoderm genes it is 

considered to be the main regulator for endoderm development [100]. Additional transcriptional 

regulators associated with mesoderm and endoderm formation are TBXT and FOXA2, 

respectively. The pioneer transcription factor FOXA2 has been linked to the opening of chromatin 

and induction of endoderm-associated target genes, such as HEX, OTX2, CER, SHH, and SOX17, 

many of which are transcription factors implicated in endoderm patterning [102].  

 

Figure 7: Key steps of early liver bud development in vivo. A) The early gut tube made of DE is patterned 
by morphogen signaling into foregut, midgut and hindgut regions. For specification of the foregut, WNT-
antagonism enables hepatic induction around E8.5. Adapted from [78,103]. B) Under influence of BMP 
signaling from the cardiac mesoderm and FGF signaling from the septum transversum, the liver 
diverticulum is formed. Adapted from [78]. C) Hepatoblast precursors from the liver diverticulum start 
invasion of the septum transversum mesenchyme around E9.5, forming the early liver bud, where 
hepatoblasts are lined with endothelial sinusoid precursors at E10.5. Adapted from [78]. 
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Gut endoderm is patterned into the foregut, midgut, and hindgut around E8 under control of 

WNT, FGF and BMP cytokines secreted by the surrounding mesoderm, as well as retinoic acid 

signaling [78,103,104] (Figure 7 A) . WNT and FGF ligands are expressed at higher concentrations 

in the mesoderm surrounding the hind- and midgut compared to the foregut [105]. By contrast, 

the specification of the foregut requires the action of WNT antagonists, such as secreted frizzled 

related proteins (SFRPs), which was shown to be dependent on BARX1 expression [106–108]. This 

gradient with low WNT and FGF signaling is critical for early foregut patterning. At E8.5, bone 

morphogenetic proteins (BMPs) and FGF from the septum transversum and the cardiac 

mesoderm induce thickening of the ventral foregut, which forms the liver diverticulum [109–112] 

(Figure 7 B). The liver diverticulum consists of columnar epithelial cells surrounded by a basal 

lamina and endothelial precursor cells (Figure 7 C). At E9.5, the epithelial cells break through the 

basal lamina and invade the septum transversum. Under the influence of the microenvironment 

of the septum transversum mesenchyme, the epithelial cells of the liver diverticulum differentiate 

into hepatoblasts. The latter already express numerous genes of adult hepatocytes; for example, 

albumin and hepatocyte nuclear factor 4α (HNF4α), although not yet at the level of the mature 

cells and also some genes that will be downregulated in the adult liver, such as alpha-fetoprotein. 

It has been shown that HNF4α acts as an indispensable master regulator of hepatocyte 

differentiation, acting from the top of the hierarchy to regulate expression of other hepatic 

transcription factors, such as HNF1α and NR1I2 (PXR) [113]. At E 13, some periportal hepatoblasts 

differentiate to cholangiocytes under the influence of the periportal mesenchyme [114,115], 

while the majority of hepatoblasts differentiate to hepatocytes, under influence of signaling 

molecules such as oncostatin M (OSM), which is secreted from hematopoietic cells and acts in a 

paracrine fashion, repressing alpha-fetoprotein expression and inducing hepatocyte phenotype 

[116,117]. Another essential factor in liver development and hepatocyte maturation is the 

hepatocyte growth factor (HGF) that also is known for its role in liver regeneration, among others 

[118]. Experiments in mice have shown that embryos lacking the morphogenic effects of HGF 

signaling in liver development die in utero [119]. Besides the complexity of the microenvironment 

generated at the different developmental days, namely the early (E8) mesoderm, septum 

transversum (E8.5), and cardiac mesoderm (E8.5), the existence of narrow time windows of less 

than 6 h should be considered, when the same cytokines may have opposite effects. For example, 
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WNT factors have to be antagonized for correct foregut patterning but are later needed for 

maturation of hepatoblasts [104]. Although a considerable number of - in part - well-studied 

signaling pathways have been uncovered in studies liver development, fine-tuning of cellular fates 

through the integrated known and unknown pathways is far from being understood and 

represents an exciting challenge in life sciences. Influences of hepatic differentiation are also 

contributed by extrahepatic tissues and intrahepatic cell types. Especially the process of hepatic 

induction, as well as the induction of other organ primordia from the gut tube represent 

challenging research targets as these complex and tightly temporally controlled processes are not 

fully understood at a high enough resolution, especially considering influences from surrounding 

tissues, such as the splanchnic mesoderm. Recent advances with single cell sequencing combined 

with computational signaling network inference uncovered complex relationships between 

different mesodermal subtypes that interact with epithelial cells in liver organogenesis and offer 

new insight on the underlying relationships [120]. Furthermore, hematopoietic stem cells that 

populate the liver around E11.5-E16.5 have shown capacity to differentiate into hepatocytes in 

vivo and may exert important functions in development of hepatocytes [121]. Therefore, 

additional efforts are required to optimally recapitulate the complexity and the quickly changing 

dynamics of a developing liver in vivo [78]. 

 

Figure 8: In vitro differentiation of pluripotent stem cells into hepatocytes. Stem cells are commonly 
induced by a combination of WNT3a and Activin A to differentiate into DE within a time span of maximal 
7 days. Differentiation towards hepatoblasts is achieved for example by application of BMP-2 and FGF-2, 
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WNT-antagonists or sub-toxic DMSO concentrations. Maturation into hepatocyte like cells is induced 
mainly by HGF and OSM growth factors and often combined with interventions involving transcription 
factors or matrix compounds. Time windows for treatments can vary for every protocol.  

 

In vitro, differentiation of ESC or iPSC to DE is achieved by employing the knowledge generated 

in developmental studies. Common protocols for induction of definitive endoderm [82,122–126] 

use Activin A to mimic Nodal signaling, both of which are members of the transforming growth 

factor beta (TGFβ) superfamily of morphogens and act through type II activing receptors and the 

downstream effectors Smad2 and Smad3 [100]. Smad2/3 complexes can recruit different 

activating and inhibiting co-factors of transcription leading to cell-type specific responses. The 

strategy of employing Activin A in DE differentiation makes use of this signaling cascade to induce 

EMT, regulated by activity of the transcription factor SNAI1 [127]. In addition to Activin A, WNT3a 

is often used to achieve endoderm differentiation in the early differentiation phase. While WNT-

signaling has been established to endow competence of cells to respond to Activin A signaling 

[128], long exposure with WNT3a was shown to limit some of the differentiation potential of the 

presumptive DE cells. Alternative approaches use small molecule GSK3 inhibitors such as 

CHIR99021 to favor accumulation of beta-catenin, its translocation to the nucleus and activation 

of target genes [129–131]. Presumptive DE cells produced by these approaches have been shown 

to express genes representative of DE, including SOX17, FOXA2 and CXCR4 and have been used 

for further differentiation into different endoderm derivatives, including pancreas, liver, and 

intestinal cells, also in combination with stem cell derived meso- and ectoderm [101]. 

To establish foregut identity and hepatic induction of definitive endoderm, in vitro protocols often 

involve BMP-4 and FGF-2 [132–136] in order to mimic signaling from the cardiac mesoderm and 

septum transversum, based on the knowledge generated in developmental biology studies [112]. 

These morphogens have varying effects based on the applied concentration. In the case of FGF2, 

increasing dose induces intestinal or pancreatic differentiation [137]. Other approaches for 

specification of DE and differentiation of hepatoblasts avoid use of morphogens and instead use 

DMSO for this purpose [79,138,139], which has been shown to downregulate pluripotency genes 

and enhance the hepatic differentiation potential [140,141]. As reported for foregut specification 

in vivo, the use of WNT inhibiting factors such as WNT inhibitory factor (WIF1) and Dickkopf 
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(DKK1) has been shown to aid hepatic differentiation [142]. The resulting populations of 

hepatoblast-like cells show expression of genes representative of embryonic hepatoblasts, 

including AFP, HNF1α and HNF4α [124,143]. These immature hepatoblast-like cells can be further 

matured using growth factors, most importantly OSM and HGF [123,144–146]. The addition of 

OSM in this case compensates for the lack of paracrine signaling from hematopoietic cells, which 

would provide OSM under physiological conditions. Together with dexamethasone, OSM induces 

hepatocyte marker expression via the OSM receptor, as well as hepatocyte-like morphology and 

functional maturation, i.e. glycogenesis, and suppression of alpha-fetoprotein [117,147]. HGF in 

turn is normally produced by stromal cells that support liver regeneration and hepatocyte 

maturation [118] and therefore commonly added to differentiation media as a recombinant 

protein. Because of the variability associated with use of recombinant proteins and undefined 

media components, such as fetal bovine serum, some protocols try to establish hepatic 

differentiation only by the use of small molecules. Use of CHIR99021 for DE differentiation, DMSO 

for hepatic induction and dihexa for hepatic maturation is an example of such a protocol, where 

dihexa is thought to potentiate HGF signaling [139]. Although a great number of differentiation 

protocols for the generation of HLC have been reported to date, the great majority of all protocols 

exploit the here mentioned strategies, using different concentrations of the differentiating 

compounds and different time points or culture matrices [148]. In addition, some studies 

investigated the influence of transduction of HLC with transcription factors [149,150], the 

differentiation in 3D spheroid or organoid structures [151–153] or targeted gene activation with 

CRISPR-Cas [85]. Protocols for HLC differentiation thus have achieved a remarkable progress 

towards alternative sources of PHH and are under investigation for their use in cell therapeutic 

applications, showing promising results in some respects, e.g. for the treatment of patients with 

primary hyperoxaluria with gene-corrected HLCs [154]. However, numerous studies suggest that 

the state of maturity of generated cells lacks well behind that of PHH [80,88,155–158], illustrating 

the knowledge gap and technical limitations that are yet to be overcome to generate a fully 

competent alternative to PHH.  
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1.5 Current limitations of hepatocyte-like cells 

Despite the progress that has been made towards generating HLC from stem cells, including the 

expression of important markers, studies have shown that these cells are not yet fully comparable 

to PHH. It was observed that characteristics of HLC often are subject of overoptimistic 

interpretation, requiring unbiased procedures for HLC analysis [88].  In general, HLC generated by 

different protocols and laboratories have been shown to exhibit low expression of important gene 

clusters associated with hepatocyte functions (up to 100-fold lower than in PHH) [78,80],  

including for instance genes involved in hepatocyte metabolism, especially related to the 

processing of xenobiotics, and the major transcription factors associated with these processes, 

such as NR1I3 (CAR), NR1H4 (FXR), and NR1I2 (PXR). Other transcriptional regulators that are 

highly expressed in HLC are characteristic of dividing cells (E2F2, MYB), cells undergoing EMT 

(SNAI1, TWIST) or hepatic progenitors (AFP) and do not decrease to levels observed in primary 

human hepatocytes during differentiation to HLC. Importantly, some genes that are not 

expressed in PHH increase in expression, indicating misguided differentiation into other tissue 

cell types, such as intestinal epithelial cells, together with associated transcriptional regulators 

(CDX2, KLF5). This has two major implications in relation to the application in toxicological or 

pharmacological tests: First, the immature character of HLC, especially regarding the lack of 

enzymes involved in metabolic functions, limits their capacity to faithfully predict adverse effects 

of investigated compounds. Second, the presence of unwanted features associated with other 

cell types such as stem cells and intestinal cells presents a risk of responses that are not 

representative of hepatocytes, but other cell types, thus inviting misinterpretation of results. 

With regard to their application in cell therapeutic approaches, the presence of non-hepatocyte 

associated gene expression and immature state raises questions with regard to the phenotypic 

stability of HLC in such settings. In the past, multiple studies relied on selected markers of hepatic 

differentiation for the evaluation of HLC. More recently, studies increasingly relied on genome-

wide analysis using microarray or next generation sequencing (NGS) to assess the transcriptome 

of differentiated cells, supported by algorithms specifically designed to compare differentiated 

cells and target cells. CellNet [85,159,160] and liver-specific gene expression algorithms [161] 

objectify the differentiation status of stem cell-derived cell types. It was determined that HLC 

generated by different protocols reach between 50 and 80% of the Gene Regulatory Network 
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(GRN) status of PHH and reference liver tissue [78,80,85,162]. CellNet processes gene expression 

data from HLC as input and compares them to large data sets of expression profiles of different 

cell types [160]. Using this platform, it was demonstrated that the relatively large difference 

between HLC and PHH is not only explained by the low expression of numerous liver-associated 

genes in HLC, but also by the expression of ‘undesired genes’ that are normally expressed in e.g. 

endodermal and intestinal cells but not in adult hepatocytes [80,139]. It is therefore vital to 

thoroughly characterize gene expression changes during differentiation of iPSC to HLC in 

comparison to PHH in a time-dependent manner on the population and single-cell level so that 

molecular mechanisms can be identified that may be employed to improve HLC differentiation 

and to get insight into the heterogeneity of HLC populations. 

 

1.6 Aim 

Human hepatocytes are required for clinical therapy as well as for studies in pharmacology and 

toxicology. Stem cell-derived HLC offer the perspective of an unlimited supply of cells that closely 

resemble human hepatocytes and therefore may serve in toxicological and pharmacological 

model systems or cell therapy approaches in the future. However, genome-wide and functional 

analyses demonstrated that HLC still show features of misguided differentiation and functional 

immaturity, which need to be understood and overcome to enable their use in representative 

model systems. This PhD thesis aims to analyze the differentiation process of iPSC towards HLC, 

employing a state-of-the art differentiation strategy together with genome-wide transcriptomics 

on bulk and single cell level and epigenomics procedures to develop bioinformatics-guided 

intervention strategies for improving HLC differentiation.  

The specific aims were: 

1. To study the HLC phenotype using qRT-PCR, immunocytochemistry and a bile canalicular 

secretion assay to confirm the previously reported [80] hepatic as well as non-hepatic 

features of HLC. 

2. To characterize HLC differentiation at the stages of iPSC, DE, HLC and PHH using bulk 

transcriptomics and epigenomics, and develop an approach to identify and describe 

favorable and adverse gene expression changes induced by the differentiation protocol.  
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3. To investigate if features of hepatic and intestinal differentiation arise in separate HLC 

subpopulations or within the same (hybrid) cells using high-throughput immunocyto-

chemistry and single-cell RNA-sequencing.   

4. To identify possible targets for intervention to improve HLC differentiation using 

bioinformatics analysis. 

