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Abstract
 
Investigation of the hepatotoxicity of therapeutic compounds in vitro before 
clinical studies requires a reliable human liver cell model. Due to the disad-
vantages of using primary cell lines, hepatocellular carcinoma cell lines, and 
animal models, stem cell-derived liver models represent a promising tool for 
drug testing. Existing stem cell-derived liver models have immature charac-
teristics, causing a demand for deeper investigation and improvements in he-
patic differentiation procedures. Hepatocytes, the most abundant cell popula-
tion in the liver, are responsible for drug metabolism. This feature makes them 
the most desirable liver cell population for drug testing. Pluripotent stem cell 
(PSC) differentiation into hepatocytes occurs in a few stages, namely, defini-
tive endoderm (DE), hepatic progenitors (hepatoblasts), fetal hepatocytes, and 
adult hepatocytes. Each stage is controlled by defined external biochemical 
signals and physical environmental features provided by the surrounding ex-
tracellular matrix (ECM). 

Successful hepatic differentiation in vitro depends on the ability of the cho-
sen conditions to mimic natural development. The right approach should fo-
cus on the assessment of the cellular state at every step of the differentiation. 
This thesis aimed to develop an effective method for human PSC differentia-
tion into functional hepatocyte-like cells (HLCs) in two-dimensional (2D) and 
three-dimensional (3D) environments via spatially and temporally controlled 
physical and biochemical cues. 

First, we compared six previously developed differentiation medium com-
positions for their effectiveness in PSC differentiation into DE. We conducted 
differentiation for human induced PSCs (hiPSCs) and human embryonic stem 
cells (hESCs). We assessed the dynamic effectiveness of the differentiation us-
ing different combinations of growth factors (activin A and Wnt-3a) and/or 
small molecules (sodium butyrate salt and IDE1). We demonstrated activin A 
to be an efficient and sufficient agent for DE induction, while sodium butyrate 
and Wnt-3a were dispensable and IDE1 was inefficient for this purpose. 

Second, we applied the protocol for generating DE cells in 2D culture to the 
differentiation of hiPSCs into DE in 3D. We investigated the influence of the 
formed spheroid size and the presence of scaffold on spheroid morphological 
characteristics as well as the success of DE formation. We demonstrated a re-
verse correlation between spheroid size and the efficacy of DE formation. A 
scaffold-based 3D environment can be beneficial for spheroid culture. How-
ever, it can negatively affect cell aggregation if the scaffold material possesses 
strong cell affinity. Moreover, the hydrogel-based scaffold can also impede 
mass transport and therefore slow down cell differentiation. 

Third, we investigated the effect of the thyroid hormone triiodothyronine 
(T3) in the hepatic differentiation of hiPSCs-derived hepatic cells. We found 
that T3 increased the expression of thyroid hormone responsive protein 
THRSP (or SPOT14) and decreased the expression of alpha-1-fetoprotein 
(AFP).  
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To further investigate the role of AFP in thyroid hormone - mediated he-
patic differentiation, we developed an effective protocol based on 
CRISPR/Cas9-mediated genome editing to create an AFP knockout (AFP-KO) 
cell line. The improved genome editing approach includes a staggered trans-
fection and the use of a Cas-9-linked selection marker. By comparing wild type 
and AFP-KO cell lines, we found that AFP does not determine the action of T3 
in hepatocyte differentiation. 

This study suggests an effective method for hPSCs differentiation into de-
finitive endoderm cells which is necessary for further liver cell formation. It 
demonstrates the importance of the culture environment and control of sphe-
roid size for spheroid formation and hiPSCs differentiation in 3D culture con-
ditions. It shows that the thyroid hormone affects the expression of particular 
fetal and liver maturation genes, thereby participating in hepatic differentia-
tion of hiPSCs. Furthermore, finally, this study suggests an improved method-
ology for RNA-based CRISPR-Cas9-mediated genome editing in hPSCs for the 
study of gene functions during the differentiation of hPSCs in vitro. Taken to-
gether, these findings are important for the further development of hPSC-de-
rived liver cell models. 
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1 Introduction
 

The development of novel drugs is an expensive and long process. The path 
from the candidate compound to approved medication takes more than ten 
years on average, and the total cost exceeds $1 billion (Schuhmacher et al. 
2016). Among all the drugs that reach the phase of clinical trials, only 10 % 
turn into an approved product by the Food and Drug Administration (FDA) 
(Wong et al. 2019). The occurrence of acute hepatic disorders, such as drug-
induced liver injury (DILI), is one of the main reasons for drug candidate de-
cline during the clinical trial or even withdrawal from the market after ap-
proval (Katarey & Verma 2016, Yokoyama et al. 2018). Improvements in the 
quality and prediction capacity of in vitro drug assays would allow us to detect 
toxic compounds earlier, decreasing the total cost of drug development. 

Reliable models are necessary for the analysis of drug pharmacokinetics, 
metabolic routes, metabolite profiles, stability, and toxicity. Animal models 
are not always suitable for drug development due to differences between spe-
cies in metabolic and toxicity pathways (Shih et al. 1999, Olson et al. 2000, Lu 
& Li 2001, Hay, Zhao, et al. 2009). More than half of the compounds that are 
toxic to humans can be considered non-toxic when studied in rodents (Do-
nowitz et al. 2020). To resolve inconsistencies between pre-clinical studies and 
clinical trials it is necessary to develop a reproducible, fully functional human 
liver cell model. 

Nowadays, human primary hepatocytes (PHH) are used as the “gold stand-
ard” for in vitro hepatotoxicity screening because all their important metabolic 
enzymes and xenosensors remain active (Hewitt et al. 2008, Ardalani et al. 
2019). However, their usage has several major limitations, including low avail-
ability; high variability caused by donor genotype (Hay, Fletcher, et al. 2008, 
Sengupta et al. 2014, Freyer et al. 2016) and, consequently, variability in en-
zymatic activity; rapid loss of functions and specific liver gene expression pat-
terns; short lifetime in culture; and high cost (Gomez-Lechon et al. 1998, 
Pompaloni et al. 2007, Ardalani et al. 2019). Alternatively, compound screen-
ing can be performed in established hepatic cell lines, which are more conven-
ient in culture. The best known among them are HepG2, Huh7, Fa2N-4, and 
HepaRG. They are easily available and well-characterized. However, they fea-
ture drawbacks that limit their application (Le Vee et al. 2006, Hariparsad et 
al. 2008, Szabo et al. 2013, Jackson et al. 2016). 

Human pluripotent stem cells (hPSCs) exhibit high potential for providing 
unlimited supply source for patient-specific hepatocyte-like cells (HLCs). This 
technology aims to improve the development of personalized medicine in 
terms of in vitro modeling of the pathological condition and the discovery of 
therapeutical approaches (Yu et al. 2007). Although considerable progress has 
been achieved in obtaining HLCs and applying them in numerous studies 
(Freyer et al. 2016), existing protocols result in cells with maturity levels far 
from PHH (Takayama et al. 2012, Sjorgen et al. 2014, Baxter et al. 2015, Arda-
lani et al. 2019). The high heterogeneity of resultant populations requires 
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additional manipulation for cell purification. Frequently, obtained HLCs can 
rapidly lose their differentiated phenotype in the absence of specific culturing 
conditions (Khetani & Bhatia 2008). The main reason for these issues is the 
difficulty of mimicking the in vivo environment. 

The complexity of multistage hepatic development requires thorough at-
tention to each step of in vitro hepatic differentiation of PSCs. In general, the 
first aim of this process is to obtain a pure definitive endoderm (DE) cell pop-
ulation. The efficacy of this starting point will affect the subsequent fate of 
cells. These cells serve as a precursor for many internal organs, explaining the 
abundance of developed protocols for DE generation from PSCs. Specific dif-
ferentiation is conditioned by various growth factors and/or small molecules 
(D'Amour et al. 2005, Hay, Fletcher, et al. 2008, Hay, Zhao, et al. 2009, Bor-
owiak et al. 2009). We compared previously published approaches to deter-
mine the most effective one for DE differentiation of hiPSCs and hESCs. 

While culturing cells in a 2D environment provides easy control of cell con-
dition, it fails to recapitulate natural tissue architecture, cell-cell and cell-ma-
trix interactions, and physiological fluid dynamics. Specific 3D systems for cell 
culturing are being developed to overcome this issue. A 3D system promotes 
tissue organization and thus is closer to the physiological conditions for cell 
differentiation. However, obtaining in vitro organoids identical to real tissues 
remains difficult. There is an urgent need for the development of an optimal 
3D environment and assessment of all the potential contributing factors (Lou 
& Leung 2018). Here we focused on assessing the influence of critical factors 
such as the presence of the biomaterial and size of the spheroids on hiPSC 
spheroid formation and DE differentiation.  