5. To establish proof-of-principle that an intervention by lentiviral transduction of HLC with 

NR1H4 (FXR) and its activation by chenodeoxycholic acid (CDCA) and GW4064 can shift 

the balance of liver and intestinal identity in HLC towards liver.  
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2. MATERIAL AND METHODS 

2.1 Material 

2.1.1 Equipment  

Table 1: Equipment 

Item  Manufacturer 

5075 ELV Autoclave Tuttenauer 

7500 Fast & 7500 Real-Time PCR System Applied Biosystems 

AF 100 ice machine Scotsman 

Agilent 2100 Bioanalyzer  Agilent Technologies 

Balance EW Kern 

Biofuge Heraeus Fresco 21 Thermo Scientific 

Centrifuge 5424R Eppendorf 

Centrifuge MEGA STAR 1.6R VWR 

Chemical safety cabinet Herasafe™ Heraeus 

CO2 Incubator C150 R Hinge 230 Binder 

Diaphragm Vacuum Pump Vacuumbrand 

Dual-Action Shaker KL 2 Edmund Bühler 

Freezer (-20 °C) Siemens 

Freezer (-80 °C) Thermofisher Scientific 

HiSeq2500 Sequencer Illumina 

IKAMAG RCT magnetic stirrer IKA 

ImageXpress Micro XLS Molecular Devices 

Laminar flow hood ( Electronics FAZ2) Waldner 

LSM 880 confocal laser scanning microscope Zeiss 

Megafuge 1.0R Heraeus 

MiniSpin®/ MiniSpin® plus Eppendorf 

NanoDrop 2000 PeQLab Biotechnologie GmbH 

Neubauer cell counting chamber VWR 
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PH-meter CG 842 Schott 

Pipette Reference Eppendorf 

Pipette Research plus Eppendorf 

Pipetteboy Integra 

Precision balance EW 150-3M Kern 

Rocking Platform Shaker VWR 

Shaker KS 260 basic IKA 

SONOPULS mini20 sonicator Bandelin 

Testtube shaker VWR 

Vortex-Genie 2 Bender&Hobein 

Waterbath GFL 1083 Gesellschaft für Labortechnik 

 

2.1.2 Consumables 

Table 2: Consumables 

Item Manufacturer ID 

Biosphere Filtered Tip 100 µl Sarstedt 70.760.212 

Biosphere Filtered Tip 1000 µl Sarstedt 70.762.211 

Biosphere Filtered Tip 20 µl Sarstedt 70.1116.210 

Biosphere Filtered Tip 200 µl Sarstedt 70.760.211 

Cell scraper Sarstedt 83.183 

Cover glass VWR International (Argos 

Technologies) 

631-0711 

Falcon ® 24-well TC-treated Plate Corning 353504 

Falcon tube 15 mL Sarstedt 62.554.512 

Falcon tube 50 mL  Sarstedt 62.547.254 

Filtropur v100 1000 mL vacuum filtration unit Sarstedt 83.1824.001 

Filtropur v25 250 mL vacuum filtration unit Sarstedt 83.1822.001 

Filtropur v50 500 mL vacuum filtration unit Sarstedt 83.1823.001 

Kimtech Science Delicate Task Wipes Kimberly-Clark Professionals 7216 
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MicroAmp Optical 96-well Reaction Plate Applied Biosystems N801-0560 

MicroAmp Optical Adhesion Film Applied Biosystems 4311971 

PCR SingleCap 8er-SoftStrips 0.2mL Biozym Scientific GmbH 710988 

Pipette Tips 1000 µL Sarstedt 70.762 

Pipette Tips 20 µL Sarstedt 70.1116 

Pipette Tips 200 µL Sarstedt 70.760.002 

RNase-free Microfuge Tubes 1.5 mL Thermo Fischer Scientific AM12400 

RNaseZap® RNase Decontamination Solution Thermo Fischer Scientific AM9780/AM9782 

SafeSeal 0.5 mL microtube Sarstedt 72.699 

SafeSeal 1.5 mL microtube Sarstedt 72.706 

SafeSeal 2.0 mL microtube Sarstedt 72.695.500 

Serological Pipette 10 mL Sarstedt 86.1254.001 

Serological Pipette 25 mL Sarstedt 86.1685.001 

Serological Pipette 5 mL Sarstedt 86.1253.001 

Serological Pipette 50 mL Sarstedt 86.1689.001 

Tissue culture flask 25 cm² Sarstedt 83.3910.502 

Tissue culture flask 75 cm² Sarstedt 83.3911.502 

Tissue Culture Plate Flat-Bottom 12-Well 

Plate 

Sarstedt 83.3921 

Tissue Culture Plate Flat-Bottom 24-Well 

Plate 

Sarstedt 83.3922 

Tissue Culture Plate Flat-Bottom 6-Well Plate Sarstedt 83.1839 

WypAll L30 wipes Kimberly-Clark Professionals 7301 
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2.1.3 Reagents 

Table 3: Reagents 

Item Company ID 

(2’Z,3’E)-6-Bromoindirubin-3′-oxime Sigma-Aldrich B1686-5MG 

10Z-Heptadecenoic Acid Sigma-Aldrich H8896-

500MG 

5-(and-6)-Carboxy SNARF™-1 ThermoFischer 

Scientific 

C1270 

Acetic acid Carl Roth 3738.5 

AG® 501-X8 Mixed Bed Resin Bio-Rad 1437424 

Alexa Fluor® 488 Donkey anti-Mouse Dianova 715-545-150 

Alexa Fluor® 488 Donkey anti-Rabbit Dianova 711-545-152 

Amino acid solution (Costumer formulation) PAN Biotech GmbH SO-33100 

Ampure XP beads Beckman Coulter A63881 

Anti-AGR2 polyclonal antibody Atlas Antibodies HPA007912 

Anti-albumin polyclonal antibody Atlas Antibodies HPA031024 

Anti-alphafetoprotein monoclonal antibody R&D Systems MAB1369 

Anti-CDX2 recombinant antibody  Abcam ab114247 

Anti-DPPIV monoclonal antibody  Abcam ab215711 

Anti-HNF4a polyclonal antibody  Atlas Antibodies HPA004712 

Anti-ISX polyclonal antibody  Atlas Antibodies HPA060328 

Arachidonic Acid Sigma-Aldrich 10931-

250MG 

beta-Mercaptoethanol ThermoFischer 

Scientific 

31350010 

Bovine Albumin Fraction V (BSA) Carl Roth 8076.4 

BSA fatty acid free Sigma-Aldrich A8806-1G 

Calcium chloride (CaCl2) Sigma-Aldrich 5239.1 

Cellartis® DEF-CS500 Culture System Cellartis (TaKaRa) Y30010 
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Cellartis® Definitive Endoderm Differentiation 

system 

Cellartis (TaKaRa) Y30035 

Cellartis® Hepatocyte Differentiation System Cellartis (TaKaRa) Y30050 

Cellartis® iPS Cell to Hepatocyte Differentiation 

System 

Cellartis (TaKaRa) Y30055 

CellTracker™ Green CMFDA Dye ThermoFischer 

Scientific 

C2925 

CGP 52608 Sigma-Aldrich C5749 

Chenodeoxycholic acid Sigma-Aldrich C9377 

Chloroform Carl Roth 7331.2 

Cholecalciferol Sigma-Aldrich C9756-1G 

Collagenase from Clostridium hystolyticum Sigma-Aldrich C2674 

cOmplete™ Protease Inhibitor Cocktail Sigma-Aldrich 11697498001 

Cy3-AffiniPure Donkey anti-Rabbit Jackson 

ImmunoResearch 

AB_2307443 

DAPI Invitrogen D3571 

DEPC Treated Water Invitrogen 750024 

D-erythro-Sphingosine Santa Cruz Biotech sc-3546 

Dexamethasone Sigma-Aldrich D4902-25MG 

Direct-zol RNA MiniPrep Plus kit Zymo Research R2071 

DMSO Sigma-Aldrich 34869 

DPBS Sigma-Aldrich 
 

EGTA Carl Roth 3054.2 

Ethanol Merck 100983 

Ethanol 70% Walter CMP WAL10506 

Ethidium Bromide Invitrogen 15585-011 

Gentamycin PAN Biotech GmbH P06-13001 

Gibco™ Recombinant AOF Insulin ThermoFischer 

Scientific 

A11382II 
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GlutaMAX Supplement ThermoFischer 

Scientific 

35050061 

GW4064 Sigma-Aldrich G5172 

HEPES Carl Roth 9105.4 

High Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368813 

IGEPAL CA-630 Sigma-Aldrich I8896 

Insulin-transferrin solution (IST) 100x Sigma-Aldrich I3146 

Knockout DMEM Life Technologies 10829-018 

Knockout Serum Replacement ThermoFischer 

Scientific 

10828010 

L- Glutamine Sigma-Aldrich G3126 

L- Glutamine PAN Biotech GmbH P04-82100 

Laminin 111 BioLamina LN111-03 

Laminin 521  BioLamina LN521-25 

Lyophilized rat-tail collagen Roche Diagnostics 11179179001 

MEM Essential Amino Acids Solution (50x) ThermoFischer 

Scientific 

11130051 

MEM Non-Essential Amino Acids Solution (100x) ThermoFischer 

Scientific 

11140050 

MinElute PCR Purification Kit Qiagen 28004 

Nextera DNA library prep kit Illumina 20025519 

Nextera XT library preparation kit Illumina FC-131-1096 

Nonident P-40  Sigma-Aldrich I8896-50ML 

Penicillin/Streptomycin PAN Biotech GmbH P06-07100 

Phalloidin-rhodamine ThermoFischer 

Scientific 

R415 

Polyvinylpyrrolidone Sigma-Aldrich PVP360 

Potassium Chloride (KCl) Carl Roth 6781 .1 

Potassium dihydrogen phosphate (KH2PO4) Carl Roth 3904.1 
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Oleic acid Sigma-Aldrich O1383 

Qiazol Lysis Reagent Qiagen 79306 

Rho-associated kinase (ROCK) inhibitor Y27632  Sigma-Aldrich Y0503-1MG 

Roti Histofix 4% Carl Roth P087.5 

Roti-CELL Dulbecco's PBS Carl Roth  9131.2 

Sera Plus (Special Processed FBS) PAN Biotech GmbH 3702-

P103009 

Sodium chloride (NaCl) Carl Roth 3957.2 

TaqMan® Universal Master Mix II Applied Biosystems 4440038 

Transferrin human Sigma-Aldrich T8158-

100MG 

Triton X-100 Carl Roth 3051 

TRIzol™ regaent ThermoFischer 

Scientific 

15596026 

Trypan Blue Sigma-Aldrich T6146 

TrypLE ThermoFischer 

Scienticfic 

12563011 

Tween 20 Sigma-Aldrich P7949 

Tween 80 Sigma-Aldrich P8074 

 

2.1.4 Cells 

Table 4: Primary cells and cell lines 

Item Company ID 

ChiPSC18 induced pluripotent stem cells (male) Cellartis (TaKaRa) Y00305 

Primary human hepatocytes (male) AFJ, DJJ, IAN BioReclamationIVT M00995-P 
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2.2 Methods 

All cell culture procedures were performed under sterile conditions.  

 

2.2.1 Preparation and maintenance of human induced pluripotent stem cell cultures  

Induced pluripotent stem cells were obtained from Cellartis (ChiPSC18, Takara Bio Europe, Cat. 

No. Y00300) and stored in liquid nitrogen gas phase at -150°C (~3 million cells/vial). Culture 

vessels were prepared with COAT-1 solution (Cellartis) diluted 1:20 in ice-cold DPBS containing 

Ca2+ and Mg2+, using 0.1 mL per cm² of the culture vessel. The culture vessels were incubated for 

at least 20 min at 37°C. Cells were thawed in a 37°C water bath and transferred to DEF-CS medium 

(Cellartis) containing DEF-CS growth factor 1, 2 and 3 reagents (Cellartis) diluted 1:333, 1:1000 

and 1:1000, respectively (referred to as full DEF-CS medium hereafter). After centrifugation at 

300g for 5 min, supernatant was discarded and the cell pellet resuspended in 5 mL of full DEF-CS 

medium. The coating solution was aspirated from prepared culture vessels just before transfer of 

the cell suspension. Finally, cells were left for attachment at 37°C and 5% CO2 until the following 

day. ChiPSC18 cells were cultivated for at least 5 passage intervals until further use, with daily 

medium changes using Cellartis DEF-CS supplemented with growth factors 1 and 2 (referred to as 

DEF-CS maintenance medium hereafter) diluted 1:333 and 1:1000, respectively. Cultures were 

routinely assessed for morphological signs of differentiation by light microscopy and pluripotency 

markers assessed by qRT-PCR and/or immunostaining for/against NANOG and POU5F1. 

For passaging, culture vessels were prepared with Cellartis COAT-1 as described before. Before 

inducing cell dissociation, the fully confluent monolayer of ChiPSC18 cells was washed once using 

warm DPBS without Mg2+ and Ca2+. DPBS was aspirated and replaced with 0.015 mL per cm² of 

room-tempered TrypLE select (ThermoFisher), followed by incubation at 37°C and 5% CO2 for 

approximately 5 min to obtain a single cell suspension. Upon loss of cell contacts, at least 9 

volumes of full DEF-CS medium were added to the cell suspension, followed by centrifugation at 

300g for 5min and resuspension in fresh full DEF-CS medium as required, before cell counting 

using Neubauer hemocytometer. In total, 40,000 cells were seeded in 0.2-0.3 mL of full DEF-CS 

medium per cm² of the culture vessels. Further details on the Cellartis® DEF-CS culture system, 

Cat no. Y30010, can be found in the manufacturer’s instructions. 
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2.2.2 Differentiation of ChiPSC18 to definitive endoderm 

Culture vessels to be used for the derivation of definitive endoderm from ChiPSC18 cells were 

coated with Definitive Endoderm Differentiation Coating Reagent (Cellartis), using 0.1 mL per cm² 

of the culture dish and incubation at RT for 60 min. Upon reaching full confluence and showing a 

dense monolayer, ChiPSC18 cells were harvested and counted. Next, the cell suspension was 

aliquoted as required for seeding of 34,000 cells/cm² and centrifuged at 300g for 5 min, the 

supernatant was aspirated, the pellet was dissolved in the required amount of Cellartis Definitive 

Endoderm D0 medium needed for inoculation (0.2 mL/cm²). The cell suspension was transferred 

and cells left for incubation at 37°C until the next day. Endoderm differentiation was induced 

according to schedule (Figure 1 A) over the course of 7 days, until further use in the HLC 

differentiation procedure. Further details on the Cellartis® Definitive Endoderm Differentiation 

system, Cat.no. Y30035, can be found in the manufacturer’s instructions. 

 

2.2.3 Differentiation of ChiPSC18-derived definitive endoderm to hepatocyte-like cells 

Culture vessels were prepared either with Laminin 521 and Laminin 111 (Biolamina) in a 1:3 ratio, 

followed by a 1:20 dilution in PBS with Ca2+ and Mg2+, or Cellartis® hepatocyte differentiation 

coating, using 0.1 mL per cm² of the culture vessels. Upon completion of the definitive endoderm 

differentiation schedule (day 7), prospective definitive endoderm cells were harvested by first 

washing the confluent cell layer with warm DPBS without Mg2+ and Ca2+, followed by incubation 

with 0.1 mL/cm² TrypLE Select at 37°C, 5% CO2 for approximately 2 min. To collect the cell 

suspension, one volume of DPBS containing 10 % FBS was added and the number of viable cells 

was determined after preparation of a 1:1 mixture of cell suspension and trypan blue, using a 

Neubauer chamber. Cells were centrifuged at 300g for 5 min and resuspended in Thawing and 

Seeding Medium (TS Medium, Cellartis) at 2.6*105 cells/mL. Cells were seeded at a density of 

1.3*105 cells/cm² in 0.5 mL of TS medium/cm² and incubated at 37°C and 5% CO2 for 24 h. Over 

the course of the following 18 days, cells were treated according to schedule (Figure 1 A). Upon 

completion of day 25, HLC were harvested for downstream applications. Further details on the 

Cellartis® Hepatocyte Differentiation System, Cat.no. Y30050, can be found in the manufacturer’s 

instructions. 
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2.2.4 Cultivation of primary human Hepatocytes  

Cryopreserved primary human hepatocytes (PHH) were purchased from BioIVT. Three different 

donors were used for single-cell sequencing (Donor 1, 2 and 3), two for qRT-PCR (Donor 2 and 3) 

data generation and one for immunostaining (Donor 2). Cryopreserved PHH were cultured 

according to a published standard operating procedure (SOP) (Gu et al. 2018 supplement 2), with 

modifications. Lyophilized rat-tail collagen (Roche Diagnostics) was dissolved overnight in 40mL 

0.2% acetic acid at 4 C. Each well of Sarstedt Standard Tissue Culture F 12-well plates was coated 

with 1 mL (250µg/mL) collagen solution. Collagen was then aspirated and plates were left to dry 

overnight under sterile conditions. Before use, coated plates were washed three times with DPBS. 

PHH were thawed in a water bath at 37 °C and transferred to a Falcon tube with culture medium 

(Williams E, 1% P/S, 10 µg/mL gentamycin, 10 ng/mL ITS, 2 mM L-glutamine, 100 nM 

dexamethasone, 10% FCS). After cell counting using Trypan blue to determine viability, 

approximately 65k cells/cm² were plated followed by incubation at 37 C for at least 3h. Culture 

dishes were gently moved to facilitate equal distribution during the first 15 minutes of 

attachment. After 3h, cells were washed with warm PBS three times, followed by addition of 2 

mL culture medium per well of a 12-well plate. Cells were then incubated at 37 °C, 5% CO2 with 

medium changes every other day until further use. 

 

2.2.5 Cultivation of CACO-2 cells 

CACO-2 cells were obtained from ATCC. Cryopreserved cells were thawed in a water bath at 37 

°C and resuspended in 5 mL of Dulbecco’s modified eagle medium, followed by centrifugation at 

300g for 5 minutes. Medium was aspirated and the cell pellet dissolved in 10 mL of fresh medium. 

Cell count was determined in a Neubauer chamber using trypan blue to account for viable cells. 

In a T75 cell culture flask, 50k cells/cm² were seeded, followed by incubation at 37°C and 5% CO2 

until further used. Fresh medium was provided twice per week and cells passaged before reaching 

80% confluence. Before processing, cells were allowed to reach more than 80% confluence while 

avoiding overgrowth. 
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2.2.6 Immunocytochemistry 

HLC were fixed with 4% PFA for 15 min at 37°C. Fixed cells were washed with PBS on an orbital 

shaker 3 times for 5 min, membranes were permeabilized with Triton-X 100 for 10 min, washed 

3 times for 5 min with PBS and blocked for 1 h with blocking solution containing 10% BSA and 

0.1% Tween-20 in PBS. Subsequently, fixed cells were treated overnight with antibody solution 

containing 3% BSA, 0.1% Tween-20 and primary antibody. Primary antibodies used were anti-ALB 

(HPA031024, 1:200, Sigma), anti-AFP (MAB1369), anti-CDX2 (ab114247, 1:200, Abcam), anti-ISX 

(HPA060328, 1:200, Atlas Antibodies), anti-AGR2 (HPA007912, 1:200, Atlas Antibodies), anti-

DPPIV (ab215711, 1:200, Abcam) and anti-HNF4A (HPA004712, Atlas Antibodies)  The next day, 

cells were washed 3 times for 5 min on an orbital shaker, secondary antibody  solution containing 

3% BSA, 0.1% Tween-20 and secondary antibody in PBS was added, followed by 2 h incubation 

under light protection. Secondary antibodies used were Alexa Fluor® 488 Donkey anti-Rabbit 

(1:100), Alexa Fluor® 488 Donkey anti-Mouse and Cy3-AffiniPure Donkey anti-Rabbit (all Jackson 

ImmunoResearch Laboratories). Nuclear staining was performed using DAPI solution 1:10000 

either alone or in combination with actin staining using phalloidin-rhodamine (ThermoFischer) 

1:5000 for 10 min at RT. Cells were washed 3 times with PBS before imaging and storage at 4°C.  

For high throughput screening of the immunohistochemistry time series of HLC differentiation, 

cell populations were fixed as described above at the respective time points. After fixation, cells 

were washed three times with PBS, followed by addition of 0.2 mL/cm² PBS with 10% FBS. The 

preparations were then stored at -20°C until simultaneous staining according to the described 

procedure, to reduce technical variability. High throughput screening was performed on the 

ImageExpress Micro XLS system (Molecular Devices) at 20x magnification. Image analysis was 

performed using MetaXpress software (Molecular Devices) and processed using R for statistical 

programming. Briefly, per antibody a setup was chosen to isolate stained area of at least 32 sites 

(16 sites per well of a 12 well plate) per time point of the imaging series. In addition, ICC controls 

without primary antibody were analyzed at 2 time points of the series (iPSC day 0, HLC day 25), 
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to guarantee primary antibody specificity. Intensities at the wavelength corresponding to 

secondary antibody emission (520 nm for Alexa Fluor 488) were extracted from masked areas for 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Image processing for high-throughput analysis. A) Masking cutoff parameters for image 
processing with the multi-wavelength analysis tool of the MetaXpress software (Molecular Devices), 
showing minimum and maximum width for nuclear signals, as well as cytoplasmic signal in albumin 
(ALB) and CDX2 signal quantification. B) Example of the masking result for albumin. 
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cytoplasm or nucleus respectively and control intensity was subtracted. Fractions of positive 

(intensity >= 0.001 RLU) and negative (Intensity = 0 RLU) cells were determined per time point. 

 

2.2.7 Bile canalicular excretion assay live cell imaging 

HLC were differentiated and PHH were seeded according to the previously described procedures. 

On day 25 for HLC and day 3 for PHH, cells were loaded onto a Zeiss LSM 880 confocal imaging 

system into an incubation chamber providing stable 37°C and 5% CO2 under humid conditions. 

Cells were left for equilibration for at least 15 min before treatment with 5 µM 5-

chloromethylfluorescein diacetate (CMFDA) and 5 µM 5-(and -6)-Carboxy-SNARF-1 from 10 mM 

stock solutions in DMSO diluted 1:2000 in medium upon addition to the cell cultures, 

corresponding to 2 mL of medium in total per well of a 12-well Sarstedt Standard Tissue Culture 

Plate. Imaging was started immediately after addition, with an excitation wavelength of 488 nm 

for CMFDA and 561 nm for SNARF-1. Emission was monitored at 525 nm and 629 nm for CMFDA 

and SNARF-1, respectively, in order to avoid bleed-through of the emission spectra. A time-series 

of 50 images was captured in 15 min intervals in 5 z-planes for PHH and HLC respectively. 

 

2.2.8 Preparation of oleic acid solution and cell treatments 

Oleic acid (OA) and fatty acid-free bovine serum albumin (BSA) were purchased from Sigma 

Aldrich. OA was complexed to BSA at a 6:1 molecular ratio by mixing 3 mL of a 60 mM OA solution 

with 12 mL of a 2.5 mM BSA solution as previously described (Cadenas et al., 2019). Cells were 

incubated with OA/BSA or BSA-only at the indicated concentrations for 48 h by adding the 

corresponding amounts to fresh cell culture medium. 

 

2.2.9 Lipid droplets staining 

Cells were plated on 12-well plates on a collagen-coated coverslip. The cell culture medium was 

removed, and cells were fixed for 20 min with 4% PFA and subsequently permeabilized with 0.3% 

Triton-X-100 for 10 min. To label the actin cytoskeleton cells were incubated with rhodamine-

labeled phalloidin (Invitrogen), diluted 1:400 in 0.3% BSA, for 2 h. To visualize lipid droplets, cells 

were incubated with BODIPY® 493/503 (Life technologies), diluted 1:1000, for 45 min. The cell 
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nuclei were labeled with DAPI, diluted 1:5000, for 10 min. All incubation and washing steps were 

performed at room temperature. 2-3 washing steps of 5 min each between treatments were 

performed with PBS. Fluorescence was visualized by confocal laser scanning microscopy 

(FluoView™FV1000 Scanning Unit with BX61 Automated Research Microscope, Olympus, 

Hamburg, Germany). 

 

2.2.10 Lentiviral transduction 

The self-inactivating lentiviral vector construct pLV[Exp]-EGFP:T2A:Puro-

EF1A>hNR1H4[NM_001206993.1] carrying ORFs for EGFP and FXR as well as the resulting 

lentiviral particles were generated in collaboration with VectorBuilder (Chicago, USA) as 

previously described (Tiscornia et al., 2006. Nature Protocols, 1(1), 241–245). A vector summary 

and vector map are given in Figure 2. By quantitative PCR of a fragment in the ENV region of the 

lentiviral vector amplified from genomic DNA of transduced HEK 293 cells viral titer was 

determined to be 2.38x109 transducing units / mL. Cells targeted for transduction were 

differentiated according to the described protocol. On day 13 of the differentiation HLC were 

exposed to lentiviral particles for 16 h at a multiplicity of infection (MOI) of 10 and a polybrene 

concentration of 5 µg / mL. Transduction efficiency was assessed by EGFP fluorescence. At day 25 

of the differentiation, cells were collected according to the methods for total RNA isolation. 



41 
 

 

Figure 10: Vector information and map for exogenous expression of FXR in HLC. 

 

2.2.11 Agonist treatment 

For agonist treatments of FXR in HLC, a 100 mM stock solution of chenodeoxycholic acid (CDCA, 

Sigma) in DMSO and a 1.5 mM stock solution of GW4064 (Sigma) in DMSO were prepared.  With 

medium changes on day 22 and day 24 cells were exposed to CDCA and GW4064 by adding 1.85 

µL of stock solution to 1.85 mL of cell culture medium to achieve final concentrations of 100 µM 

and 1.5 µM, respectively. At day 25 of the differentiation cells were collected in Qiazol (Qiagen), 

sonicated and prepared for RNA isolation. 
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2.2.12 Total RNA isolation and cDNA synthesis 

Total RNA was collected using Qiazol (Qiagen) and sonicated at 5 sec intervals with 2 sec break at 

50 % intensity with a sonicator.(SONOPULS mini20, Bandelin). RNA was isolated from iPSC (D0, 

n=5), DE (D7, n=5), HLC (D9, D11, D14, D16, D18, D21, D23, D25, n=5) and PHH (D0, D1, D3, n=2, 

corresponding to two human donors). For cDNA synthesis, 1 µg of RNA was transcribed using a 

high-capacity cDNA Reverse Transcription Kit (ThermoFischer Scientific) according to 

manufacturer’s instructions.  

 

2.2.13 Quantitative Real-Time PCR 

Quantitative real-time PCR (qRT-PCR) was performed on a 7500 Real-Time PCR System (Applied 

Biosystems) using 25 ng of cDNA, TaqMan Universal Master Mix (ThermoFischer Scientific) and 

the following primer probes from ThermoFischer Scientific: ALB (Hs00609411_m1), HNF4A 

(Hs00604435_m1), HNF1A (Hs00167041_m1), NR1H4 (Hs01026590_m1), ABCB11 

(Hs00994811_m1), POU5F1 (Hs04260367_gH), NANOG (Hs04399610_g1), CXCR4 

(Hs00607978_s1), SOX17 (Hs00751752_s1), FOXA2 (Hs00232764_m1), CDX2 (Hs01078080_m1), 

KLF5 (Hs00156145_m1), ISX (Hs01368145_m1), TWIST (Hs01675818_s1), SNAI1 

(Hs00195591_m1). All qRT-PCR reactions were performed under the following conditions: 50°C 

for 2 min, 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C for all PCRs. For 

qRT-PCR analysis the 2−ΔΔCt method was applied, using GAPDH as a housekeeping gene and 

normalizing expression levels in reference to the iPSC population at day 0 of the differentiation. 

The results correspond to the mean of 5 independent biological replicates unless otherwise 

indicated. 

 

2.2.14 Preparation of single cell suspensions and isolation of single cells 

Cryopreserved primary human hepatocytes (PHH, male, obtained from BioIVT) were thawed in a 

water bath at 37 °C, transferred into 5 mL PBS supplemented with 10 % FBS. Day 25 adherent HLC 

were washed twice with Dissociation Buffer 1 (29 mM glucose, 10 mM NaCl, 1.8 mM KCl, 0.9 mM 

KH2PO4 (pH 7.4), 24 mM HEPES (pH 8.5), 14 % MEM Non-Essential Amino Acids Solution, 4.5 mM 
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glutamine, 0.5 mM EGTA (pH 7.6)) and incubated for at least 15 min in Dissociation Buffer 2 (31 

mM glucose, 12% MEM Non-Essential Amino Acids Solution, 2.4 mM glutamine, 100 mM NaCl, 2 

mM KCl, 1 mM KH2PO4, 25 mM HEPES (pH 8.5), 5 mM CaCl2×H2O) containing 1.5 mg/mL 

collagenase from Clostridium histolyticum (> 125 CDU / mg, Sigma) at 37 °C. As soon as the cells 

of the monolayer began to detach, they were scraped with a cell scraper and pipetted up and 

down 10 times to support disintegration of cell chunks. Finally, HLC suspensions were transferred 

to 1.5 mL tubes, centrifuged for 5 min at 300xg and 4°C, washed twice in cold PBS and 

resuspended in PBS containing 0.1 % polyvinylpyrrolidon. Single cells were manually collected by 

Konstantin Lepikhov (Saarland University) into 2 μl lysis buffer consisting of 2 U RNasin, 

(Promega), 0.2% Triton X-100 and 1 mM DTT. 

 

2.2.15 Single cell RNA-seq library preparation 

Preparation of cDNA was performed as previously described  [163] with modifications by Kathrin 

Kattler. To each well 1 µL 10 mM dNTPs, 0.5 µL Oligo-dT primer 

(AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN) and 0.5 µL ERCC RNA 

Spike-In Mix (Invitrogen, diluted 1:400,000) were added. Then, samples were incubated at 72°C 

for 3 min and immediately placed on ice. Reverse transcription was carried out using 0.5 µL 

SuperScript II RT (200 U / µL, Invitrogen) supplemented with 0.25 μl RNasin (40 U / µL, Promega), 

2 µL Superscript II first-strand buffer (5 X), 0.48 µL 100 mM DTT, 2 µL 5 M betaine, 0.12 µL 0.5 M 

MgCl2, 0.1 µL 100 μM TSO (Biotin-AAGCAGTGGTATCAACGCAGAGTACAT997) and 0.25 µL 

nuclease-free water and incubation at 42°C for 90 min, followed by 10 cycles of 50°C for 2 min 

and 42°C for 2 min. Enzyme deactivation was achieved by incubation at 70°C for 15 min cDNA was 

pre-amplified by addition of 12.5 µL KAPA HiFi HotStart ReadyMix PCR Kit (Roche), 0.25 µL IS PCR 

primer (AAGCAGTGGTATCAACGCAGAGT) and 2.25 µL nuclease-free water with the following 

thermo-cycling conditions: 98 °C for 3 min, 18 cycles of 98°C for 20 sec, 67°C for 15 sec, 72°C for 

6 min and final elongation at 72°C for 5 min. cDNA was purified using 0.8 X AMPure XP Beads 

(Beckman Coulter). Library preparation was performed using the Nextera XT kit (Illumina) in a 

reduced volume (0.25 ×) with 9 cycles for library amplification.  
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Figure 11: Single cell isolation and sequencing workflow. HLC were first digested, washed and then 
manually picked under the microscope. Individual cells were transferred to PCR tubes for cell lysis and 
freezing before library preparation and sequencing. 