The abundance of signals and transcriptional pathways participating in hu-
man liver development introduces another challenge for understanding and 
recapitulating hepatic differentiation. During the development, endocrine reg-
ulation plays an important role. The fetus itself, placenta, and maternal hor-
mones create crosstalk forming the appropriate physiological conditions for 
growth and development (Murphy et al. 2006). The right combination of hor-
mones may promote the improvement of the differentiation process. The very 
delicate dose-dependent and time-specific influence of individual hormones 
needs to be studied. The expression of a multitude of hepatic genes and liver 
metabolic functions are known to be regulated by the T3 hormone (Feng et al. 
2000, Sinha et al. 2014, Mendoza & Hollenberg 2017). Moreover, T3 plays an 
important role in the process of tissue differentiation (Forehead & Fowden 
2014). Therefore, in the current research, we assessed the influence of the T3 
hormone on hepatic differentiation. When studying the role of thyroid hor-
mone during hepatic differentiation of hiPSCs, we found the alpha-1-fetopro-
tein (AFP) gene to be one of the possible target genes for T3. AFP is known to 
be the main serum protein of the embryo, but its influence on hepatic devel-
opment has not yet been studied. Gene functions can be studied using gene 
knockout technology (Gaj et al. 2013). Recently discovered CRISPR-Cas9 me-
diated gene editing had demonstrated targeted biallelic knockout in hiPSC 
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(Gonzalez et al. 2014). However, this approach resulted in relatively low effi-
cacy which can be further improved with antibiotic selection (Steyer et al. 
2018). We worked on improving the CRISPR-mediated mutagenesis in hiPSC 
by coupling RNA transfection with subsequent antibiotic selection. As a result, 
we obtained an AFP-KO cell clone which we used for the analysis of the role of 
AFP in how T3 affects the formation of HLCs. 

The thesis starts with a literature review on liver structure, functions, and 
development; PSCs features and use of PSCs for cell differentiation; and suit-
able biomaterials as well as existing protocols for cell culturing and differenti-
ation into hepatocyte-like cells. The literature review is followed by descrip-
tions of the aims of the study, materials used, and methods applied. The work 
concludes with a description and discussion of the results thereby obtained. 
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2 Literature review 
 
2.1 Liver development 
 
In the past several decades, the field of developmental biology has made 
marked progress in the understanding liver morphogenesis, organogenesis, 
functions, and gene regulation during embryonic development (Si-Taeb et al. 
2010, Gordillo et al. 2015). A deep understanding of these features is necessary 
for the successful creation of relevant cell-based liver models. The current 
chapter describes the structure and functions of the liver, as well as key stages 
in hepatic lineage differentiation during embryo development. This includes 
the formation of the endoderm and arising of liver buds, followed by growth, 
vascularization, and cell maturation. 
 
2.1.1 Liver structure 
 
The human liver has four lobes consisting of several cell types. Hepatocytes 
represent nearly 70 % of the liver cell population. Together with biliary cells, 
also known as cholangiocytes, they arise from the endoderm layer during em-
bryo development (Gordillo et al. 2015). Other cell types that form hepatic 
mesenchyme derive from the mesoderm layer. Hepatic mesenchyme consists 
of stromal cells, stellate cells, Kupffer cells, pit cells (natural killer cells), en-
dothelial cells, fibroblasts, and blood vessels. 
 
 

 
 
Figure 1: Liver structure: A) Entire liver organ. B) Main components of liver 
lobule. C) Cell types of liver, hepatocytes representing the most abundant cell 
type, lining space between the central vein, and portal triads. A and B are 
modified from Ortega-Ribera et al. 2018. C is modified from Foster 2017. 
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The functional unit of the liver is the lobule (Fig. 1). Each lobule includes a 
central vein (branch of the hepatic vein) and hepatocyte cords, a single-cell 
sheet of hepatocytes, which connects the central vein with other components 
of the lobule – portal triads. The portal triad incorporates the portal vein, he-
patic artery, and bile duct. Bile is an alkaline solution containing bile salts, 
cholesterol, and other organic components. It is produced by hepatocytes and 
flows into the small intestine, where it participates in digestion. It is essential 
for nutrient absorption in the small intestine as well as for the removal of ex-
cess cholesterol and copper (Gearhart et al. 2009). The bile duct transfers bile 
from the liver to the duodenum. The portal vein brings nutrient-rich blood to 
the liver while the hepatic artery supplies the liver with oxygenated blood. Un-
obstructed interaction of hepatocytes with blood is provided by specific fenes-
trated endothelium lining sinusoid vessels (Gearhart et al. 2009, Gordillo et 
al. 2015). 

Due to the complexity of the organ and the origin of its cells from two em-
bryonic cell layers, liver development is organized by complex signal interac-
tion between the endoderm and mesoderm.

2.1.2 Liver organogenesis and functions
 
Implantation of the blastula in the endometrium defines the transition from 
the stage of embryoblast to the stage of epiblast, followed by the migration of 
epiblast cells towards the median line of the embryonic disk. This event medi-
ates the formation of the primitive streak (PS), which is the precursor of two 
germ layers: endoderm and mesoderm. The formation of the PS and its further 
fate is defined by Activin/Nodal and Wnt signaling that regulates patterning 
in vertebrate embryo development (Payne et al. 2011). Some of the epiblast 
cells move to the PS and undergo the epithelial-to-mesenchymal transition. 
Transitional mesendoderm cells give rise to the DE, a single layer of cells lining 
the ventral side of the embryo (Gordillo et al. 2015). A prerequisite for both 
mesoderm and endoderm formation is the activation of Nodal signaling. Nodal 
unites growth factors of the transforming growth factor-beta (TGF-β) family. 
As shown in a mouse model, the concentration gradient determines cell fate 
such that cells experiencing higher Nodal concentrations differentiate into en-
doderm and cells that receive a lower signal become mesoderm (Vincent et al. 
2003). As a result, the expression of Mix-like proteins occurs. These proteins 
are winged-helix protein hepatocyte nuclear factor 3β (HNF3β) (also known 
as forkhead box A, FOXA2), SRY-box 17 (SOX17), eomesodermin, and 
GATA4–6 (Zorn 2009). HNF3β is an essential contributor to the intracellular 
signaling driving hepatic development. The hepatocyte nuclear factors (HNFs) 
family of proteins (or FOXA proteins) implement regulatory functions in the 
liver, and their expression occurs in a stepwise manner during liver develop-
ment (Locker 2011). The nuclear hormone receptor hepatocyte nuclear factor 
4 alpha (HNF4α) starts its expression during early embryogenesis (Li et al. 
2000) and participates in visceral endoderm development. Further, it plays an 
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important role in specification of hepatoblasts, also known as hepatic progen-
itors, and growth of the liver bud. In the adult liver, it regulates the expression 
of hundreds of different genes (Locker 2011) as a component of a transcrip-
tional factor cascade. HNF4α interacts with transcriptional coactivators, 
which possess histone acetylase activity resulting in the remodeling of chro-
matin and activation of transcription (Li et al. 2000).  

DE is the precursor of several organs: liver, pancreas, thyroid, thymus, di-
gestive tracts, gallbladder, the epithelial lining of the respiratory tract, and 
lungs. Differentiation of the ventral foregut endoderm cells towards liver cells 
is directed by numerous signals obtained from the septum transversum mes-
enchyme and closely located cardiogenic mesoderm (Zong & Friedman 2014).  

Cardiogenic mesoderm produces fibroblast growth factor (FGF), which 
binds to the receptors of ventral foregut endoderm and inhibits the pancreatic 
pathway, thereby directing DE towards hepatic progenitors (Zaret 2002). Sep-
tum transversum later separates the endoderm from the cardiogenic meso-
derm and therefore prevents endoderm cells from experiencing a high concen-
tration of FGF which would lead to lung formation (Lemaigre 2009). Septum 
transversum mesenchyme cells secrete several growth factors: bone morpho-
genic proteins (BMP), hepatocyte growth factor (HGF), and Wnt, which in-
duce hepatoblasts to change morphology, undergo proliferation, and release 
cell-cell junctions, which allows them to migrate into the adjacent mesoderm. 
These events represent the formation of the liver bud (Zong & Friedman 2014, 
Ober & Lemaigre 2018). 

Further vascularization of the liver bud requires complex signaling interac-
tion between precursor cells of the endoderm epithelium, mesenchyme, and 
endothelium (Takebe et al. 2013). Growth of the liver bud is accompanied by 
the embedding of hepatic progenitors into the septum transversum mesen-
chyme. Here they differentiate either into hepatocytes or, if they are located 
next to the portal vein, into cholangiocytes (Zong & Friedman 2014). 

Bipotency of hepatoblasts elucidates the simultaneous presence of the early 
hepatic marker AFP, hepatocyte markers albumin (ALB) (Nava et al. 2005), 
cytokeratin 18 (CK18), HNF4α, and the cholangiocyte specific marker cy-
tokeratin 19 (CK19) (Gordillo et al. 2015). The choice of becoming one of these 
two cell types depends on the signal hepatoblasts receive. Signals from the por-
tal mesenchyme will cause differentiation of cholangiocytes while signals from 
hematopoietic cells will lead to hepatocyte formation (Prior et al. 2019). Chol-
angiocyte formation is accompanied by the upregulation of hepatocyte nuclear 
factor 6 (HNF6), cytokeratin 7 (CK7), and CK19 while the expression of other 
cytokeratins remains stable (Locker 2011). Hepatocytes, in contrast, decrease 
CK19 expression. However, they also maintain constant expression of other 
cytokeratins. 

Haematopoetic progenitors, which are located between hepatoblasts, pro-
vide Oncostatin M (OSM). OSM, an interleukin-6 family growth factor, acti-
vates gene expression profile typical to hepatocytesand, together with hepato-
cyte expansion, promotes hepatocyte maturation (Kyrmizi et al. 2006). They 
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acquire a polygonal shape and become polarized. The apical site is responsible 
for bile secretion, the lateral part organizes junctions promoting communica-
tion between hepatocytes, and the basal site is connected to endothelial cells 
(Zaret 2002). The localization of hepatocytes inside the lobule is defined by 
Wnt/b-catenin signaling (Si-Taeb et al. 2010).  

In the prenatal period, the liver is primarily engaged in hematopoiesis, and 
after birth, it shifts its activity to the biosynthesis of glucose, lipoproteins, se-
rum proteins, and blood coagulation factors; glycogen storage and control of 
the glucose level in the blood; inactivation of toxic substances; bile formation; 
and nutrient metabolism (Si-Taeb et al. 2010). The functional difference be-
tween the fetal and mature liver occurs as the result of postnatal modification 
of gene expression, including activation of phosphoenolpyruvate carboxyki-
nase, tyrosine aminotransferase, amylase, and transferrin, as well as inhibition 
of transcription of the AFP gene (Camper & Tilghman 1989, Zaret 2002, Si-
Taeb et al. 2010). Meanwhile, the ALB level increases dramatically (Tilghman 
& Belayew 1982). Due to its multidomain structure, ALB protein possesses 
strong ligand-binding features and serves as a carrier for fatty acids, drug com-
pounds, cholesterol, peptides, and proteins. Additionally, it is responsible for 
oncotic plasma pressure and for heme-Fe clearance needed to avoid free 
heme-Fe oxidation and to support iron homeostasis. A constant concentration 
of ALB circulating in the bloodstream is an indicator of a healthy state. ALB is 
synthesized in hepatocytes and encoded by a single-copy gene. The biosynthe-
sis of ALB starts with the synthesis of pre-pro-albumin followed by its modifi-
cation into pro-albumin and then into the ALB protein with a lifetime of 
around 30 days. ALB synthesis is strongly regulated by environmental factors, 
including colloid osmotic pressure and the osmolality of the interstitial liquid 
surrounding hepatocytes. Cytokines, as well as the hormones insulin and cor-
ticosteroids, affect ALB synthesis (Fanali et al. 2012). 

Another defining characteristic of mature human hepatocytes is the expres-
sion of alpha 1 antitrypsin (AAT), also known as alpha-1 proteinase inhibitor 
( 1 Pi), or SERPINA1. AAT is a glycoprotein conducting serine proteinase in-
hibition in plasma. It is synthesized mainly in hepatocytes, and at lower 
amounts, in monocytes, pancreas cells, macrophages, enterocytes, lung alveo-
lar cells, bronchial epithelial cells, and the endothelium (Serres & Blanco 
2014). Besides, AAT expression significantly increases during an inflamma-
tory process (Morgan et al. 2002). 
 
2.1.3 Liver functions
 
Human liver functions include metabolism, exocrine (secretion of bile), and 
endocrine regulation for the organism. The adult liver is divided into three 
zones. Each zone performs a particular metabolic function. The zonation al-
lows nutrient and oxygen delivery firstly to the hepatocytes at the periphery of 
the lobule and subsequently to centrally located hepatocytes. The liver is re-
sponsible for the biosynthesis of plasma proteins. They can be synthesized by 
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all hepatocytes, although synthesis is concentrated in a particular zone. For 
example, ALB is preferably located in the periportal rather than in the peri-
central zone (Poliard et al. 1986). In contrast, the transthyretin and transferrin 
transporters are equally expressed by all hepatocytes. Bile is synthesized in the 
pericentral liver zone (Braeuning et al. 2006). Zonation is controlled by mul-
tiple genes encoding various multiple enzymes, including many transcrip-
tional targets of HNF4α (Locker 2011). 

Unique liver functions include the detoxification and metabolism of endog-
enous and exogenous substances, including drugs. In hepatocytes, the entire 
process is performed in three steps. In the first modification step, P450 cyto-
chrome enzymes (CYPs) modify lipid-soluble particles into water-soluble par-
ticles. In the second conjugation step, enzymes including UDP-glucuronyl-
transferases, methyltransferases, glutathione S-transferases, arylamine N-
acetyltransferases, and sulfotransferases enhance compound solubility and 
detoxify compounds. The third step involves the excretion of metabolic prod-
ucts from hepatocytes performed by ATP-binding cassette transporters (Taka-
yama & Mizuguchi 2017). 

The liver also performs storage functions for glycogen and lipids. Hepatic 
stellate cells are responsible for vitamin A storage and transport. In the case of 
injury, inflammatory cytokines and other factors activate the synthesis of 
growth factors and protein components of the extracellular matrix (ECM) in 
stellate cells (Gearhart et al. 2009). However, their origin in embryonic devel-
opment is still under investigation (Geerts 2004, Asahina 2012, Tan et al. 
2017). 

Kupffer cells are liver macrophages that secrete cytokines, proteases, and 
enzymes such as heme oxygenase required for bilirubin synthesis. During fetal 
development, Kupffer cells contribute to erythropoiesis (Naito et al. 2004). 

A thin layer of liver sinusoidal endothelial cells covers the hepatic sinusoid, 
acting as a barrier for blood and possessing distinct characteristics separating 
them from vascular endothelial cells (Poisson et al. 2017). 

2.1.4 Thyroid hormone and its role in hepatic development
 
L-thyroxine (T4) and its active form L-triiodothyronine (T3) are thyroid hor-
mones (THs) synthesized by the thyroid gland. More than 50 % of their weight 
consists of iodine (Rousset et al. 2015). They are involved in the regulation of 
body weight, lipogenesis, lipid metabolism, and insulin resistance condition. 
In the liver, THs control enzymes regulating lipolysis and lipogenesis, beta-
oxidation, as well as the metabolism of cholesterol and carbohydrates (Ritter 
et al. 2020).  

At the beginning of embryo development, T4 is obtained from the placenta, 
followed by initiation of own T4 synthesis between 10 and 12 weeks of gestation 
(Richard et al. 1998). In the fetal liver, thyroid hormones undergo the reversi-
ble process of sulfation with sulfotransferase (Forhead & Fowden 2014). After 
birth, THs control the start of gluconeogenesis (Forhead & Fowden 2014). In 
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the adult liver, together with insulin, glucose, and progestin, they regulate the 
expression of the thyroid hormone responsive SPOT14 homolog (THRSP) 
(Kuemmerle & Kinlaw 2011). THRSP, in turn, regulates lipogenic enzymes 
such as malic enzyme (Yen 2001). THs participate in the regulation of liver 
functions such as metabolism of triglycerides and cholesterol by the upregula-
tion of the expression of apolipoprotein A and hepatic receptors for the low-
density lipoprotein cholesterol (Malik & Hodgson 2002). 

T3 plays an important role in the proliferation of hepatocytes and Kupffer 
cells (Vileda et al. 2012) as well as in the polyploidization of hepatocytes 
(Torres et al. 1999). It also increases liver gene expression at the transcrip-
tional level (Fernandez et al. 2007), participates in cell differentiation (Rich-
ard et al. 1998) and the process of liver regeneration. A decrease in serum T3 
levels may indicate chronic liver disease (Gionfra et al. 2019). 

T3 metabolism is regulated by the constitutive androstane receptor (CAR) 
gene, an important player in the regulation of hepatic differentiation and met-
abolic liver function (Maglich et al. 2004). CAR, in turn, is transcriptionally 
regulated by HNF4α. A positive correlation between CAR and HNF4α mRNA 
expression has been shown during development (Pascussi et al. 2007). 

After being secreted by the thyroid gland, T4 and a small amount of T3 cir-
culate in the bloodstream in a complex with the serum protein albumin, thy-
roxine-binding globulin, or transthyretin. These transport proteins (thyroid 
hormone distributor proteins, THDPs) are essential due to the lipophilic na-
ture of the thyroid hormones which prevents them from diffusion in the blood 
or cerebrospinal fluid. However, there is also free circulating T4 in the blood-
stream (0.3 % of total thyroid hormones) regulated by THDPs (Rabah et al. 
2019). Free T4 can be transported into the cytoplasm of different cells by thy-
roid hormone transmembrane transporter proteins. Then, deiodinases DIO1, 
or DIO2, or DIO3 can remove a specific iodine atom from T4, converting it to 
the active form T3 (Mendoza & Hollenberg 2017). The latter binds to nuclear 
thyroid hormone receptors (THR), which are transcription factors belonging 
to the steroid/thyroid receptor superfamily. Then, it forms a complex with ret-
inoid X receptor (RXR) which, in turn, binds to the thyroid hormone response 
elements (TRE) of target genes and, thus, activates or inactivates their expres-
sion (Vileda et al. 2012) (Fig. 2). Thereby, T3 regulates many metabolic func-
tions at the genomic level (Cheng et al. 2010). This includes regulation of the 
expression of many hepatic proteins, such as T4-binding globulin, sex hor-
mone-binding globulin, cortisol-binding globulin, and transthyretin (Chamba 
et al. 1996). There are several isoforms of THRs, which are encoded by TRα 
and TRβ genes. These isoforms are tissue-specific, and their expression de-
pends on the developmental stage of the organism. Mature liver cells, for ex-
ample, can be characterized by higher expression of TRβ1 and TRβ3 isoforms 
while cells of the heart exhibit higher expression of TRα1 (Cheng et al. 2010). 
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Figure 2: Schematic depiction of the regulation of gene expression by T3. In 
the cytoplasm, T4 is converted to T3 by one of the deiodinases (DIO1, DIO2, or 
DIO3) depending on the organ where conversion occurs. Thyroid hormone 
receptors (THR), retinoid X receptor (RXR), and thyroid hormone response 
elements (TRE) are included. Modified from Mondal et al. 2020. 

 
 

Type 1 deiodinase (DIO1) is the most abundant deiodinase and the most highly 
regulated T3 target, preferably expressed in the kidney and liver. In the clinic, 
its upregulation is associated with iodine deficiency (Lavado-Autric et al. 
2013). DIO1 possesses dual activity: it acts both as an activator of T4 to T3 con-
version and as a catalyst for thyroid hormones (Peeters & Visser 2017). In the 
liver, it is the main enzyme catalyzing outer-ring T4 to T3 deionization and, 
therefore, is the main provider of circulating T3 (Forhead & Fowden 2014). 