 

2.2.16 mRNA-seq library preparation 

Total RNA was extracted from cells stored in 1 mL TRIzol (ThermoFisher) using the Direct-zol RNA 

MiniPrep Plus Kit (Zymo Research) including DNaseI treatment. Library preparation was 

performed as described for single cells with modifications. Briefly, at least 100 ng total RNA were 

used for reverse transcription with 5 cycles of pre-amplification. Libraries were prepared using 

the Nextera DNA Library Prep Kit (Illumina) with 8 cycles of enrichment PCR followed by 0.9 × 

Ampure XP Beads (Beckman Coulter) purification.  

 

2.2.17 Reduced Representation Bisulfite Sequencing (RRBS) 

Genomic DNA was isolated by phenol chloroform isoamyl alcohol extraction and purified by 

ethanol precipitation. RRBS libraries were prepared as previously described (Boyle et al., 2012. 

Genome Biology, 13(10), R92.), with modifications. In brief, at least 180 ng DNA were digested 

using 1 µL HaeIII (50 U, NEB, covers approximately 7 million CpGs) in a 30 µL reaction volume 

supplemented with 3 µL 10 × CutSmart Buffer (NEB) at 37 °C. After 2 hours 0.5 µL HaeIII (50 U/μl) 

were added and incubation was completed for additional 16 hours. A-tailing was performed by 
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addition of 1 µL Klenow Fragment (3`→5` exo-, 5 U/µL, NEB) and 1 µL10 mM dATP at 37°C for 30 

min, followed by enzyme inactivation at 75°C for 20 min Ligation of sequencing adapters (10 μM, 

TruSeq DNA Single Index Set B, Illumina) was achieved by incubation with 2 µL adapter, 1 µL T4 

Ligase (2,000,000 U per µL, NEB), 1 µL 10 X Cutsmart Buffer (NEB) and 4 μl ATP (10 mM, NEB) at 

16°C for 22 h. After bisulfite conversion with the EZ DNA Methylation-Gold Kit (Zymo Research) 

DNA was eluted in 10 µL M-elution buffer (Zymo Research). Enrichment PCR of adapter ligated 

fragments was performed using 3 μl PCR Buffer (10×, Qiagen), 1.2 μl MgCl2 (25 mM, Qiagen), 2.4 

μl dNTPs (10 mM), 0.5 μl Hot Start Taq (5 U/μl, Qiagen), and each 0.5 µL primer 1 and 2 (10 µM, 

1: AATGATACGGCGACCACCGAGATCTACAC, 2: CAAGCAGAAGACGGCATACGAGAT) in a final 

volume of 30 μl. After initial denaturation at 95°C for 15 min, thermocycling was carried out for 

22 cycles at 95°C for 30 sec, 60°C for 30 sec and 72°C for 1 min, followed by final elongation at 

72°C for 7 min Final library purification was carried out with 0.8 × Ampure XP Beads (Beckman 

Coulter).  

 

2.2.18 ATAC-seq library preparation 

ATAC-seq was performed as described earlier [164]  with modifications. Fresh cells were 

resuspended in 1 mL Permeabilization Buffer A (60 mM KCl, 15 mM Tris-HCl (pH 8.0), 15 mM NaCl, 

1 mM EDTA, 0.5 mM EGTA, 0.5 mM spermidine (free base), Protease Inhibitor Cocktail Tablets 

(Roche) supplemented with 0.05 % Nonidet P-40 and incubated on ice for 15 min. Approximately 

50,000 nuclei were centrifuged, washed with Permeabilization Buffer A, and finally resuspended 

in 50 μl tagmentation mix containing 2.5 μl Tn5 (Nextera DNA Library Prep Kit, Illumina) in 1 X TD 

buffer. Tagmentation was carried out at 37°C for 30 min Libraries were amplified for 9 cycles and 

purified using 1 × Ampure XP Beads (Beckman Coulter). 

 

2.2.19 Next Generation Sequencing (NGS)  

Libraries were sequenced by Gilles Gasparoni (Saarland University) on a HiSeq2000 sequencer 

(Illumina) using TruSeq SBS Kit v3 – HS Chemistry in single read runs with read lengths of  94 bp 

(RNA-seq, ATAC-seq and RRBS) or 88 bp (scRNA-seq, dual index). 
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2.2.20 NGS Data processing 

Sequencing data was pre-processed by Abdulrahman Salhab (Saarland University) and Kathrin 

Kattler. Reads were trimmed using Trim Galore! (v0.4.2) 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove 3’ ends with base 

quality below 20 and adapter sequences. RRBS reads were trimmed in RRBS mode and aligned to 

GRCh38 with the BWA [165] wrapper methylCtools [166]. Samtools [167] and Picard tools 

(v1.115) (http://broadinstitute.github.io/picard/) were utilized for converting, merging and 

indexing of alignment files. Bis-SNP was used for SNP (dbSNP, v138, 

http://www.ncbi.nlm.nih.gov/SNP) aware realignment, quality recalibration and computation of 

methylation calls. ATAC-seq reads were aligned to GRCh38 with the GEM mapper [168], and 

samtools were used to convert SAM to BAM format. MarkDuplicate (version 1.115) from Picard 

tools (http://broadinstitute.github.io/picard/) was used to mark PCR duplicates. ATAC-seq peaks 

were called using MACS2 [169], applying the following parameters: --nomodel, --shift -125, --

extsize 250. Coverage files normalized for library size were generated using bamCoverage from 

deepTools [170]. Normalized read counts in 100 bp and 10,000 bp bins were counted using 

featureCounts [171]. Bulk RNA-seq and scRNA-seq reads were aligned to GRCh38 using STAR 

[172] with per sample 2-pass mapping strategy. PCR duplicates were detected using 

MarkDuplicate from Picard tools (version 1.115; http://broadinstitute.github.io/picard/). Gene-

wise read counts for RNA-seq data were estimated based on Gencode release 30 (GRCh38.p12) 

using RSEM [173]. 

 

2.2.21 RNA-seq data analysis 

Expression values were normalized as log CPM + 1 (counts per million). Genes with average log 

CPM < 0.1 were excluded. The 1000 most variable genes were used for Principal Component 

Analysis (PCA), in which data are projected to a 2-dimensional space representing the two 

directions with largest variance. DEseq was used for calculation of scaling factors and robust 

estimation of dispersion in order to detect differentially expressed genes [174]. Supervised 

clustering of DPGs was performed based on differentially expressed genes. Briefly, DPGs were 

obtained by defining gene expression change patterns that describe the change and directionality 
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of log2 fold change over PHH that occurs during iPSC to HLC differentiation, thus relating to a 

certain biologically interpretable behavior, e.g. ‘insufficient upregulation’ or ‘adverse 

upregulation’. Figure 3 illustrates supervised clustering with the DiPa procedure. Tissue identity 

enrichment analysis was performed using TissueEnrich v1.8 for gene sets determined by the 

supervised clustering approach [175]. Gene ontology enrichment analysis was performed using 

enrichGO from the package Clusterprofiler v3.16 [176]. Overrepresentation analysis for 

transcriptional regulators was performed using the web-based RegulatorTrail pipeline using the 

entire database for regulator-target interactions [177]. Reactome pathway enrichment for gene 

sets was performed using ReactomePA v 1.16.2 [178]. CellNet analysis based on the 

reconstruction of cell type-specific gene regulatory networks (GRNs) was performed by Birte 

Hellwig using the R package CellNet [159], with a modification regarding zero counts. In CellNet, 

the GRN status is calculated based on a weighted sum of z-scores of the genes belonging to the 

gene regulatory networks. The value of GRN status ranges from 0 to 1. A high value means that 

the activity of genes in the analyzed dataset is similar to that in the respective tissue type. To 

estimate the importance of transcriptional regulators for dysregulated GRNs, the Network 

Influence Score (NIS) is used. This is also a weighted sum of the z-scores of the genes of the 

networks of a tissue type, with an additional weighting of the transcription factor of the network 

by the number of target genes in the network. Thus, a high absolute value of the NIS of a GRN 

indicates a large deviation in gene expression of that network, compared with the target tissue. 

A problem with the use of z-scores arises when genes of a network are not expressed in a tissue 

type. These genes then have a standard deviation of 0 and the z-score cannot be calculated 

accordingly, as in the denominator one divides by 0. However, these networks are of interest, as 

their expression is obviously highly divergent from the target tissue. Thus, a fudge factor approach 

is used in the calculation of z-scores. Here, a fixed value 1 is added to all standard deviations. 

Fisher tests were performed by Birte Hellwig to quantify the statistical significance for 

comparisons of fractions of differentially expressed genes in DPGs. The overlap ratio was used to 

quantify to which degree genes in an overlap are overrepresented. For pairwise overlap ratios the 

score is calculated as OR=(O*N)/(n_1*n_2 ), where N represents the total number of genes, n_1 

and n_2 the number of differentially expressed genes under condition 1 and condition 2, 

respectively, and O the number of genes in the overlap. A value of 1.0 indicates a random overlap, 
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and values higher than 1.0 are indicative of an overlap that is higher than expected by chance in 

case of independence. 

 

2.2.22 RRBS data analysis  

Detection of differentially methylated regions was carried out by Kathrin Kattler using MethylKit 

[179], which was modified to treat missing sites as zero-covered sites in the aggregation step of 

tiled analysis (500 bp tiles). After merging both strands, calls were filtered to sites with at least 

10× coverage present in at least 75% of samples per group. Significant DMRs were defined as 500 

bp tiles covering at least 3 CpGs and displaying a maximum FDR adjusted p-value of 0.01 and 

minimal methylation difference 20%. Mitochondrial, X and Y chromosomes were excluded. DMRs 

were annotated to closest genes and genomic features based on Gencode release 30 gene models 

[180] using GenomicRanges [181].  

 

2.2.23 ATAC-seq data analysis 

Bin-wise counts were normalized as log (CPM + 1) and the 50,000 most variable 100 bp bins were 

selected for PCA. For differential chromatin accessibility analysis, the mitochondrial chromosome 

and a set of blacklist regions were excluded. Differential analysis was performed using csaw [182] 

combined with edgeR [183]. To adjust background differences between samples, 10,000 bp bins 

were used for calculation of normalization factors. After initial edgeR based differential analysis, 

windows belonging to the same peak region were merged, allowing a maximal peak size of 3,000 

bp and a maximum distance of adjacent bins of 150 bp. Then, FDR for the merged window was 

calculated based on Benjamini Hochberg adjustment. Annotation to the nearest gene was 

achieved as described for DMRs.  
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Figure 12: Supervised clustering of differentiation patterns (DiPa). A) Differentially expressed genes are determined 
for the starting population, and differentiated population, in comparison to the reference (here PHH). B) Log2 fold 
changes over the target cell population are compared in two dimensions, where the starting population is presented 
on the x-axis and the differentiated population on the y-axis. On the left side of the diagonal, genes are upregulated 
during the differentiation process, while genes on the right side of the diagonal are downregulated. C) Supervised 
clustering is established by applying combinations of cutoffs that discriminate genes whose expression levels were 
close to the target population before differentiation (green, cutoff C

x
) genes that after differentiation reach 

expression levels close to those of the target cell population (red, cutoff C
y
) and genes whose expression values do 

not show considerable changes from starting population to differentiated population. D) Example DiPa plot from the 
current study, where the starting population (human induced pluripotent stem cells; hiPSC) and the differentiated 
population (hepatocyte-like cells; HLC) are compared to the target cell type population (primary hepatocytes; PHH).
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2.2.24 Single cell RNA-seq data analysis 

The dataset was extended by an external dataset [82], which we processed accordingly by Kathrin 

Kattler. PHH from both datasets were well-mixed in dimensionality reduction plots (Figure 1 C) 

and PCA regression did not indicate batch effects. Thus, no batch correction was performed. 

Quality filtering (gene count > 500, read count > 200,000, ratio of mitochondrial genes < 0.25), 

normalization, calculation of highly variable genes and ranked genes, and visualization was 

achieved using scanpy [184]. Hybrid state genes, were derived from the present sc-RNAseq data 

by the following definition: log2FC[HLC/iPSC] > 1 and log2FC[HLC/PHH] > 1. Regulon analysis was 

done using the python implementation of SCENIC [185] pySCENIC 

(https://github.com/aertslab/pySCENIC) as outlined in the package manual. Regulons with 

activity scores above AUC score threshold in at least 25 % of single cells in at least 1 celltype were 

considered further. Binarized regulon activities were used for hierarchical clustering and 

correlation based t-SNE visualization of single cells.  

 

2.2.25 Integrative data analysis 

Clustered heatmap of gene expression, DNA methylation and chromatin accessibility was 

generated using pheatmap (https://CRAN.R-project.org/package=pheatmap). Z-scores of 

expression (log CPM + 1), accessibility (average log CPM + 1) and DNA methylation (average 

methylation percentage were calculated by Kathrin Kattler separately for each assay (Supplement 

6). Regulator analysis of clusters was performed using REGGAE (Kehl et al., 2018. Bioinformatics, 

34(20), 3503–3510) based on expression logFC of associated genes. 

 

2.2.26 Statistical analysis 

Statistical analysis in this thesis was performed in close cooperation with the statisticians Birte 

Hellwig and Jörg Rahnenführer from the Technical University of Dortmund and Kathrin Kattler 

from Saarland University.  
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3. RESULTS 

The results presented in this PhD thesis are part of a manuscript with the title ‘Identification of 

an FXR-modulated liver-intestine hybrid state in iPSC-derived hepatocyte-like cells’, which is 

currently undergoing revision at the Journal of Hepatology. 

 

3.1 Stem Cell-derived Hepatocyte-like cells show hepatic and intestinal gene expression 

Differentiation of human induced pluripotent stem cells (iPSC) via definitive endoderm (DE) to 

hepatocyte-like cells (HLC) was performed according to the proprietary protocol of Cellartis 

(former Cellectis), which is part of Takara Bio Europe, with modifications. Stem cells, DE and HLC 

were analyzed at different time-points by a comprehensive program of RNA- and protein-based 

techniques, as well as transcriptomics (RNA-seq and sc-RNA-seq) and epigenomics (RRBS, ATAC-

seq) analysis to characterize the differentiation status of HLC in comparison to cryopreserved and 

cultivated primary human hepatocytes (PHH). These assays formed the basis for the design of a 

bioinformatics-guided intervention strategy to improve HLC differentiation (Figure 13 A). 

HLC showed hepatocyte-like morphology after differentiation using the Cellartis® protocol (Figure 

13 B). The cells were fixed on day 25 and immunostained with antibodies directed against the 

adult hepatocyte marker albumin (ALB) and fetal hepatocyte marker alpha-fetoprotein (AFP), 

which both showed strong cytoplasmic signals in the majority of HLC. The apical hepatocyte 

marker DPPIV visualized thin canaliculi between the HLC, which were also marked by F-actin as 

visualized by phalloidin-rhodamine staining (Figure 14 A). It was thus an interesting question 

whether HLC could demonstrate transport across the bile canalicular (apical) membrane and thus 

exhibit polarity, which represents a key attribute of PHH. 

Canalicular excretion was active, as evidenced by 5-chloromethylfluorescein diacetate (CMFDA) 

and carboxy-SNARF-1 [186], which was comparable to observations made in cultivated PHH 

(Figure 14 B). CMFDA and CM-SNARF1 are ester-caged fluorophores that show up to 400-fold 

increase in fluorescence upon uncaging by cytoplasmic esterases. Primary hepatocytes excrete 

CMFDA and CM-SNARF1 into canaliculi through active transport [186] mediated by multiple 

hepatocyte-specific transporters such as MDR2 and BSEP. Export was readily present after 10 min 
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Figure 13: Experimental design and cell types. A) Schematic of the iPSC to HLC differentiation protocol 
and design of the study. Cells were differentiated for 25 days and collected at varying time-points for 
processing prior to bulk and single-cell level analysis that enabled development of a knowledge-based 
intervention strategy. B) Light microscopy of representative iPSC (Day 0), DE (Day 7), HLC (Day 25) and PHH 
(Day 1). Scale bar indicates 50 µm. 

 

post addition in both HLC and PHH. Incubation of these compounds with hepatocyte-like cells led 

to efficient de-esterification and specific enrichment into canalicular structures, with kinetics 

similar to those of primary hepatocytes, indicating the presence of active transporters on their 

canalicular membrane. Corresponding video material for CMFDA and SNARF1 excretion into HLC 

and PHH canaliculi is available in Supplementary file 1.1 and 1.2 of the digital appendix. HLC also 

formed structures with large lumina surrounded by multiple cells that showed accumulation of 

CMFDA and SNARF1, as well as network-like arrangements of CMFDA and SNARF1 accumulating 

ducts that spread throughout the HLC cultures (Supplementary figure 1, Supplementary file 1.3 

and 1.4).  Moreover, upon the addition of oleic acid to the culture medium, HLC formed lipid 

droplets, which demonstrated that HLC are capable of storing triacylglycerides (Figure 14 C) [187].  
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Figure 14: Phenotype and functional characterization of HLC. A) Fluorescence imaging of 
immunocytochemical stainings of ALB, AFP and DDP-IV (green), F-actin (phalloidin-rhodamine; red) and 
DAPI (blue) in day 25 HLC. B) Canalicular export of CMFDA and SNARF1. The time after addition of 
fluorophores is indicated. Exemplary bile canaliculi indicated by arrows. C) Lipid droplet accumulation 
visualized by fluorescent imaging of day 25 HLC treated with 0.8 mM oleic acid (OA) and untreated day 25 
control HLC stained with BODIPY, phalloidin-rhodamine and DAPI. 

 

HLC were further characterized by qRT-PCR using well-established marker genes (Figure 15). The 

pluripotency-associated transcription factors POU5F1 and NANOG showed the highest expression 

levels in iPSC, which decreased during differentiation to levels below that observed in PHH, while 

markers of DE (CXCR4, SOX17 and FOXA2) showed stage-specific upregulation. In HLC, increased 

RNA expression was observed for the liver markers ALB, HNF4, HNF1A, NR1H4 (FXR), and ABCB11 

(BSEP), although levels remained below those of freshly isolated and cryopreserved PHH. It should 

be noted that the expression of hepatocyte markers, particularly ALB and ABCB11, decreased 

rapidly upon the cultivation of PHH, demonstrating the importance of using freshly isolated cells 

as a reference. The expression of the intestine-associated transcription factors CDX2, KLF5 and 

ISX significantly increased compared to the levels observed in PHH. A comparison of intestinal 

marker expression in the adenocarcinoma cell line CACO-2 and HLC showed similar expression 
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levels in contrast to PHH. Moreover, the fibroblast-associated genes TWIST and SNAIL decreased 

during differentiation; however, SNAIL still remained at higher levels in HLC than PHH.  

 

 

Figure 15: Time-resolved qPCR data for selected markers of hepatocytes, pluripotent stem cells, 

definitive endoderm, intestinal tissues and fibroblasts. The x-axis depicts the time period of HLC 
differentiation (d0-d25), freshly isolated hepatocytes (PHH) and PHH after cultivation periods of 1 and 3 
days, as well as Caco-2 cells. The small data points represent day 2,6,9,14,18 and 23 of HLC differentiation 
and day 2 of PHH culture. 

 

The characterization of HLC on RNA level thus suggests that iPSC have first successfully acquired 

the expression of definitive endoderm related genes and subsequently the expression of 

hepatocyte markers. In addition, HLC acquired functional properties characteristic of human 

hepatocytes, including canalicular excretion and lipid droplet formation. Nevertheless, the 

analysis also confirmed that unrelated intestinal marker expression was induced in the course of 

in vitro differentiation, as was previously described by Godoy et al. in 2015 in HLC differentiated 

in three laboratories employing different protocols [80]. Furthermore, the data suggests that 

upregulation of hepatic as well as intestinal markers may be induced as early as day 2 of the 

differentiation, as evidenced by the detection of an increase in HNF4A and ISX transcript 

expression.   
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3.2 Genome-wide analysis identifies target gene regulatory networks to improve HLC 

differentiation 

Having characterized the phenotype of the stem cell-derived HLC on the basis of selected 

markers, RNA-seq on iPSC, DE, HLC and PHH bulk populations was performed in order to obtain 

global transcriptome profiles and characterize expression changes induced by the differentiation 

protocol. In a principal component analysis (PCA) of the top 1000 most variable genes, HLC 

located more than half-way from iPSC along PC1 towards primary hepatocytes, while DE clustered 

closely with iPSC (Figure 16 A).  

 

Figure 16: PCA analysis of variable genes and classification of differentiation state by CellNet. A) Principal 
component analysis (PCA) of the 1000 most variable genes among iPSC, DE, and HLC obtained by RNA-
sequencing. B) CellNet analysis of RNA-sequencing data for liver and intestine tissue identities (GRNs) of 
the indicated cell populations in comparison to ESC, liver and intestine CellNet training datasets. 

 

The similarity of iPSC, DE and HLC transcriptomes to the liver and intestine (colon) transcriptome 

training data was next analyzed using the CellNet algorithm [160] (Figure 16 B). Compared to the 

liver reference, iPSC, DE and HLC showed a gene regulatory network (GRN) status similarity of 

12%, 23% and 83%, respectively. For the intestinal phenotype, iPSC showed 18%, DE 22% and HLC 

56% similarity, further confirming that HLC express a substantial number of intestine-associated 

genes. The phenotype-specific reference data from CellNet illustrates that the high scores for the 

liver and intestine identity in HLC are not the result of shared genes between the liver and 

intestine gene sets. 
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Next, the DEseq2 pipeline was applied to identify differentially expressed genes (available as 

Supplementary table 1) and the resulting log2 fold changes were used to establish a novel 

supervised clustering approach (Differentiation Pattern Clustering; DiPaC), visualized in the 

Differentiation Pattern (DiPa) plot (Figure 17). Here, genes were plotted based on their expression 

fold changes of iPSC (x-axis) and HLC (y-axis) compared to the target population, PHH. Genes with 

similar expression changes between iPSC and HLC in relation to PHH were then categorized into 

eleven differentiation pattern groups (DPG0-10) (Figure 17, Table 5), describing constant gene 

expression and insufficient, favorable, excessive or adverse gene up- and downregulation. This 

supervised strategy thus allowed clustering of the expression changes of genes in HLC in 

comparison to PHH based on the directionality and extent of the changes of the same genes 

during differentiation from iPSC to HLC.  

Genes expressed at a similar level in iPSC, HLC and PHH are found in DPG0. These genes did not 

display expression changes induced by the differentiation protocol. Genes in DPG1 and 6 were 

expressed at a similar level in both iPSC and HLC and thus unaltered by the differentiation 

protocol, but expressed at too low (DPG1) or too high (DPG6) levels in HLC. In contrast, genes 

from DPG3 and 8 show favorable up- and downregulation, respectively, whereby favorable means 

that gene expression levels in HLC were close to that of PHH. The differentiation protocol thus 

achieved successful induction or inhibition of these genes. DPG2 and 7 genes were insufficiently 

up- and downregulated. Their expression is correctly induced (DPG2) or inhibited (DPG7) by the 

differentiation protocol, but fails to approach PHH levels. These DPGs thus represent especially 

interesting gene sets for identification of potential molecular intervention opportunities that aim 

at gene regulatory network activation, because HLC already demonstrated an initial positive 

response to the differentiation protocol.  DPG4 and 9 contain genes that were excessively up- and 

downregulated, respectively. Genes in DPG5 and 10 were adversely up- or downregulated and 

therefore represent misguided differentiation. The DPG annotation for all DEGs is available in 

Supplementary table 2. Interactive versions of the DiPa plot in 2D and 3D, where DE is included, 

can be found in Supplementary figures 2 and 3 of the digital appendix. 
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Figure 17: Differentiation Pattern Clustering (DiPaC) of differential gene expression data obtained from 

bulk RNA-sequencing, visualized in the differentiation pattern plot (DiPa plot). Colors indicate 
differentiation pattern groups (DPG). The x-axis represents log2 fold changes of iPSC over PHH, the y-axis 
indicates log2 fold changes of HLC over PHH. Dotted lines represent cutoffs of the clustering approach. 

 

Several techniques were applied to characterize the genes in the individual DPGs, summarized in 

Table 5. An overrepresentation of liver-associated genes was observed in DPG1 (3,695 genes), 2 

(624 genes) and 3 (1,330 genes) using TissueEnrich [175], in agreement with an 

overrepresentation of Gene Ontology (GO) [176] terms related to xenobiotic metabolism and 

Reactome pathways related to xenobiotic and bile acid metabolism in DPG2. In contrast, an 

enrichment of genes associated with intestine and gallbladder was found in DPG4 (142 genes), 

and RegulatorTrail overrepresentation analysis [177] indicated a strong enrichment of HNF1B 

binding sites, a transcription factor implicated in cholangiocyte differentiation [188]. DPG5 (1,712 

genes) also showed enrichment of intestinal genes, with overrepresentation of transcription 

factor binding sites for CDX2, KLF5, PGR and GRHL2, as well as binding sites for the epigenetic 

regulator MBD4 and enrichment for digestion related GO terms and Reactome pathways.  
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Table 5: Enrichment analysis in DPGs obtained by DiPa supervised clustering. (Ranks)  
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Among the genes with constant high expression from iPSC to HLC differentiation compared to 

PHH in DPG6 (14,430 genes), enriched genes represented several tissue identities, including 

reproductive tissues, muscle and skin. The distribution of genes projected onto the DiPa plot 

further illustrated that DPG6 contained the highest density of genes, apart from DPG0 (Figure 18 

A), indicating that the protocol does not succeed in downregulating substantial amounts of genes 

that are expressed in iPSC and unrelated to hepatocytes, possibly reflecting differentiation 

potential into other tissues. Genes from DPG7 (1,960 genes) are not sufficiently downregulated 

as well, but their expression decreases in the course of differentiation. It contains genes 

representative of cell division activity as evidenced by GO and Reactome pathway enrichment, in 

addition to genes related to neural cell fate and processes. Interestingly, target genes of 

transcriptional regulators with roles in epigenetic regulation of stem cells, cell division and early 

development, such as JARID2 [189] and OTX2 [190], were enriched in DPG7, indicating that 

expression of developmental genes decreased during differentiation, but were not sufficiently 

downregulated in HLC. This is supported by overrepresented GO terms and Reactome pathways 

indicating processes related to neuronal cell fate and cell division activity. In contrast, DPG8 

(1,539 genes) shows that other genes previously expressed at high levels in iPSC could be 

downregulated successfully, e.g. those regulated by CNOT, which has been shown to be required 

for maintenance of pluripotency in mouse ESC [191]. Furthermore, GO term enrichment and 

Reactome pathway enrichment indicated that DPG8 genes were mostly associated with cell cycle 

activity. While comparably few genes showed excessive downregulation in DPG9 (69 genes) which 

did not lead to significant results in the enrichment analysis, 563 genes showed adverse 

downregulation in DPG10 that led to enrichment of GO terms related to cell chemotaxis, as well 

as overrepresentation of G-protein signaling pathways. The complete results tables of the tissue 

enrichment analysis, the gene ontology enrichment analysis, the transcription factor 

overrepresentation analysis and the pathway enrichment analysis of each DPG can be found in 

Supplementary table 3, 4, 5 and 6 of the digital appendix, respectively. Illustrations of tissue 

enrichment, gene ontology overrepresentation, transcriptional regulator overrepresentation and 

Reactome pathway enrichment can be found in Supplementary figure 4, Supplementary file 2, 

Supplementary figure 5 and Supplementary file 3, respectively. 
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Figure 18: Gene distribution and regulator expression explored with the DiPa plot. A) Distribution of 
genes in the DiPa plot. The color scale represents the number of genes in the respective regions 
(hexagons). The x-axis represents log2 fold changes of iPSC over PHH, the y-axis indicates log2 fold changes 
of HLC over PHH. Dotted lines represent cutoffs of the clustering approach. B) Expression of selected 
transcriptional regulators in iPSC to HLC differentiation. 
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The DiPa plot was used to explore the expression of transcriptional regulators that were 

implicated in Table 5 to get an overview of their expression in iPSC and HLC, compared to PHH. 

Additional regulators of hepatic (HNF4A, NR1I2, NR1I3), intestinal enterocytes (ISX, PITX2) and 

stem cell identity (LIN28, POU5F1, NANOG) were included (Figure 18 B). This showed that indeed 

intestinal regulators like CDX2, ISX and PITX2 showed high expression in DPG5, while stem cell 

regulators were insufficiently downregulated in DPG7 (NANOG, LIN28, OTX2) and some hepatic 

regulators known for their roles in xenobiotic metabolism were insufficiently upregulated (NR1I2, 

NR1I3). The metabolism-controlling transcription factor FXR (NR1H4) in DPG2 was particularly 

intriguing, since DPG2 contains genes that show upregulation in HLC compared to iPSC, but not 

sufficient to reach the levels observed in PHH. Furthermore, FXR is implicated in hepatic as well 

as intestinal gene regulation [192]. Interestingly, despite FXR being expressed (Figure 3), many 

liver-associated target genes were not upregulated in HLC (Figure 19 A), while intestinal genes 

regulated by FXR showed too high expression compared to PHH (Figure 19 B). One may 

hypothesize that a lack of FXR agonists is responsible for the low liver-specific FXR activity, 

representing a bottleneck to HLC maturation.  