Type 2 deiodinase (DIO2) is highly expressed in the central nervous sys-
tem, pituitary gland, muscles, and brown adipose tissue. Any change in thyroid 
state affects DIO2 expression. It maintains a constant concentration of T3 in 
tissues when T4 and T3 concentrations in the plasma change (Peeters & Visser 
2017).   

Type 3 deiodinase (DIO3) deactivates T4 and T3 by inner ring deiodination 
to produce rT3 or 3 ,3-T2, respectively. DIO3 expression is specific to fetal tis-
sues and placenta as well as adult brain tissue. It is also found in certain can-
cers (Peeters & Visser 2017) and during the process of tissue regeneration 
(Mendoza & Hollenberg 2017). DIO3 is responsible for degrading the thyroid 
hormone. During mammalian development, a predominance of activity of 
DIO3 relative to DIO1 in the fetus maintains a low concentration of circulating 
T3, thereby enabling fetal growth. In developing chicken embryos, it has been 
shown that the expression of DIO3 mRNA and DIO3 activity increase to their 
maximum levels on day 17 and sharply decrease before hatching (Peeters & 
Visser 2017). Closer to birth, the enzymatic balance in the fetal liver switches 
in favor of DIO1, causing a rise in the concentration of circulating T3 (Forhead 
& Fowden 2014).  A high expression of DIO3 in adult liver and muscle tissues 
is associated with severe diseases (Peeters & Visser 2017). 
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2.1.5 Structure of alpha-1-fetoprotein and its functions in liver
 
The serum glycoprotein AFP is a member of the albuminoids family. This fam-
ily also includes ALB, vitamin D-binding protein, and afamin. Their encoding 
genes have common structural features, including sequence homology and the 
presence of cysteine disulfide bridge clusters. The genes are located on the 
same chromosome (Mizejewski 2001). The early stage of embryo development 
is characterized by an abundant presence of AFP. It is expressed by hepato-
blasts, fetal hepatocyte cells, and visceral yolk sac. AFP upregulation appears 
at week 13 of gestation, reaches its peak at 22–32 weeks, and then drops im-
mediately after birth (Si-Taeb et al. 2010). Adult liver cells contain only trace 
amounts of the protein, although AFP re-expression occurs in the process of 
liver regeneration (Kuhlmann & Peschke 2006). AFP expression in adult 
hepatocytes is defined as a marker of liver cancerogenesis. This is why AFP 
detection analysis is actively used in oncology diagnostics (Locker 2011, Moro 
et al. 2012). For such reappearance, AFP is called the oncofetal protein. It is 
also used for prenatal diagnosis of the fetal state (Szajkowski et al. 2006). De-
veloping liver cells secrete AFP into the bloodstream of the embryo. The blood 
carries it to the cerebrospinal fluid, meconium, bile, amniotic fluid, retina, 
lens, and vitreous body (Panova et al. 2018). It has been recently found that 
nucleated erythrocytes and myeloid hematopoietic cells in the embryo on the 
4th week also express AFP, suggesting a structural role for it in these cells (An 
et al. 2019). As a fetal analog of ALB, the AFP protein is known as a transporter 
for various drug compounds, metals, chemicals, fatty acids, steroids, bilirubin, 
and other molecules. In rat and mouse embryos, AFP binds maternal estrogen. 
However, this property has not been studied for human AFP yet (Moro et al. 
2012). Therefore, the primary function of AFP in embryogenesis is molecular 
transport.  

The AFP protein and its isoforms can be bound by many receptors. Among 
those studied are integrins and cell surface receptors of the endothelium of the 
heart and lungs, as well as immune, reproductive, and tumor cells (Mizejewski 
2001). 

AFP plays an important role in growth regulation by dose-dependent 
growth activation or inhibition, involving a number of different mechanisms. 
Mechanisms potentially regulated by AFP include the activation of apoptosis 
and intracellular signaling, as well as the regulation of signaling cascades 
through interaction with, among others, surface receptors, proteins, and ki-
nases (Mizejewski 2001). 

AFP inhibition is a complicated process involving four transcriptional fac-
tors, namely, AFP repressors expressed in the adult liver. A specific feature of 
AFP repression is its dynamical nature, signifying that the process of tran-
scriptional factor binding continues throughout life (Locker 2011). 
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2.2 Human pluripotent stem cells
 
Pluripotency is a feature of cells that allows them to give rise to all the somatic 
cell types of the organism (Lan et al. 2012). PSCs are defined by the ability to 
indefinitely self-renew, which decreases when PSCs differentiate into specific 
cell types. At the blastula stage of embryonic development, the outer cell layer 
gives rise to extraembryonic structures. The inner cell mass (ICM) contains 
pluripotent cells which contribute to the development of all the embryonic tis-
sues. PSCs were discovered in 1960 in the ICM of the mouse blastocyst 
(Kleinsmith & Pierce 1964). Therefore, the term embryonic stem cells (ESCs) 
indicates isolated stem cells of the ICM.  

Induced PSCs (iPSCs) are generated by the dedifferentiation of somatic 
cells. The establishment of iPSCs technology has resolved ethical issues asso-
ciated with using human embryos and the lack of specificity of hESC lines with 
limited availability (Mosher et al. 2010). The most frequent sources of iPSCs 
are fibroblasts (Tahakashi et al. 2007, Yu et al. 2007), keratinocytes (Aasen et 
al. 2008), cord blood (Haase et al. 2009, Chou et al. 2011), peripheral blood 
(Kunisato et al. 2011, Chou et al. 2011), mesenchymal stem cells (Diederichs & 
Tuan 2014), and adipose stem cells (Chen et al. 2014). 

2.2.1 Embryonic stem cells
 
Human ESCs (hESCs) were isolated for the first time in 1998 and demon-
strated unlimited growth while staying pluripotent (Thomson et al. 1998). Cul-
turing of hESCs remained challenging due to extraction from the stem cell 
niche enabling their viability. Therefore, first mouse and then human fibro-
blasts were used as feeder cells for hESCs (Gearhart et al. 2009). Feeder cells 
act as a source of nutrients, ECM components, and growth factors, and are 
often used for the culturing and differentiation of ESCs (Basma et al. 2009). 
However, the use of a feeder layer is associated with a practical challenge, the 
necessity for frequent re-seeding of SCs because of the short viability of feeder 
cells (Stacey et al. 2006), as well as with the risk of interspecific transmission 
of pathogens (Gearhart et al. 2009). These limitations led to the invention of 
a new method for culturing ESCs. Matrigel, which is a soluble mixture of base-
ment membrane proteins, has been obtained from the murine Engelbrethe 
Holme Swarm (EHS) sarcoma tumor (Kleinman & Martin 2005). It primarily 
consists of laminin, collagen, entactin, and growth factors, such as FGF, EGF 
(epidermal growth factor), and TGF-β, and provides high levels of cell-ECM 
interaction (Hughes et al. 2010). The complex composition of Matrigel causes 
lot-to-lot variations. To overcome this issue, it has been suggested to culture 
cells using laminin-511 or laminin-521 (Damdimopoulou et al. 2016). 

The establishment of hESCs allowed studying human embryo development 
since the Guidelines for Stem Cell Research and Clinical Translation (2016) 
prohibited to conduct ex vivo research on human embryos beyond day 14. 
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ESCs can be obtained either from the ICM of blastocytes (which requires em-
bryo destruction) or by single-cell biopsy from the embryo without its damage 
(Damdimopoulou et al. 2016).

2.2.2 Induced pluripotent stem cells
 
The first generation of human iPSCs was created by Takahashi and colleagues, 
who reprogrammed fibroblasts and other somatic cells by transduction of ret-
roviruses containing Klf4 (Kruppel like factor-4), Sox2 (Sex determining re-
gion-Y)-box 2, Oct3/4 (Octamer binding transcription factor 3/4), and c-Myc 
(KSOM) transcription factor genes (Takahashi et al. 2007). The cells obtained 
possessed all the features of hESCs, such as the same morphology characteris-
tics, proliferative activity, specific marker expression, and epigenetic status for 
genes of pluripotency, as well as the main properties of pluripotent cells, in-
cluding self-renewal and the ability to differentiate into cells of the three germ 
layers. 

Transcription factors can be delivered to cells using integrative and non-
integrative agents. Integrative approaches use retroviral (Takahashi et al. 
2007) or lentiviral (Yu et al. 2007) vectors and result in vector integration into 
the genome of the target cells. The potential clinical use of iPSCs requires the 
development of improved technology. The technology should exclude stable 
integration of KSOM genes into the genome of somatic cells and prevent ret-
roviral induction of insertional mutations which can cause tumor formation. 
Non-integrative methods include plasmid DNA (Okita et al. 2008, Chou et al. 
2011), proteins (Kim et al. 2009), synthetic mRNAs (Warren et al. 2010), and 
non-integrative viruses (Fusaki et al. 2009). In the last decade, significant pro-
gress has been achieved in iPSCs generation approaches, including the use of 
various transcription factors and means for their admission. 

Recently, a simplified variant has been developed for iPSCs generation us-
ing sequential transfection of cells with modified mRNAs (POU5F1, SOX2, 
KLF4, C-MYC, LIN28, and NANOG) on a micro-chip microfluidics system 
(Luni et al. 2016). This method of cell reprogramming is automated and micro-
scale, and thereby, asserted to be cost-effective and highly productive. Because 
of a reduced risk of contamination and genetic aberrations, as well as time ef-
ficacy, this approach represents a promising tool for high-throughput iPSC 
generation. 

Despite a wide variety of methodologies for the generation of iPSCs, they 
have several limitations. The synthetic protein-based approach is safer com-
pared to the virus-based approach. However, it demonstrates low iPSC deri-
vation efficiency. Although existing protocols provide cells with a complete 
pluripotency cell profile, their differentiation potency differs between cell lines 
and depends on the background of the particular iPSC line (Hockemeyer & 
Jaenisch 2016).  

iPSC technology has made a breakthrough in cell biology-related fields. iP-
SCs have found applications in diagnostics, disease modeling (Park et al. 2008, 
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Briggs et al. 2013), drug discovery (Asai et al. 2010, Ellis & Bhatia 2011, Choi 
et al. 2013), and regenerative medicine (Lim et al. 2013, Kondo et al. 2017). 

2.3 Differentiation of pluripotent stem cells into liver cells
 
The pluripotency feature opens an opportunity for the differentiation of PSC 
towards cells of interest for a wide variety of scientific and medical applica-
tions described in the previous chapter. The establishment of iPSC-derived hu-
man hepatocytes appears to be beneficial for drug discovery studies as well as 
for toxicology research. Patient-specific liver cell models are needed for cus-
tomized adjustment of medicines and their concentration for the successful 
treatment of liver diseases and evaluation of drug toxicity. 

Liver development in a living organism is a complicated multi-step process 
regulated by consistent intracellular and extracellular signaling events. Gen-
erally, protocols implement guiding iPSCs through four stages resembling in 
vivo hepatocyte development: DE induction, hepatoblasts formation, expan-
sion of hepatoblasts, and maturation of hepatocyte-like cells (HLCs). This is 
implemented through the sequential administration of growth factors and/or 
small molecules to the culture medium at defined time points. These signals 
are chosen based on previous knowledge about organogenesis and on studying 
the cellular response to defined molecules. Special attention is paid to the 
chemical and physical properties of the culture environment. Previously ob-
tained iPSCs-derived HLCs possessed the metabolic activity of certain en-
zymes comparable with those in primary human hepatocytes (Medine et al. 
2013). Others were effective for the screening of apoptosis-initiating com-
pounds (Sjogren et al. 2014). However, iPSCs-derived HLCs still lack the level 
of maturity and, consequently, functionality compared to primary hepato-
cytes. 

 
2.3.1 Growth factors for PSC differentiation into hepatocyte-like cells 
and markers of hepatic differentiation
 
As has been mentioned previously, the first stage of hepatic differentiation is 
the differentiation of stem cells to cells of DE, the germ layer arising during 
gastrulation from the inner cell mass of the blastocyst. The methods of DE for-
mation are distinguished by the substances which are used to induce the dif-
ferentiation signaling pathways and by the spatial culture conditions. In gen-
eral, protocols of iPSCs differentiation into DE utilize growth factors and small 
molecules (Teo et al. 2012, Naujok et al. 2014). Reproducing of primitive 
streak formation followed by the generation of cells with a DE gene expression 
profile requires providing Activin/Nodal signaling to the SCs. Activin A (AA), 
a member of the TGF-β superfamily, which mimics the endogenous Nodal sig-
nal through the SMAD2/3 signaling pathway, activates cell proliferation and 
differentiation, metabolic functions, and apoptosis (D'Amour et al. 2005, Cai 
et al. 2007). A combination of AA and Wnt-3a has been demonstrated to be 
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effective for DE differentiation with high potency for HLCs formation (Hay, 
Fletcher, et al. 2008). DE differentiation in 2D culture condition in vitro may 
take from three (Cai et al. 2007) to up to six days (D'Amour et al. 2005, Kan-
ninen, Harjumaki, et al. 2016) depending on the PSC line and compounds cho-
sen for the differentiation. 

According to embryogenesis, DE cell development goes through the inter-
mediate stage of mesendoderm formation which can be defined by an increase 
in the expression of the mesendoderm marker Brachyury. DE cells are charac-
terized by the expression of HNF3β, CXCR4, GATA4, CKIT, EPCAM, SOX17 
(Hay, Zhao, et al. 2008, Ogawa et al. 2013), and HNF4α (Hanawa et al. 2017). 

After obtaining DE cells, it is important to promote the formation of the 
liver bud by mimicking the supply of FGF, BMP, HGF, OSM, and glucocorti-
coids. FGF and BMP proteins promote hepatic differentiation while HGF to-
gether with DEX and OSM are involved in the hepatocyte maturation process. 
BMPs, as members of the TGF-β family, inhibit late fetal and adult hepatocyte 
cell division (Kinoshita & Miyajima 2002). FGF induces hepatic gene func-
tions through the MAPK pathway (Calmont et al. 2006). Successful differenti-
ation of DE cells into hepatoblasts has been achieved using a combination of 
FGF4 and BMP2 (Cai et al. 2007). 

The hepatoblasts obtained are bipotent and need to be directed to hepato-
cytes. Midlate hepatic formation can be achieved by the administration of 
HGF. It binds to the receptor c-Met, which is expressed on the surface of fetal 
hepatocytes. In liver development, c-Met enables interaction between mesen-
chyme and epithelial cells (Schmidt et al. 1995). Further, OSM activates he-
patic maturation via the STAT3 signaling pathway (Kamiya et al. 2001), stim-
ulating cell morphology change, increasing homophilic cell adhesion, and ac-
tivating the liver cell functions of ammonia clearance, lipid and glycogen syn-
thesis, and detoxification. OSM, combined with IL-6, causes an increase in the 
expression of the mature marker AAT (Morgan et al. 2002). However, OSM 
has been demonstrated to be efficient in hepatic maturation only in combina-
tion with glucocorticoids (Kinoshita & Miyajima 2002). The mixture of HGF 
and the glucocorticoid dexamethasone (DEX) in the same differentiation cock-
tail promotes the accumulation of glycogen in fetal hepatocytes and induces 
ALB synthesis (Kamiya et al. 2001). The group of Rambhatla presented the 
first report on hESCs differentiation into cells expressing hepatic markers 
(Rambhatla et al. 2003), where they used insulin, DEX, collagen type I, and 
NaB salt to facilitate the differentiation. The protocol enabled obtaining up to 
15% of cells with an adult hepatocyte gene expression profile. 

Differentiation from hepatoblasts to hepatocytes indicates their functional 
switch and is defined by the level of expression of early, midlate, and late liver-
specific markers. These include a sharp increase in the expression of the mid-
late marker ALB and a decrease in the early marker AFP. The maturity level of 
hepatocytes is also characterized by different expression levels of CYP en-
zymes. For example, increased expression of CYP3A7 is characteristic of fetal 
hepatocytes, whereas increased CYP3A4 and CYP1A2 characterize the adult 
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stage (Matsunaga et al. 2004, Snykers et al. 2009, Hines & McCarver 2002). 
Expression of pregnane X nuclear receptor (PXR) and constitutive androstane 
nuclear receptor (CAR) is important for the transcriptional regulation of P450 
cytochromes and other drug-metabolizing enzymes (Stanley et al. 2006), par-
ticularly CYP3A4 and CYP2B6. Therefore, they regulate the metabolism of 
drugs and other chemicals as well as thyroid hormone metabolism (Maglich et 
al. 2004). Approaches to increase the maturity of HLCs also include the ad-
ministration of valproic acid and different small molecules, as well as the mod-
ification of gene expression (Takayama & Mizuguchi 2007). 

 
2.3.2 Small molecules for differentiation of PSCs into hepatocyte-like 
cells
 
Besides growth factors, small permeable molecules can also be used alone 
(Azumbda et al. 2018) or in combination with growth factors (Hay, Fletcher, 
et al. 2008) for the induction of hepatocytes or certain stages of hepatic differ-
entiation. The advantages of using the small molecules instead of growth fac-
tors include their feasibility for large-scale manufacture; high purification 
level, with low variability between lots; and relatively low cost. Among the 
most frequently used small molecules for DE induction are NaB, IDE1, IDE2, 
and CHIR99021. 

NaB is known to be an inhibitor of histone deacetylase with anti-prolifera-
tive and pro-differentiative activity. However, the combination of AA and NaB 
causes slower transition of ESCs through the mesendoderm phase of the dif-
ferentiation compared to the use of growth factors (Hay, Fletcher, et al. 2008). 

The histone deacetylase inhibitors IDE1 and IDE2 have been shown to in-
duce differentiation of ESCs to Sox17 and HNF3β-positive cells due to their 
feature of activating the TGF-β signaling pathway (Borowiak et al. 2009). Nev-
ertheless, IDE1 is less potent for DE induction than growth factor cocktails 
(Hoveizi et al. 2014). 

CHIR99021 is a glycogen synthase kinase 3 (GSK-3) inhibitor. Acting sim-
ilarly to Wnt-3 signaling, CHIR99021 rapidly activates the NODAL signal, 
thereby causing differentiation of PSCs to DE (Siller et al. 2015). Treatment of 
hPSCs with CHIR99021 has been shown to induce differentiation of hPSCs to 
DE cells with potency to be differentiated to HLCs (Azumbda et al. 2018). 

Further DE differentiation to hepatoblasts is can also be implemented us-
ing small molecules, for example, DMSO (Azumbda et al. 2018). 

For hepatoblast maturation, promising results have been obtained using 
HGF receptor agonists (Benoist et al. 2014, Azumbda et al. 2018) and Dexa-
methasone (Azumbda et al. 2018). The α1-adrenergic receptor agonist meth-
oxamine hydrochloride has been also shown to induce HLCs by activating 
STAT3 signaling which allows avoiding the use of HGF and OSM in the hepatic 
maturation step (Kotaka et al. 2017). 