 

Figure 19: Liver associated genes regulated by FXR show insufficient upregulation during iPSC to HLC 

differentiation, while colon associated genes regulated by FXR show excessive and adverse 

upregulation. A) DiPa plot showing the FXR liver GRN extracted from CellNet and their association with 
differentiation pattern groups (DPGs). Log2 fold changes of iPSC over PHH on the x-axis are compared to 
log2 fold changes of HLC over PHH on the y-axis. B) DiPa plot showing the FXR colon GRN extracted from 
CellNet and their association with DPGs. 
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3.3 Integrative OMICS analysis identifies potentially FXR-responsive chromatin among 

insufficiently upregulated genes  

The observed differences between HLC and PHH may be explained by an epigenetic landscape 

that does not allow expression of its dependent genes despite the presence of transcription 

factors such as FXR. Indeed, the enrichment of epigenetic regulators MBD4 and KMT2A may 

indicate altered chromatin in DPG1 and 2 (Table 5). Alternatively, adverse upregulation (DPG5) 

and insufficient downregulation (DPG7) may be a result of high chromatin accessibility.  

To gain deeper insight into the interplay between gene expression and the epigenetic background 

in HLC, Reduced Representation Bisulfite Sequencing (RRBS) and the Assay for Transposase 

Accessible Chromatin followed by sequencing (ATAC-seq) of iPSC, DE, HLC and PHH were 

performed. Promoter-focused analysis was provided by Kathrin Kattler from the group of Prof. 

Jörn Walter and visualized in a heatmap that shows key features of differential gene expression, 

promoter methylation, and chromatin accessibility in relation to the DPGs (Figure 20). A large set 

of genes in iPSC, DE and HLC showed hypermethylation compared to PHH (Figure 20, mid panel). 

However, promoter hypermethylation did not necessarily correspond to decreased RNA 

expression, as observed in the region with open chromatin indicated as ‘c1’, including a cluster of 

adversely upregulated genes belonging to DPG5. Thus, despite promoter hypermethylation, 

upregulation of DPG5 genes, including intestine-associated genes, such as CDX2, ISX, and GATA6, 

occurred during iPSC differentiation to PHH.  

Like ‘c1’, region ‘c2’ was also characterized by promoter hypermethylation, but had  less open 

chromatin and was consistently associated with too low RNA expression in HLC. This region mostly 

contained genes from DPG1 and 2, of which those, especially in DPG2 were found enriched in 

FXR-binding motifs (Table 5). The complete list of z-scores for the promoter-focused analysis of 

RNA-seq, RRBS and ATAC-seq data for iPSC, DE, HLC and PHH can be found in Supplementary 

table 7 of the digital appendix. 
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Figure 20: Integrative analysis of bulk RNA-seq, RRBS and chromatin accessibility data. Integrated 
heatmap of transcriptome, methylation and chromatin accessibility data obtained by RNA-sequencing, 
RRBS and ATAC-sequencing for iPSC, DE, HLC and PHH (columns). Data is represented as z-scores of 
expression values (log CPM+1) calculated for each assay. The identity of each gene (rows) was mapped to 
DPGs as obtained from supervised clustering. c1: gene cluster with increased chromatin accessibility and 
gene expression in HLC compared to PHH; c2: decreased chromatin accessibility and gene expression in 
HLC compared to PHH. The heatmap was kindly provided by Kathrin Kattler and was edited for illustration 
of results. 
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FXR-regulated genes with closed chromatin sites were most notably enriched with high 

significance in DPG2 compared to open chromatin sites (Figure 21 A, B). Also, DNA methylation 

status at promoters showed significant associations with FXR-dependent genes, particularly in 

DPG2 (Figure 21 C, D).  

 

Figure 21: DPGs associated with low expression of hepatic genes show enrichment for closed chromatin 

and DNA methylation. A) FXR DNA target gene overrepresentation in closed chromatin promoter regions. 
The rank score was calculated as 1000-Ranking of FXR in the Regulatortrail overrepresentation analysis (y-
axis) and plotted against the corrected p-value (-log10, x-axis). B) FXR target gene overrepresentation in 
open chromatin promoter regions. C) FXR target gene overrepresentation in hypermethylated promoter 
regions. D) FXR DNA binding site overrepresentation in hypomethylated promoter. The figure was kindly 
provided by Kathrin Kattler. 

 

The wide-spread promoter hypermethylation of HLC, similar to that of iPSC and DE, distinguishes 

these cells from PHH. However, it did not block gene expression in general and therefore does 

not preclude further interventions with transcription factor activation.  Moreover, FXR-

dependent genes were enriched in closed chromatin, which suggests that FXR activation is a 

promising intervention, in line with the conclusion of the gene expression analysis. 
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3.4 Single cell sequencing reveals a liver-intestine hybrid state in in-vitro-derived HLC 

In the previous paragraphs, HLC were characterized and FXR was identified as a possible key factor 

required for HLC maturation. However, manipulation of FXR signaling would not be a promising 

strategy to improve differentiation if HLC consisted of distinct cell populations, e.g. with 

hepatocyte and intestinal phenotypes. In this case, cell sorting or other selection strategies would 

instead be adequate. Activation of FXR signaling could in this case favor maturation of the hepatic 

subpopulation, but simultaneously also of the intestinal cell population. Alternatively, the 

expression of intestinal genes may be a result of incomplete cell fate decision-making and 

reshaping of the epigenetic landscape, leaving HLC in a hybrid state. In such a scenario, 

manipulation of FXR signaling, which is involved in hepatic as well as intestinal gene regulation 

[192], may contribute to an important shift in the direction of either the hepatic or intestinal cell 

state. To address this, sc-RNA-seq was used to first study if HLC consisted of distinct 

subpopulations (data is available from the EGA repository under accession EGAS00001004201). 

Analysis of two biological HLC replicates (HLC1, n=83 cells; HLC2, n=65 cells) and PHH from three 

donors (PHH1, n=90 cells; PHH2 n=74 cells; PHH3, n=81 cells) showed that HLC and PHH 

populations clearly separated in the principal component analysis (PCA) (Figure 22). All three PHH 

donor populations clustered together, as did the biological replicates of HLC, although showed a 

wider distribution along PC1. No distinct HLC subpopulations were apparent in the PCA plot. 

Expression data (log2 CPM+1) can be found in Supplementary table 8 of the digital appendix.  

 

Figure 22: PCA does not show subpopulations among HLC. PCA of the top 1000 most variable genes 
obtained in single cell sequencing of two replicates of day 25 HLC and cryopreserved PHH of three different 
donors. 
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Addressing the hypothesis that hepatocyte-associated and non-hepatocyte genes are expressed 

in the same HLC, expression of hepatocyte- and intestine-associated genes from CellNet were 

plotted pairwise in single HLCs (Figure 23). As expected, PHH expressed high levels of adult 

hepatocyte-associated genes (y-axis), while intestine-associated genes were below the level of 

detection. In contrast, HLC not only expressed hepatocyte-associated genes, but variable levels 

of intestinal genes (x-axis) were also detectable in the same individual cells.  

 

Figure 23: Co-expression of selected gene-pairs representative of liver and intestine phenotypes. 

Presented as normalized log2 counts per million (CPM) for each gene HLC (blue) and PHH (red).  

 

On the protein level, this was confirmed by immunofluorescence co-staining of AFP and CDX2, as 

well as AGR2 and HNF4α in HLC (Figure 24). The cytoplasmic signals of AFP and AGR2 clearly 

coincided with the nuclear signals of CDX2 and HNF4α in the same cells. Moreover, heatmaps of 

liver and intestine-associated genes from CellNet liver- and intestine-gene sets demonstrated the 

mixed identity of HLCs (Figure 25).  

 

Figure 24: Selected hepatic and intestinal markers are expressed in the same cells on RNA and protein 

level. Co-expression of A) AFP and CDX2 and B) HNF4α and AGR2 in single HLC (blue) and PHH (red) and 
co-immunostaining; AFP/AGR2: red, cytoplasmic; CDX2/HNF4α: green, DAPI: blue. 
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Figure 25: Single cell expression of the CellNet FXR liver and colon GRNs demonstrates hybrid cell state 

in HLC, compared to PHH. A) Clustered heatmap representation of log2 CPM expression of genes from the 
CellNet liver GRN in HLC replicate 1 and 2 and PHH from three donors, indicated by color annotation of 
columns. B) Clustered heatmap representation of log2 CPM expression of genes from the CellNet colon 
GRN in HLC replicate 1 and 2 and PHH from three donors, indicated by color annotation of columns.  

 

Having shown co-expression of hepatocyte- and non-hepatocyte-related genes in HLC, the goal 

was to describe this protocol-induced ‘hybrid state’ on a genome-wide scale. Therefore, a publicly 

available sc-RNA-seq dataset generated by Camp et al. (2017) using a similar sequencing approach 

was included and allowed for definition of ‘adult liver genes’ as those showing at least a log2 fold 

change of five comparing iPSC to PHH based. Non-hepatocyte-associated genes, further referred 

to as ‘hybrid state genes’, were derived from the present sc-RNA-seq data using a modified 

definition of DPG4 and 5, which, according to the DiPa procedure, isolates genes that are 

excessively or adversely upregulated after differentiation: log2 FC[HLC/iPSC] > 1 and log2 

FC[HLC/PHH] > 1. The mean scaled expression (z-scores) of all hybrid state genes was then 

analyzed in relation to the mean of the adult liver genes in individual HLCs (Figure 25). The 

complete list of hybrid genes and associated z-scores is available as Supplementary table 9 of the 

digital appendix. 
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Figure 26: Liver- and hybrid state gene expression in representative replicates of iPSC, HLC and PHH. The 
color scale indicates expression of FXR-dependent genes of the CellNet liver and colon GRNs. The figure 
was kindly provided by Birte Hellwig and edited for illustration of results. 

 

As per definition, adult liver genes displayed a strong increase in expression from iPSC to adult 

PHH, while this increase was less pronounced in HLC. In contrast to PHH, HLC showed an increase 

in hybrid state gene expression that coincided with the upregulation of adult liver genes in the 

same cells, which provides support for a wide-spread co-expression of adult liver and hybrid state 

genes. Interestingly, the more pronounced upregulation of liver genes in HLC replicate 2 also 

coincides with upregulation of hybrid genes, compared with Camp HLC. Highlighting the single 

cells according to the mean FXR target gene expression for the CellNet FXR liver and colon GRN 

showed that PHH activate the liver-associated, and HLC mostly the colon-associated FXR GRN 

(Figure 26), indicating that activation of FXR signaling may improve the liver character of HLC 

differentiation. The HLC hybrid state genes identified in the present study and by Camp et al 

(2017) overlapped 7.12 times more than randomly expected and showed enrichment of intestinal 

tissue identity in the overlap (Figure 27), which is remarkable considering that these cells were 

generated by different laboratories using distinct iPSC lines.  
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Figure 27: Hybrid state genes determined for HLC from the present study and Camp et al. 2017 show an 

overlap 7.12 times larger than expected by chance and enrichment for intestinal tissue identities. A) 

Venn diagram of HLC determined separately for HLC and HLC from Camp et al. 2017. The overlap ratio 
(OR) was calculated for these gene sets and displayed in the overlap region. B) TissueEnrich group-
enrichment analysis of hybrid state genes in the unique fraction of HLC, HLC from Camp et al.2017 and the 
overlapping fraction (top to bottom). 

 

Finally, further support of the HLC hybrid state concept was provided by a high throughput screen 

of immunofluorescence stainings against albumin (ALB) and two intestinal markers (CDX2 and 

AGR2) (Figure 28) during a wide range of time-points during the differentiation. ALB was detected 
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in 87% of HLC on day 25, but the protein abundance of the intestinal genes CDX2 and AGR2 also 

increased during HLC differentiation up to day 25, leading to positive cell fractions of 94% and 

78%, respectively and thus demonstrating that liver and intestinal protein expression occur in the 

same cells. Furthermore, the time-course data indicates that intestinal hybrid genes become 

upregulated after DE differentiation from iPSC, which together with the qPCR data suggests that 

interventions could be applied in the early steps of HLC differentiation. 

 

Figure 28: High-throughput immunofluorescence screening and quantification of HLC and PHH hepatic 

and intestinal protein expression in single cells. A) Single cell protein levels of ALB, CDX2 and AGR2 
determined by high throughput screening of immunostainings of at least 10,000 cells per time point. 
Numbers shown below the violins indicate the fraction of positive cells. B) Immunocytochemistry stainings 
without primary antibody against ALB or CDX2, but with secondary antibody (Alexa Fluor 488 anti-rabbit). 
C) Cell counts determined by the ImageExpress Micro XLS system for the listed cell populations, time points 
and targets.  
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3.5 The liver-intestine hybrid state is not a feature of fetal hepatocytes ex vivo 

In order to clarify whether the hybrid state of HLC observed in vitro also occurs in vivo during fetal 

gestation, fetal hepatocytes (FH) isolated at weeks 10 and 17 of gestation from a publicly available 

data set [82] were included into the analysis. A t-SNE representation generated from the top 1000 

most variable genes in the integrated dataset used in the present study showed iPSC, HLC and 

adult PHH in separate clusters (Figure 29). The t-SNE analysis was performed using perplexity 

values of 1-100 to ensure representative results (available as animated Supplementary file 4 in 

the digital appendix). In line with the PCA analysis (Figure 22), the t-SNE plot did not indicate the 

presence of subpopulations of HLC. In contrast, FH consisted of two subpopulations at week 10, 

and of several at week 17. 

 

Figure 29: T-SNE representation of the integrated single cell dataset does not reveal subpopulations of 

HLC. HLC Replicates 1 and 2 are shown together with PHH from donors 1, 2 and 3 together with single cell 
sequencing data of fetal hepatocytes week 10 and 17 from Camp et al. (2017). A perplexity value of 28 was 
used and the top 1000 most variable genes were analyzed.  
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Visualization of the expression of selected hepatocyte-, and intestine-associated genes in the 

same t-SNE plot (Figure 30) provided further support that HLC do not consist of notable 

subpopulations. Since liver isolates from fetal stages of hepatogenesis commonly include other 

cell types than hepatocytes or hepatic progenitors, such as blood forming cells, potentially 

explaining the observed subpopulations, hematopoiesis-associated genes were included. FH 

consisted of two types of cells: (i) a ‘hematopoietic cluster’ that contained FH from week 10 and 

to a minor degree from week 17 with high expression of hematopoietic genes (KLF1, TAL1, and 

GATA1) but low expression of liver and intestinal genes, and (ii) ‘hepatocyte precursor clusters’ 

that expressed hepatocyte-associated genes (ALB, HNF4Aα, and AFP) and no hematopoietic 

genes. Importantly, no expression of the intestine-associated genes was observed in the 

hepatocyte precursor clusters of FH.  

 

Figure 30: Expression (log2 CPM) of marker genes representative of hepatocytes, hematopoietic and 

intestinal cells projected onto the t-SNE plot from Fig. 4 A). 
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Further profiling of FH on a genome-wide scale (Figure 31 A) showed an increase in adult liver 

genes in the hepatocyte precursor cell population, while the increase in hybrid state genes was 

lower compared to HLC shown in Figure 26. The slight increase in hybrid state gene expression in 

week 17 FH should be interpreted with caution, since these cells were transiently taken into 

culture for purification (Camp et al., 2017). Therefore, it cannot be excluded that the slight 

increase in hybrid gene expression was induced by in vitro subculture. The color scale in Figure 

31 A illustrates the distinct hepatocyte precursor and hematopoietic cell clusters of FH week 17, 

expressing either ALB or KLF1, respectively. Compared to PHH, FH from week 10 or 17 only 

showed weak FXR liver GRN expression; colon FXR GRN expression was low in PHH and FH.  