Cells obtained as a result of small molecule mediated induction of HLCs 
exhibit morphological features, and gene and protein expression patterns, as 
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well as possess certain functions consistent with hepatocytes. However, they 
express a high level of the fetal marker AFP (Azumbda et al. 2018), requiring 
further improvement of existing differentiation protocols. 

 
2.3.3 PSC differentiation into hepatocyte-like cells in 2D culture condi-
tions: matrice and medium components
 
Hepatic differentiation in a two-dimensional (2D) system entails the handling 
of PSCs as an adherent monolayer either on matrices or co-culturing with fi-
broblasts (D'Amour et al. 2005). 

The surrounding environment is critical for vital cellular functions. Main-
taining tissue architecture and functionality is enabled by cell-cell and cell-
ECM interactions. ECM is a complex structure that consists of multiple com-
ponents such as collagens, laminins, adhesion proteins, proteoglycans, gly-
cosaminoglycans, elastin, and fibronectin. The composition of the natural 
ECM and its stiffness define cell fate over the lifetime, regulating cell prolifer-
ation, growth, migration, survival, morphogenesis, and apoptosis. The synthe-
sis of ECM starts at the very early stages during embryonic development and 
organogenesis and actively participates in cell differentiation (Engler et al. 
2006, Pampaloni et al. 2007). Basement membranes that directly contact ep-
ithelial cells are also part of the ECM network. 

ECM performs a wide variety of functions, including providing a surface for 
cell adhesion, building tissue structure, acting as a conductor between growth 
factors and their receptors, regulation of growth factor concentration gradient 
for cells, mechanical signal transduction, and providing cell-cell and cell-ma-
trix interactions. ECM interactions play an essential role in supporting hepato-
cyte polarity in culture. ECM can bind soluble components and store them in 
the extracellular space, thus participating in the timing and spatial organiza-
tion of signaling. Among these components are morphogens and cytokines 
which can be displayed to the cells by the ECM and, thereby affecting cell fate 
(Rozario & DeSimone 2010). Different tissues may differ in ECM components 
depending on their specific needs defining the particular structure and prop-
erties of the ECM. Moreover, ECM is a dynamic structure that can change 
physical properties and composition during development. For cell models in 
drug research, it is crucial to utilize the ECM composition that does not alter 
the sensitivity of cells to the compounds (Langhans 2018).   

Differentiation of hepatic stem cells into hepatocytes has been demon-
strated to be driven by cell culturing on laminin, collagen I, and collagen IV 
(Suzuki et al. 2003, Snykers et al. 2009). Laminin also enables differentiation 
of embryonic lung cells into smooth muscle cells and differentiation of neural 
progenitors of SCs into astrocytes, neurons, and glia (Rozario & DeSimone 
2010). Culturing mouse ESCs on a matrix with collagen IV supports their dif-
ferentiation into trophectoderm cells (Schenke-Layland et al. 2007). The pres-
ence of sulfated glycoprotein entactin in the ECM induces myogenesis (Neu et 
al. 2006). 
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The topology and components of a chosen ECM can cause morphological 
and functional differences in SC-derived hepatocytes. It is crucial to provide 
cells with an ECM specific to a particular stage of differentiation. Isolated from 
the liver, multicomponent ECM is known to improve hepatocyte maturity 
(Locker 2011). The use of a human liver progenitor cell derived acellular ma-
trix improves the attachment of DE cells and contributes to their further he-
patic differentiation (Kanninen, Porola, et al. 2016). Laminin-511 and laminin-
521, two matrix proteins specific to liver zone 1, have been shown to effectively 
mimic the natural environment and successfully promote hepatocyte develop-
ment of DE cells (Kanninen, Harjumaki, et al. 2016). Moreover, ECM is ac-
tively involved in TGF-β signaling, which is a further reason to focus on ECM 
composition when aiming to differentiate PSCs into HLCs. TGF-β is bound 
with ECM components, particularly fibronectin, vitronectin, and fibrillin, 
through TGF-β binding peptides. This complex remains isolated from the cell 
surface, and consequently, from TGF-β binding receptors. There are several 
ways for TGF-β release, for example, modulation of integrins that are linked 
to the ECM from outside the cell and to the actin fibrils from inside the cell. As 
a result, mechanical contraction occurs, promoting TGF-β release and, conse-
quently, its interaction with cell surface receptors. Thus, TGF-β signaling is 
adjusted by the ECM (Rozario & DeSimone 2010). 

The advantages of the 2D culture system include the simplicity of environ-
mental control, cell homogeneity, and sustainable cell proliferation. However, 
the 2D culture system does not completely reflect in vivo processes. In the liv-
ing organism, cells actively interact with each other and with other cell types 
in three dimensions, while in 2D culture they communicate only with cells in 
their periphery. Co-culturing methodology facilitates the enhancement of in-
tercellular connections but not the formation of natural multiple dimensions 
(Antoni et al. 2015). Change of the spatial environment of the culture into 3D 
is considered a possible tool also for the enhancement of hepatocyte maturity 
level (Takayama & Mizuguchi 2017). An important factor in the differentiation 
process is the use of a right matrix for the cell culture. Multiple ECM compo-
nents are available to a cell from different sites, which explains the complexity 
of the physiological environment differing from 2D cell culturing (Baker & 
Chen 2012). The 2D environment causes an unnaturally flattened cell struc-
ture (Maltman & Przyborski 2010), preventing differentiated HLCs from ac-
quiring their natural polarized shape with apical and basal domains. In the 
case of liver cancer models, 2D systems do not fully recapitulate the patho-
physiology of the tumor. Cancer cells cultured in 2D conditions are character-
ized by faster growth than in 3D, which causes them to exhibit metabolic ac-
tivity different from in vivo conditions (Antoni et al. 2015). Thus, monolayer 
culturing of tumors restricts the efficacy of anti-cancer drug development 
(Shamir & Ewald 2014, Antoni et al. 2015). In contrast, 3D hepatoma models 
demonstrate similar resistance to anti-cancer drugs compared to real tumors 
(Uchida et al. 2010). 
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2.3.4 PSC differentiation in 3D conditions: biomaterial-based and bio-
material-free culturing
 
Culturing cell aggregates in three-dimensional conditions (3D) improves cell-
cell and cell-ECM interplay, reflecting the relevant physiological environment 
better compared to 2D conditions (Wang & Ye 2009, Prior et al. 2019), thereby 
increasing the efficiency of iPSC differentiation (Ramasamy et al. 2013). 3D 
aggregates of cells are usually called spheroids or organoids. The term organ-
oid is used to describe a miniature organ-like structure mimicking its anatom-
ical architecture. They are developed from stem cells or progenitors and con-
tain single or multiple cell types (Clevers 2016). Spheroids usually describe 
spherical aggregates of single or multiple cell types. The first culture of sphe-
roids was implemented in 1970 in experiments dedicated to the study of the 
response of tumor cells to radiotherapy. Since then, the technology of spheroid 
culturing has dramatically developed and acquired a wide variety of applica-
tions (Fang & Eglen 2017). 

3D organoids have already been successfully generated from PS cells for 
several tissues, such as the kidney, retina, and intestine (Huch & Koo 2015). A 
significant issue for liver-related studies is that the primary hepatocytes lose 
their specific functions, architecture, and polarity, and activate apoptosis 
shortly after isolation followed by seeding in a 2D environment (Vinken et al. 
2013, Takayama & Mizuguchi 2017). Moreover, the 3D environment supports 
longer expression of hepatic markers in differentiated cells (Subramanian et 
al 2013), which may be explained by the fact that the 3D environment influ-
ences chromatin structure (Pompaloni et al. 2007). 3D culture appears to be a 
powerful tool that can prevent these undesired changes in cells, maintaining 
their polarity and cell-cell interactions and prolonging their survival. The 3D 
environment maintains important liver functions such as support of CYP en-
zyme activity, and synthesis of albumin and glycogen (Brophy et al. 2009, 
Schyschka et al. 2013, Kim et al. 2018). iPSC-derived HLCs spheroids are more 
sensitive to drug-induced toxicity than the HepG2 cell line widely used for cy-
totoxicity tests (Takayama et al. 2013). 

3D cell culturing finds powerful applications in developmental studies, 
drug testing, and the creation of various disease cell models. For example, 3D 
cell culture is actively used in cancer research because it better represents cell 
migration, tumor invasion, and tissue gene expression  (Boghaert et al. 2017). 
A non-spherical shape of the 3D spheroid formed indicates a pathological cell 
status, which is used for cancer diagnostics (Antoni et al. 2015). Complex 3D 
cancer models that include cells and specific microenvironments may reduce 
animal use and produce more reliable data, decreasing the cost of clinical tri-
als. 

Takebe and colleagues expected the approach to generate reminiscent liver 
buds from hiPSCs in a 3D environment. They differentiated human iPSCs to 
the cells of DE which were further cultured in co-culture with stromal cells, 
human umbilical vein endothelial cells (HUVECs), and human mesenchymal 
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stem cells (MSCs), resulting in the formation of vascularized liver buds. The 
obtained organoids were further transplanted into a mouse model to undergo 
hepatic maturation in vivo. They demonstrated human liver specific protein 
synthesis and metabolic activity (Takebe et al. 2013). The liver bud transplan-
tation procedure saved the recipient mice from drug-induced liver failure. De-
spite the advantages of 3D culture, 3D spheroid technology may face the issue 
of poor metabolite and nutrient circulation in the middle of spheroids which 
negatively affects cell viability (Griffith & Swartz 2006, Amit et al. 2010, Tori-
zal et al. 2019, Prior et al. 2019). 

The generation of 3D organoids is an effective tool for disease modeling 
and improving the precision of drug testing due to the faithful recapitulation 
of the complex structure and physiology of an organ. 3D culture requires var-
ious settings to promote an appropriate environment, which can be bio-
material-free or biomaterial-based (Langhans 2018). 

 
2.3.4.1 Biomaterial-free 3D culture 
 
A biomaterial-free 3D culture can be constructed by providing a low-adhesive 
environment promoting self-aggregation of cells. It may include suspension 
culture in a dish with a low-adhesive surface or a micropatterned plate, hang-
ing drop technique, and centrifugation or rotation culture in bioreactors (Fen-
nema et al. 2013). The suspension culture provides no matrix for cell adhesion. 
One of the advantages of this culture system for the formation of HLCs is that 
it has been shown to produce increased induction of CYP enzymes in hESC-
derived hepatocytes (Sengupta et al. 2014). 

The hanging drop culture system and micropatterned plate culture are 
high-throughput technologies that precisely control cell number and size in 
the spheroids formed. This technique requires a dish with wells of a certain 
size that can fit a droplet with cell suspension but that are not too large for 
physically facilitating cells to aggregate (Langhans 2018). The hanging drop 
system has been shown to serve as a suitable way to generate HepaRG sphe-
roids of identical diameter and further culture them. This system is effective 
for the toxicity assessment of compounds with results displaying equal rele-
vance compared to the reaction of hepatocytes in the living organism (Gunness 
et al. 2013). 

Bioreactors allow multiparameter control of the culture, including param-
eters such as the percentage of dissolved oxygen, temperature, and pH, as well 
as the organized flow of nutrients and metabolites. All these features decrease 
manual work and the risk of culture contamination. When using bioreactors 
for HLCs, it is important to consider the ability of the device to eliminate or 
minimize shear stress. This factor has a major impact on hepatocyte viability 
and functions (Yasuda et al. 2015, Yamashita et al. 2018). Bioreactors can be 
used for high-scale cell production, exhibit conditions highly similar to in vivo 
conditions, and facilitate higher CYP enzyme activity in HLCs compared to 
HLCs differentiated in 2D (Freyer et al. 2016). A twin perfusion bioreactor can 
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facilitate improved hepatic maturation under the right medium conditions. 
However, it requires a considerable laboratory space and high-cost dynamic 
cell culturing (Miki et al. 2011). Moreover, it cannot be directly used for high-
throughput screening due to large volumes (Langhans 2018). 

Biomaterial-free conditions are optically transparent. Transparency allows 
better experimental control and subsequent analysis, is suitable for high-
throughput compound screening, and allows co-culturing. However, these 
conditions lack physical cell support and cell-ECM interaction, and possess a 
high risk of spheroids merging, therefore requiring careful handling. Adherent 
cells naturally aggregate in 3D spheroids if the right environment is provided. 
Rotating or low-adherence dishes prevent the adhesion of cells to the surface, 
causing cells to aggregate in spheres through intercellular interactions. Self-
aggregated hepatocytes in the scaffold-free system are known to exhibit 
stronger functionality compared to hepatocytes cultured in monolayer on a 
collagen matrix (Locker 2011). Among the advantages of suspension 3D cell 
culture is a significantly higher number of cells that can be generated due to 
the absence of adhesion surface area as a limiting factor (Yamashita et al. 
2018). Large-scale cell production is especially beneficial for clinical applica-
tions. However, for certain tissues (i.e. bone), cell-ECM interaction and stiff-
ness play a crucial role, and in this case, a biomaterial-based culture environ-
ment is required. 

 
2.3.4.2 Biomaterial-based 3D culture
 
Biomaterial-based or scaffold-based cell cultures utilize natural, synthetic, or 
mixed material to promote cellular aggregation, viability, and proliferation for 
the formation of 3D structures. Biomaterials can be inert (for example, nano-
fibrillar cellulose hydrogel-based scaffold) or provide cell-matrix interaction 
and actively participate in the vital activities of cells. In both cases, the chemi-
cal and physical features of the chosen material affect cells. Based on the ma-
terial, biomaterials are classified into ceramics, glass-ceramics, metals, natu-
ral and synthetic polymers, and composites.  

A polymer scaffold for 3D cell culture meets several requirements including 
an accordance with the anatomical structure, biomechanics and functionality 
of the desired tissue, porous structure, nanometer-sized fibrils, and biocom-
patibility (Horii et al. 2007). Namely due to their porous structure, hydrogel-
based scaffolds can provide effective mass transfer and support the water con-
tent in the 3D environment (Bhattacharya et al. 2012). Hydrogels are cross-
linked polymers with high liquid absorption capacity. Hydrogel-based cultur-
ing has been demonstrated to enhance cell differentiation compared to cells in 
2D (Malinen et al. 2014). Depending on the origin, polymer scaffolds can be 
natural (most of them are polysaccharides) or synthetic (such as polyacryla-
mide or polyethylene glycol). The synthetic ones have been specifically devel-
oped to meet certain requirements of cells such as a defined stiffness or in-
cluding particular molecules for signaling or adhesion (Langhans 2018). 
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Natural scaffolds are biocompatible, biodegradable, and nontoxic. Polysaccha-
ride-based or glycan-based hydrogels include materials such as cellulose, algi-
nate, gelatin, chitosan, and hyaluronic acid. 

Chitosan is obtained from chitin. It is soluble in acidic solutions and can 
polymerize into gel under heating. Chitosan-based hydrogel is suitable for bi-
omedical applications due to its low immunogenicity and antimicrobial activ-
ity. However, it requires additional procedures to enhance its mechanical 
properties (Duan et al. 2015).  

Alginate is an anionic biopolymer obtained from brown seaweed. Alginate-
based hydrogel requires Ca2+ gradient formation for cross-linking interactions 
(Cheng et al. 2012). Alginate effectively enables cell growth, 3D aggregate for-
mation, and hepatic differentiation (Maltman & Przyborski 2010), and is used 
for 3D printing (Langhans 2018).  

Hyaluronan-gelatin (Extracel®) is a biomaterial containing thiol-modified 
hyaluronan, thiol-modified gelatin, and polyethylene glycol diacrylate as 
crosslinker. It is effective for the formation of 3D hepatic spheroids and the 
promotion of hepatic progenitor differentiation (Malinen et al. 2014).  

The nanofibrillar cellulose (NFC) hydrogel was invented for culturing iP-
SCs aggregates (Lou et al. 2014) and human liver cell aggregates' formation 
(Bhattacharya et al. 2012). NFC hydrogel is a polysaccharide of plant origin 
which makes it sustainable, xeno-free, and safe for further clinical application 
of cultured cells. Nanofibers in the NFC are bonded by hydrogen cross-links. 
The size of cellulose fibrils is similar to collagen fibrils, physically mimicking 
natural ECM. Bhattacharya and colleagues have demonstrated that the per-
meability of the NFC hydrogel allows protein transport (Bhattacharya et al. 
2012). HepaRG cell spheroids cultured in NFC possess higher mitochondrial 
activity compared to hyaluronan-gelatin described above (Malinen et al. 
2014). All these features are advantageous for 3D spheroid generation and cul-
ture (Malinen et al. 2014, Lou et al. 2014). However, the concentration of NFC 
affects spheroid morphology (Malinen et al. 2014). Therefore, it is necessary 
to adjust the hydrogel concentration for each cell line.  

Among the disadvantages of scaffolds are possible lot-to-lot variations, in-
terrupted optical transparency, challenged spheroid withdrawal, and the pres-
ence of undefined components in various natural gels. Moreover, multicom-
ponent scaffolds are difficult to produce that increases the cost of the studies 
(Antoni et al. 2014). The hydrogel has to be carefully selected based on cell-
specific needs and the suitability of the chosen technology for the implemen-
tation of subsequent cell analysis. Optical and structural features of hydrogels 
as well as methodologies for hydrogel degradation differ, which can affect the 
comparability of data obtained using different gels. 

 
2.4 CRISPR-Cas9 gene editing
 
A relatively new methodology for genome engineering has found wide appli-
cation in iPSCs manipulation studies. Certain bacteria and the majority of 
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archaea use clustered regulatory interspaced short palindromic repeats 
(CRISPR) as a tool of the adaptive immune system against viruses and foreign 
plasmids. When they face viral or plasmid infection, they integrate short frag-
ments of foreign nucleic acid, protospacers, into their chromosome at one end 
of the CRISPR element. This system genetically memorizes the invader, 
screens the host cell, and destroys foreign nucleic acids identical to the previ-
ously encountered enemy (Wiedenheft et al. 2012). 

There are three types of CRISPR/Cas systems. The most generally used is 
the type II CRISPR system presented by CRISPR- associated protein 9 (Cas9), 
CRISPR RNA (crRNA), and trans-activating CRISPR RNA (tracrRNA). The 
complex crRNA/tracrRNA leads the Cas9 protein to specifically target DNA 
sequences complementary to crRNA through Watson-Crick base pairing (Fig. 
3).  The protospacer in the target DNA is followed by an adjacent motif (PAM) 
5'-NGG-3', where "G" is guanine and "N" is any other nucleobase. Cas9 cleaves 
the double-stranded DNA upstream of the PAM. Since this complex guides the 
endonuclease towards a particular sequence, it is called guide RNA (gRNA) 
(Jinek et al. 2012).  