 

Figure 31: Expression of intestinal genes is exclusive to HLC and discriminates them from FH and PHH. 
A) Liver- and hybrid state gene expression in FH week 10, FH week 17 and PHH. The color scale indicates 
expression of the hepatocyte marker ALB, the erythropoiesis marker KLF1 and FXR-dependent genes of 
the CellNet liver and colon GRNs. The figure was kindly provided by Birte Hellwig and edited for illustration 
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of results. B) Heatmap of regulon activity discriminating iPSC, day 25 HLC, PHH and fetal hepatocyte 
populations. 

The specific features of the individual cell types were further characterized by regulon activity 

analysis using SCENIC, a tool specifically designed to analyze single cell expression data by 

network inference and provide insight into the drivers of cell heterogeneity (Figure 31 B) [185]. 

Thereby, factors were identified that are involved in driving the cell states of iPSC, HLC, PHH and 

fetal hepatocytes. Strikingly, HLC clearly exhibited a liver-intestine hybrid state also on the level 

of transcriptional regulators, characterized by the simultaneous activity of liver-associated (FXR, 

CEBPG, NFIL3, etc.) and intestine-associated genes and regulators (PRDM1, KLF5, FOSL2, CDX2, 

etc.) in the same cell. In contrast, these intestine-associated genes and regulators were not 

observed in FH ex vivo, neither at week 10 nor 17, indicating that ex vivo FH are not in a hybrid 

state, which holds important implications for the apparently impaired lineage decision making of 

HLC, as it shows that activation of the described intestine-related GRNs is not occurring after DE 

patterning in vivo and thus the result of misguided differentiation that may be manipulated by 

intervention.  

Furthermore, while some factors were exclusively observed in PHH, such as the metabolism 

controlling nuclear receptors NR1I2 (PXR) and NR1I3 (CAR), other factors, including NR1H4 (FXR) 

and PPARA were already contributing to the cellular state in HLC as well as PHH, but much less in 

FH. Taken together with the previous observation that HLC express some FXR, but seem to 

activate only the colon-associated part of the FXR GRN, this indicates that HLC may be already 

able to respond to activation of FXR signaling. This observation prompted the design of an 

intervention strategy for FXR activation, to elucidate if HLC respond to FXR stimulation by 

activating liver-associated FXR target genes, potentially representing a tunable switch to improve 

HLC maturation. Other interesting possibilities were that the response would be exclusively 

intestine-like, or whether it is a combination of both, functionally reflecting the hybrid state of 

HLC which would be in support of the hybrid state theory in that it would demonstrate the 

activation of functional features of intestine in liver in HLC. The complete results table for the 

regulon analysis are available as Supplementary table 10 of the digital appendix. 
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3.6 Manipulation of FXR expression and activity enhances HLC maturation 

Since FXR was identified as a critical gene regulatory node for HLC maturation, it represents a 

candidate for targeted intervention designed to improve the differentiation of HLC. Gene 

regulation through FXR seems to depend not only on its expression, because mRNA levels of FXR 

(NR1H4) in HLC are relatively similar to those of PHH (Figure 15). Nevertheless, many liver-

associated FXR target genes remained at too low expression levels in HLC (Figure 19). Based on 

these observations it was an interesting question if, besides exogenous FXR expression, the 

additional stimulation by agonists may cause an increase in liver-associated gene expression, 

while simultaneously decreasing intestinal FXR target gene expression. To address this, a strategy 

combining lentiviral expression and exposure to FXR agonists, chenodeoxycholic acid (CDCA) 

and/or GW4064 (Figure 32), was employed. 

 

 

Figure 32: Intervention schedule for FXR transduction and agonist treatment (1.5 µM GW4064; 100 µM 
CDCA). At day 14, HLC were treated with polybrene and transduced with FXR expressing lentivirus at an 
MOI of 10 or treated with polybrene alone (Group 2 and 3). At day 22, treatment with CDCA and GW4064 
or both was initiated, as well as a vehicle control (Groups 4-7). For Group 8, treatments were combined. 
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Figure 33: Combined intervention with FXR and agonists elicits a stronger response than individual 

interventions. A) Influence of the interventions on FXR (NR1H4) and BSEP (ABCB11) expression analyzed 
by qRT-PCR. Treatments and transduction (polybrene) control and vehicle control (DMSO) are indicated 
for HLC day 25 and PHH on day 0 (fresh PHH), 1 and 2 of culture. Error bars indicate standard deviation. 
Stars above comparisons indicate statistical significance of t-test results (* = 0-0.1, ** = 0-0-01, *** = 0-0-
001). B) Principal component analysis of the top 500 variable genes in HLC at day 25 and HLC at day 25 
that were treated either with CDCA, GW4064, an FXR expressing lentivirus or a combination thereof. 

 

 Lentiviral expression of FXR caused the expected increase in FXR mRNA levels, but did not induce 

expression of the FXR-dependent gene ABCB11 (BSEP) (Figure 33 A). FXR expression was not 

significantly influenced by addition of the FXR agonists CDCA and GW4064. Interestingly, when 

FXR was overexpressed, addition of the FXR agonists caused an induction of BSEP to levels higher 

than observed in cultured PHH on day 1 and 2, but still lower than in freshly isolated and 

cryopreserved PHH. The addition of agonists alone did not induce BSEP expression, indicated that 

a combined intervention was needed to induce this liver-characteristic marker. Dimensionality 

reduction using the PCA method revealed that indeed combined intervention with FXR 

overexpression and agonist treatment elicited the strongest response among the top 500 variable 

genes (Figure 33 B). On the first principal component, accounting for 54% of the observed 

variance, the effect of CDCA treatment alone and the combination of FXR CDCA treatments 
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showed a high impact. In contrast, treatment with GW4064 alone did not show a pronounced 

effect. Also, FXR transduction alone did not lead to a major response among HLC. Only in 

combination with FXR overexpression, GW4064 treated HLC exhibited a response that was most 

noticeable along principle component two, which accounted for 18% of the observed variance. 

However, the strongest response was achieved when FXR transduction was combined with CDCA 

and GW4064 treatment. This supports the observation from qRT-PCR data that showed an 

upregulation of BSEP only when FXR transduction is combined with agonist treatment (Figure 33 

A). Replicate one out of three showed a divergent pattern in response to the agonist and lentivirus 

treatments but was not excluded from the analysis, since Pearson correlation of gene expression 

values for the replicates were high (0.96 for replicate 1 and 2; 0.97 for replicate 1 and 3 and 0.98 

for replicate 2 and 3 for FXR plus CDCA and GW6046 intervention, Supplementary figure 6). The 

observed effect may reflect a replicate-specific tendency to either respond more to CDCA 

(replicate 2 and 3) or GW4064 (replicate 1) (illustrated in Supplementary figure 7). Furthermore, 

absolute expression of selected markers, including ABCB11 and FXR that were previously analyzed 

by qPCR data (Figure 33 A), indicated that a similar overexpression of FXR and regulation of 

hepatic and intestinal markers among the replicates (Supplementary figure 8). Despite the 

observed variance, which is subject to future investigation, the combined FXR plus CDCA and 

GW4064 intervention clearly showed the most pronounced effect on global gene expression in 

HLC. 

Differential expression analysis likewise suggested that FXR expression plus treatment with both 

agonists (CDCA and GW4064) induced a higher number of differentially expressed genes 

compared to FXR plus each agonist alone (Figure 34). A relatively large overlap of differential 

genes among the three treatments was obtained for FXR transduction in combination with either 

CDCA, GW4064 or both. At a cutoff of |log2 fold change| > 1.5 compared to vehicle control no 

differential genes were detected in control HLC or polybrene treated HLC at day 25. Only lowering 

the cutoff to |log2 fold change > 0.3| allowed for detection of a difference of about 50 genes, thus 

confirming a high comparability between controls (Figure 34 A). At the cutoff of |log2 fold 

change| > 1.5, only a small number of differentially expressed genes were detected in HLC that 

were treated with the FXR agonists CDCA or GW, or both (Figure 34 B). In contrast, transduction 
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of HLC with FXR and subsequent treatment with the agonists drastically increased the number of 

differential genes and showed a relatively large overlap between FXR transduced HLC treated 

with either CDCA or GW4064 separately and the combined treatment, where the combined 

treatment clearly induced the highest number of differential genes (Figure 34 C). The complete 

list of differentially expressed genes can be found in Supplementary table 11. 

 

Figure 34: Combined FXR transduction and agonist stimulation elicits the strongest response in 

differentially expressed genes. A) Venn diagram of differentially expressed genes (DEG) with an absolute 
log2 fold change of at least 0.3, p-Value < 0.01 in control and polybrene treated hepatocyte-like cells at day 
25 of differentiation, compared to vehicle control. At an absolute log2 fold change of at least 1.5, no DEG 
were found. B) Venn diagram of DEG with an absolute log2 fold change of at least 1.5, p-Value < 0.01 in 
CDCA, GW4064 or CDCA and GW4064 treated hepatocyte-like cells at day 25 of differentiation, compared 
to vehicle control. C) Venn diagram of DEG with an absolute log2 fold change of at least 1.5, p-Value < 0.01 
in FXR+CDCA, FXR+GW4064 or FXR+CDCA and GW4064 treated hepatocyte-like cells at day 25 of 
differentiation, compared to vehicle control. 

 

The DiPa plot was used to visualize how the interventions influenced gene expression within the 

different DPGs (Figure 35 A). Red and blue dots in the DiPa-plot indicate genes that were 

significantly up- and down-regulated by the combined intervention, respectively. The background 
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color of the DiPa plot (red to blue) represents the ratio of up- and down-regulated genes, which 

was 6.3, 1.3, 0.7, 0.2, and 0.4 in DPGs 1-5, respectively. DPG1 and 2 contained significantly more 

up-regulated genes than the average of all DPGs (Figure 35 B). Conversely, DPG4 and 5 included 

more than average down-regulated genes, while DGP3 contained both more up and down-

regulated genes. Corresponding analyses in DPG 6-10 did not amount to statistical significance. 

Overall, the intervention enhanced the too low gene expression in DPG1 and 2, while reducing 

levels in DPG4 and 5, in which expression was too high in HLC compared to PHH. 

 

Figure 35: Influence of FXR transduction and agonist treatment visualized by the DiPa plot. A) Expression 
changes (given as log2 ratio) after FXR + agonist intervention projected onto the DiPa plot. B) Fisher-test 
results testing the null hypothesis that there are less up- or downregulated genes in the overlap than 
expected by chance. 

 

Among the top 15 up- and downregulated DEGs for the combined FXR and agonist treatment 

intervention several genes associated to liver and intestinal tissues were identified (Figure 36 A). 

Interestingly, FGF15, which is released in the epithelial cells of the small intestine after stimulation 

with bile acids, showed the most pronounced upregulation (>150 fold). Nevertheless, several liver 

associated genes, including the liver-specific bile salt export pump ABCB11 (BSEP), ITIH3 and 

KNG1. Among the most downregulated genes, FMO1, normally expressed in fetal hepatocytes, 

showed the strongest downregulation. In addition, intestinal markers were among the top 15 
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downregulated genes, including sucrose isomaltase (SI) by the combined intervention. Finally, 

FXR target genes in the liver- (Figure 36 B) and intestine (Figure 36 C)-associated FXR networks 

from CellNet were extracted and their expression changes visualized for each condition of the 

intervention (FXR transductions plus agonists), considering fold changes of at least 1.5 over the 

vehicle control. Interestingly, most of the liver-associated genes were upregulated by the 

combined FXR transduction plus agonist treatment, while less liver-associated genes decreased 

(Figure 36 B). In contrast, most of the intestine-associated genes were downregulated, while only 

three increased (Figure 36 C). Thus, increased FXR activity predominantly enhanced expression of 

genes from the liver-associated network, while the FXR colon network was repressed, although a 

definite response with e.g. induction of all liver-associated and repression of all intestinal genes 

could not be achieved.   

 

Figure 36: Intervention with FXR and agonist activation elicits the most pronounced up- and 

downregulation of hepatic and intestinal FXR target genes. HLC. A) Differential genes with the highest 
absolute fold changes and FDR-adjusted p-value lower than 0.001 for FXR transduced and agonist (1.5 µM 
GW4064; 100 µM CDCA) stimulated HLC. B) and C) Heatmaps visualizing expression changes larger than a 
log2-fold change of |1.5| for liver- and intestine-associated genes for all interventions.  
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4. Discussion 

Hepatocytes are an important tool in drug development [193–196] and preclinical research [197–

199], yet their limited availability and high cost encourage the development of stem cell-based 

differentiation protocols. Despite remarkable achievements in the field, the use of stem cell-

derived hepatocytes is hampered by their incomplete differentiation [78,88,200]. Genome-wide 

studies have demonstrated that human embryonic- and iPSC-derived hepatocytes show too low 

expression of a large cluster of metabolism-associated genes expressed in PHH but also too high 

levels of genes not expressed in PHH, such as genes normally expressed in the gastrointestinal 

tract [80,88,139]. These findings indicate that HLC require proper (biochemical) clues in order to 

complete differentiation to become mature hepatocytes that feature the expression of important 

metabolic genes and determination of their cellular identity. To characterize the stem cell-derived 

HLC and to design a strategy to improve their differentiation, RNA-seq analysis of bulk 

preparations and single cells, characterization of the epigenetic landscape and targeted 

interventions were employed to optimize the activity of gene regulatory networks involved in 

hepatic and intestinal signaling.  

Initial analysis of HLC by immunofluorescence imaging and qRT-PCR showed that indeed HLC 

express markers of liver and intestine and seem to have fetal characteristics as well, seen at the 

example of AFP expression. Bulk sequencing of HLC followed by CellNet analysis demonstrated 

82% liver and 56% intestine identity, confirming previous reports [80]. Single cell RNA-seq did not 

provide evidence of subpopulations that show a more mature hepatic, intestinal or other 

phenotype. In contrast, the results clearly demonstrate that the transcriptome of HLC represents 

a hybrid state, where genes representative of at least two adult cell types are expressed within 

the same cell. This hybrid state could be confirmed in an independent HLC dataset [82]. 

Demonstrating that the most dominant phenotypes - liver and intestine - occurred in single HLC 

instead of subpopulations with separate differentiation trajectories reveals major shortcomings 

of the current differentiation protocol in recapitulating developmental lineage decision making 

on the transcriptome and epigenome scale. While intestine and liver were the dominant 

signatures identified in HLC the presence of genes such as HNF1β and GRHL2 in DPG4 and 5, 

respectively, also indicated that HLC failed to fully commit to the hepatocyte or cholangiocyte 
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lineage. Moreover, DPG6, which contained genes that were expressed way above hepatocyte 

levels but of which the expression remains largely unaffected by the differentiation protocol, was 

shown to include genes representative of muscle tissue as well as neuronal and skin 

differentiation-associated processes and stem cell related gene expression. Taken together with 

the results from the integrated epigenetic analysis, where wide-spread hypermethylation in iPSC, 

DE and HLC in comparison to PHH and relatively high accessibility of promoter regions associated 

with genes from DPG5 and DPG6 were observed, the hepatocyte phenotype of HLC was shown 

to lack an unambiguous determination to the hepatocyte lineage.  

This PhD thesis has also shown that fetal liver cell populations did not display an intestinal gene 

expression signature, thus not exhibiting a liver-intestine hybrid state (Figure 38). In contrast, FH 

isolated at week 10 and 17 of gestation by Camp et al. 2017 contained a subpopulation of cells 

with hematopoietic signature, presumably hematopoietic stem cells, which is in line with the role 

of the liver as a major site of hematopoiesis in fetal development. Thus, it was concluded that 

proper differentiation into the hepatocyte lineage requires suppression of the hybrid state and 

activation of hepatocyte-specific gene signatures. Profiling of HLC from additional laboratories 

and derived by varying protocols will provide further evidence on the question whether the hybrid 

state represents a universal feature of stem cell-derived HLC.  

Another important question addressed in this PhD thesis was if HLC differentiation can be 

improved by inducing the expression of lowly expressed liver genes or suppressing hybrid state 

genes. To identify promising candidates and to assess the efficacy of interventions, the DiPa 

supervised logical clustering was established. It projects each gene onto a coordinate system in 

which the ratio of HLC/PHH is plotted against iPSC/PHH. Consequently, groups of genes with 

similar development of gene expression during the differentiation process cluster together within 

DPGs. The DiPa plot in combination with enrichment analysis pointed towards an influential role 

of the nuclear receptor FXR (NR1H4) among DPG1 and 2 that represented groups of genes that 

need to be upregulated to hepatocyte level. 
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Figure 37: The hybrid state concept. Schematic of intestine-liver hybrid state gene expression as a 
consequence of in vitro HLC differentiation compared to in vivo differentiation. 

 

An interesting feature of this transcription factor is that FXR is a key regulator of hepatic as well 

as intestinal gene expression (Lee et al., 2006; Pereira-Fantini et al., 2014; Wagner et al., 2003). 

This led to the question of whether experimentally increasing FXR activity in HLC would lead to 

an increase in DPG2 and DPG3 genes, or if genes belonging to DPG4 and DPG5 would increase, 

thus promoting the undesirable intestinal phenotype. A further argument speaking for an 

intervention to activate FXR was that regions with closed chromatin were enriched in FXR-

dependent genes, since FXR was reported to remodel chromatin to an open configuration [204]. 

The fact that FXR-dependent genes showed too low expression although FXR itself was present 

was encouraging stimulation of cells with FXR agonists, in addition to exogenously expressing FXR. 

An intervention strategy with lentiviral FXR expression was applied to guarantee that its levels are 

not limiting, together with stimulation by the strong endogenous FXR agonist CDCA [205], the 
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potent, non-steroidal, synthetic FXR agonist GW4064 (Zhang et al., 2015), and a combination of 

both.  

Indeed, the results showed that a major influence on global gene expression was only obtained 

by combined FXR expression and agonist exposure. FXR activity not only enhanced FXR-

dependent liver genes in DPG1 and DPG2, but also suppressed intestinal genes in DPG4 and DPG5. 

This is conceptually important since it demonstrates that a single transcription factor alone can 

enhance expression of tissue specific genes as well as suppress unspecific or hybrid genes. 

Whether FXR enhances or suppresses gene expression depends on the presence of co-activators 

and interacting regulators of transcription. Numerous co-activators, e.g. PCG1, bind FXR and 

enhance its transactivation activity [204,207]. Moreover, FXR is known to inhibit the activity of 

other transcription factors, e.g. by binding to the small heterodimer partner (NR0B2) that reduces 

the transcriptional activity of liver receptor homologue 1 (LRH-1). The observation that expression 

of FXR plus agonist exposure enhanced the expression of liver- and suppressed intestine-

associated genes suggests that HLC already have a hepatocyte-specific pattern of co-regulators 

and FXR interaction partners. Indeed, HLC strongly upregulated the transcription of 

transcriptional FXR the co-factor geneNR5A2 (LRH1) compared to iPSC, while also expressing 

other co-regulator genes, such as CARM1, GPS2 and TRRAP, but a functional analysis of the FXR-

interactome has not yet been performed. 

Since major differences between HLC and PHH remained after activation of FXR - particularly in 

DPG6-10 - that were not significantly influenced by the intervention, it will be important to 

combine the targeting of FXR with further interventions, e.g. to induce expression of other 

metabolism-controlling nuclear receptors such as NR1I2 and NR1I3 to find out if hepatic 

(xenobiotic) metabolism can be activated in HLC, increasing their potential for toxicology and 

pharmacology studies. The question remains if there is a tipping point beyond which the entire 

expression profile and chromatin landscape is brought closer to PHH. For instance, reducing the 

activity of the transcription factors CDX2, GATA6, and KLF5 may further decrease the expression 

of hybrid state genes. Such a strategy is experimentally feasible, because the application of viruses 

(if required due to low transcription of intervention targets) and agonists to the culture medium 

can be routinely established and could enhance specifically required features in certain model 
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system scenarios, where e.g. higher metabolic activity of hepatocyte like cells is required. 

However, the most promising strategy for proper directing of HLC differentiation is to thoroughly 

recapitulate embryonic development. To achieve this, detailed studies of highly time-resolved 

human embryonic endoderm patterning and liver development, the critical interaction of 

involved cell types and signaling mechanisms will be required. Current procedures utilize 

comparably short time periods and a limited selection of comparably well studied signaling 

pathways. In previous years, identification of master regulators for differentiation into certain cell 

types, such has HNF4α in case of hepatocytes or MyoD in muscle cells, allowed for impressive 

conversions of cells into other cell types, but in some cases the limited control over the underlying 

interplay of epigenome, transcriptome, proteome and metabolome interplay still represents a 

major challenge to cell type and tissue engineering. Thus, fine tuning of the differentiation 

processes may represent the only option to obtain cells that truly resemble their in vivo 

counterparts and that will be effective and safe in clinical scenarios. For other applications such 

as in vitro models of certain functions, cells may not need to fully recapitulate the target cell 

identity, but will require extensive validation before their routine application. In their current 

state, HLC may not yet be ready to substitute PHH in these scenarios, but they may already 

present a more suitable alternative compared to immortalized cell lines, which due to the 

shortage in primary cells are an often used resource for toxicological studies. This needs to be 

demonstrated in future studies. 

In conclusion, here it was demonstrated that hiPSC derived HLC generated by a commonly-used 

in vitro protocol co-express both liver and undesired intestinal genes within the same cell. The 

nuclear factor FXR represents a critical control factor that can be targeted to shift the balance 

from a liver-intestine hybrid cell towards a hepatocyte.  
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5. Appendix 

5.1 Supplementary figures 

Due to space and format limitations, some of the material described in this appendix is provided 

in the digital version of the appendix. 

 

Supplementary figure 1: CMFDA (green) and SNARF-1 are excreted from day 25 HLC into bile canalicular 

structures of different size and shape. 

 

 

Supplementary figure 2: Interactive version of the DiPa plot provided as .html file of the digital appendix. 

The x-axis represents log2 fold changes of iPSC over PHH, the y-axis indicates log2 fold changes of HLC over 

PHH. Dotted lines represent cutoffs of the clustering approach. Gene expression can be explored by 

hovering over a gene with the computer mouse. The figure was generated using the R implementation of 

plot.ly. 
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Supplementary figure 3: Interactive 3D version of the DiPa plot provided as .html file of the digital 

appendix. Definitive Endoderm expression was included as log2 fold change over PHH. The x-axis 

represents log2 fold changes of iPSC over PHH, the y-axis indicates log2 fold changes of DE over PHH. The 

z-axis indicates log2 fold changes of HLC over PHH. Dotted lines represent cutoffs of the clustering 

approach. Gene expression can be explored by hovering over a gene with the computer mouse. The figure 

was generated using the R implementation of plot.ly.  
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Supplementary figure 4: Tissue group enrichment according to the human protein atlas in DPGs 

established by Differentiation Pattern Clustering (DiPaC). The top 5 most significant results are displayed 

per DPG. The dotted red line indicates a p-Value cutoff of 0.01. The analysis was performed using the R 

TissueEnrich package version 1.8 by Jain and Tuteja 2019. 

 



89 
 

 

Supplementary figure 5: Transcriptional regulator overrepresentation in each DPG according to 

Regulatortrail overrepresentation analysis (Kehl et al. 2017). Names of regulators and the P-value 

associated with their enrichment are annotated for every bar. The x-axis represents the ratio of hits (genes 

associated with a specific regulator in the DPG) and expected hits. The y-axis represents the rank of 

overrepresentation of the transcriptional regulator in the corresponding DPG. 
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Supplementary figure 6: Gene expression Pearson correlation and gene count distribution of log1 

normalized counts determined by DEseq2 for RNA-seq data for all three replicates of HLC transduced with 

FXR expression lentivirus and treated with the FXR agonists chenodeoxycholic acid (CDCA) and GW4064. 

Red stars indicate significance of the P-value obtained for the correlation analysis (*** = 0-0.001). 

 



91 
 

 

Supplementary figure 7: Principal component analysis (PCA) of the top 1000 variable genes in HLC at day 

25 and HLC at day 25 that were treated either with CDCA, GW4064, an FXR expressing lentivirus or a 

combination thereof. Colors of ellipses and dots indicate the treatment, labels indicate the sample 

description and replicate number (R). 

 



92 
 

 

Supplementary figure 8: Absolute expression given as log2 normalized counts determined with DEseq2 of 

selected genes representative of liver (NR1H4, ABCB11, ABCB4) and intestine (FGF19, ISX, SI) responses to 

FXR and agonist intervention treatments. The red dotted line separates control (left) and treatment 

samples (right). Error bars indicate standard deviation (n=3). 
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5.2 Supplementary tables 

Supplementary tables are available in the digital version of the appendix. 

Supplementary table 1: Differentially expressed genes in human induced plutripotent stem cells 

(iPSC) that were differentiated to definitive endoderm (DE) and subsequently to hepatocyte-like 

cells (HLC), compared to primary hepatocytes (PHH). Fold change differences (Log2) are given 

with corresponding p-values and FDR adjusted p-values.  

Supplementary table 2: Annotation of differentially expressed genes to corresponding 

differentiation pattern groups (DPGs). 

Supplementary table 3: Tissue group enrichment analysis of differentiation pattern groups 

(DPG0-10) defined by Differentiation Pattern Clustering (DiPaC) of differentially expressed genes 

(RNA-seq) in iPSC to HLC differentiation compared to PHH, according to Jain, A., & Tuteja, G. 

(2018). 

Supplementary table 4: GO enrichment results for DPG0-10 as obtained by enrichGO (Yu, G., 

Wang, L. G., Han, Y., & He, Q. Y. (2012). 

Supplementary table 5: Regulatortrail overrepresentation analysis of DPG0-10 according to Kehl 

et al. (2017).  

Supplementary table 6: Reactome pathway enrichment analysis of DPG0-10 according to Yu, G., 

& He, Q. Y. (2016).  

Supplementary table 7: Z-Scores calculated separately for RNA-seq, RRBS and ATAC-seq data of 

iPSC, DE, HLC and PHH. 

Supplementary table 8: Single cell gene expression (log2CPM + 1) matrix for all cells analyzed and 

corresponding metadata. 
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Supplementary table 9: Mean scaled expression (z-scores) for hybrid state genes found in HLC 

from the present study and HLC from Camp et al. 2017, in human induced pluripotent stem cells 

(iPSC), fetal human hepatocytes week 10 (FH week 10), fetal human hepatocytes week 17 (FH 

week 17) and hepatocyte-like cells (HLC). 

Supplementary table 10: SCENIC Regulon activity scores of human induced pluripotent stem cells 

(iPSC), fetal human hepatocytes week 10 (FH week 10), fetal human hepatocytes week 17 (FH 

week 17), hepatocyte-like cells (HLC) from Camp et al. 2017 and HLC and primary human 

hepatocytes (PHH) of the present study. 

Supplementary table 11: Differentially expressed genes of hepatocyte-like cells (HLC; Control), 

HLC treated with polybrene (POBR Control), HLC subjected to lentiviral transduction with FXR 

and/or treatment with synthetic FXR agonist GW4064 or the endogenous FXR agonist 

chenodeoxycholic acid (CDCA) or both, compared to vehicle control (VC). Fold change differences 

(Log2) are given with corresponding p-values and fdr adjusted p-values.  

Supplementary table 12: P-values of Fisher tests testing the null hypothesis, that there are less 

genes in the overlap than expected by chance. 
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5.3 Supplementary files 

Supplementary file 1.1: Time-series of CMFDA (green) and SNRAF-1 (red) excretion in HLC day 25 

captured with the LSM 880 at 20x magnification (available as .avi and .czi with preserved imaging 

data). 

Supplementary file 1.2: Time-series of CMFDA (green) and SNRAF-1 (red) excretion in PHH at day 

3 of culture captured with the LSM 880 at 20x magnification (available as .avi and .czi with 

preserved imaging data). 

Supplementary file 1.3: Time-series of CMFDA (green) and SNRAF-1 (red) excretion in HLC day 25 

of culture, showing bile canaliculi and other duct-like structures of various sizes. Captured with 

the LSM 880 at 20x magnification (available as .avi and .czi with preserved imaging data). 

Supplementary file 1.4: 3D stack visualization of CMFDA (green) and SNRAF-1 (red) excretion in 

HLC day 25 of culture into a bile-canaliculi-network structure that surrounds multiple HLC. 

Captured with the LSM 880 at 20x magnification (available as .avi and .czi with preserved imaging 

data). 

Supplementary file 2: GO term overrepresentation barplots can be found in the digital appendix. 

For each DPG, top 100 GO terms are displayed, sorted by the adjusted P-value associated with 

their enrichment. The Adjusted P-value cutoff of 0.001 is indicated by a red dotted line. The x-axis 

represents the adjusted P-value given as -log10(Adjusted P-value). The color scale indicated the 

ratio of hits (number of genes associated with a specific GO term) and background genes (number 

of genes in the DPG). 

Supplementary file 3: Reactome pathway enrichment bar plots are provided in the digital 

appendix. For each DPG, the top 100 Reactome pathways are displayed, sorted by the adjusted 

P-value associated with their enrichment. The Adjusted P-value cutoff of 0.001 is indicated by a 

red dotted line. The x-axis represents the adjusted P-value given as -log10(Adjusted P-value). The 

color scale indicated the ratio of hits (number of genes associated with a specific Reactome 

pathway) and background genes (number of genes in the DPG). 

Supplementary file 4: T-SNE representations of the integrated single cell dataset with perplexity 

parameter 1-50 and top 100-2000 variable genes. HLC Replicates 1 and 2 are shown together with PHH 
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from donors 1, 2 and 3 together with single cell sequencing data of fetal hepatocytes week 10 and 17 from 

Camp et al. (2017).  

 

6. Availability of data and materials 

The RNA-seq, sc-RNA-seq, RRBS, and ATAC-seq datasets are available in the EGA repository 
under accession EGAS00001004201. 
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