 
 
 
 

 
Figure 3: Schematic depiction of guidance of Cas9 by guide RNA. The figure 
includes target DNA with complimentary (blue) and non-complimentary 
strand (black), tracrRNA (brown), and crRNA (green). crRNA has zones of 
complementarity to tracrRNA (from 3’ end) and the protospacer DNA (from 
5’ end). The cleavage site of Cas9 is marked with an arrow from upstream of 
the PAM sequence (red). 
 
 
The CRISPR system has a wide variety of applications, including the genera-
tion of knockout cell and animal models. The CRISPR-associated RNA-guided 
endonuclease Cas9 allows direct DNA modification in any organism and can 
be used for selective gene activation and repression (Schultenkämper et al. 
2019, Zhan et al. 2020), live imaging (Knight et al. 2015), DNA and RNA edit-
ing (Ran et al. 2013, Liu et al. 2019), and genome screening (Shalem et al. 
2014).   
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The administration of CRISPR/Cas9 to eukaryotic cells results in specific 
double-strand DNA breaks in the targeted sites which improves homologous 
recombination and non-homologous end joining (Gaj et al. 2013). Neverthe-
less, bi-allelic targeting in hPSCs remains challenging, especially for transcrip-
tionally inactive genes (Hockemeyer et al. 2009, Takayama, Igai, et al. 2017). 
Enhanced cleavage efficiency can be achieved by co-transfection of 
CRISPR/Cas9 with the puromycin-resistance gene. Transient selection with 
puromycin for an increase of Cas9 edited cells was first suggested by Ran and 
colleagues (Ran et al. 2013).  

The simplicity of Cas9 re-targeting by the design of particular RNA se-
quences allows the application of gene editing methodology, among other ap-
plications, for studying gene functions and the creation of transgenic cellular 
and animal models (Ran et al. 2013). A transgenic cellular model can be gen-
erated by the transfection of an existing cell line with a complex of Cas9 and 
single-guide RNA (sgRNA) embedded in a plasmid (Hsu et al. 2015). sgRNA 
is a crRNA:tracrRNA duplex that is capable of Cas9 binding and DNA target 
site recognition (Jinek et al. 2012). 

Gene editing using CRISPR/Cas9 shows great promise in the application to 
the development of patient-specific liver disease cell models for drug research. 
Familial hypercholesterolemia can be studied using mutated iPSC-derived 
hepatocytes and their CRISPR/Cas9-mediated corrected analogs (Caron et al. 
2019). CRISPR/Cas9-based editing of iPSCs derived from patients with inher-
ited metabolic diseases and further differentiation of edited stem cells to HLCs 
has been implemented by several groups (Lee et al. 2016, Estève et al. 2019). 
These studies hold great potential for hepatocyte replacement therapy for such 
diseases. 

Cas9 is easy to modify, and it has higher targeting efficiency compared to 
other genome editing methodologies. Moreover, it promotes multiplex ge-
nome editing. Although CRISPR/Cas9 still faces many challenges such as po-
tential off-target effects (Knight et al. 2015) and Cas9 nuclease toxicity (Vento 
et al. 2019), this research field is under active development and novel solutions 
to improve the technology are rapidly emerging (Ebrahimi & Hashemi 2020). 
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3 Aims
 
The main aim of the study was to develop an effective method for the differen-
tiation of hPSCs into functional hepatocyte-like cells in 2D and 3D environ-
ments by spatially and temporally controlled physical and biochemical cues. 
Hepatic differentiation is a complex multi-stage process. The more specific 
aims of the study, aiming to control and improve the efficacy of hepatic differ-
entiation, are as follows: 
 

1. Identify the most effective way for differentiation of hESCs and 
hiPSCs into DE cells in the 2D environment among the most 
frequently used protocols (I). 

2. Compare hydrogel-based and suspension 3D culture systems 
for their ability to contribute to DE differentiation of 3D sphe-
roids of hiPSCs (II). 

3. Study the influence of 3D cell spheroid size on the efficacy and 
efficiency of DE differentiation of hiPSCs (II). 

4. Determine the influence of the T3 hormone on hepatic differen-
tiation of hiPSCs (III). 

5. Establish a CRISPR/Cas9-based genome editing method for 
hESCs and hiPSCs (IV). 

6. Determine the role of AFP in T3-induced hepatic maturation 
(unpublished data). 
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4 Materials and methods
 
This chapter includes a brief description of the materials and methods imple-
mented in the current research. Each experimental procedure is described de-
tail in the original publications I–IV. The methods employed are summarized 
in Table 1. 
 
Table 1 Summary of methods and their inclusion in original publications. 

Method Original publication(s) 
Two-dimensional (monolayer) cell culturing I, II, III, IV 
Three-dimensional cell culturing II 
Phase-contrast microscopy I, II, III, IV 
qPCR  I, II, III, IV 
Viability assay II 
Immunofluorescent staining I, II, III, IV 
Confocal microscopy I, II, III, IV 
Flow cytometry II, IV 
Cell transfection IV 
Western blotting III, IV 

 
 
4.1 Matrices for cell culture

4.1.1 Matrices for two-dimensional culturing
 
Culturing of stem cells and their differentiation towards DE in a 2D system 
was performed on the extracellular protein mixture Matrigel (BD Biosciences, 
Bedford, MA), prepared accordingly to manufacturer instructions. 

Further DE cells were differentiated to hepatocyte-like cells in the 2D sys-
tem using the laminin 521 culture matrix (Biolamina). The stock solution was 
diluted with 1 × PBS with Ca2+ and Mg2+ at a concentration of 10 μg/ml. The 
coated dish was incubated either for 2 h at +37°C or overnight at +4°C. 

4.1.2 Matrices for three-dimensional culturing
 
For culturing and differentiation of human iPSCs in 3D spheroids, we used two 
different hydrogel-based culture systems. Cultrex® Basement Membrane Ex-
tract (BME) (R&D Systems, 3533-005-02) was prepared according to manu-
facturer instructions. GrowDex® is nano-fibrillar cellulose (NFC) hydrogel 
(UPM-Kymmene Corporation, Finland) which was diluted with cell culture 
medium to a concentration of 0.55 %. 
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4.2 Cell culture
 
The current research involved three original hPSC lines: hESC line WA07 
(Thomson et al. 1998) and two hiPSC lines, iPS (IMR90)-4 (Takahashi et al. 
2007) and GM23720B. WA07 and iPS (IMR90)-4 were obtained from the 
WiCell Institute (USA) and GM23720B was obtained from the Coriell Institute 
(USA). All stem cells were maintained on the feeder-free matrix Matrigel (BD 
Biosciences) with daily renewal of the culture medium mTeSR1 (STEM-
CELLTM Technologies). Subculturing was performed every 3–4 days depend-
ing on cell culture growing capacity using Versene solution at a concentration 
of 1:5000 (Invitrogen). Spontaneous differentiation areas were removed from 
the culture prior to every subculture using a Pasteur pipette.  
 
Table 2 Composition of DE differentiation media. 

Original pub-
lication(s) 

Medium 
ID 

DE priming me-
dium 

DE induction me-
dium (day 1–5 of 
differentiation) 

I, II, III, IV M1 
RPMI-1640, 1 × 
GlutaMAX™, 1 × B-
27, 100 ng/ml AA  

RPMI-1640, 1 × Glu-
taMAX™, 1 × B-27, 
100 ng/ml AA  

I M2 

RPMI-1640, 1 × 
GlutaMAX™, 1 × B-
27, 100 ng/ml AA, 
75 ng/ml Wnt-3a 

RPMI-1640, 1 × Glu-
taMAX™, 1 × B-27, 
100 ng/ml AA, 75 
ng/ml Wnt-3a 

I M3 

RPMI-1640, 1 × 
GlutaMAX™, 1 × B-
27, 100 ng/ml AA, 1 
mM NaB (Millipore) 

RPMI-1640, 1 × Glu-
taMAX™, 1 × B-27, 
100 ng/ml AA, 0.5 
mM NaB (Millipore) 

I M4 

RPMI-1640, 1 × 
GlutaMAX™, 1 × B-
27, 100 ng/ml AA, 1 
mM NaB (Abcam) 

RPMI-1640, 1 × Glu-
taMAX™, 1 × B-27, 
100 ng/ml AA, 0.5 
mM NaB (Abcam) 

I M5 

RPMI-1640, 1 × 
GlutaMAX™, 1 × B-
27, 100 ng/ml AA, 1 
mM NaB (Sigma) 

RPMI-1640, 1 × Glu-
taMAX™, 1 × B-27, 
100 ng/ml AA, 0.5 
mM NaB (Sigma) 

I M6 
RPMI-1640, 1 × 
GlutaMAX™, 1 × B-
27, 100 nM IDE 1 

RPMI-1640, 1 × Glu-
taMAX™, 1 × B-27, 
100 nM IDE 1 
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4.2.1 Definitive endoderm differentiation in 2D culture
 
Stem cells were cultured on Matrigel typically for 48 h. Subsequently, DE in-
duction was performed with different DE differentiation media listed in Table 
2. Components shared by all the DE induction media used were RPMI-1640 
basal medium (Gibco, 31870–025, USA), supplemented with 1 × GlutaMAX™ 
(Gibco, 35050–038, USA) and 1 × B-27 (Gibco, 17504–044, USA). Detailed 
compositions of all six media can be found in I. The differentiation experiment 
was performed for six days with daily medium renewal.  

4.2.2 Definitive endoderm differentiation in 3D culture
 
Before 3D spheroid formation, iPSCs were cultured on Matrigel in colonies 
with further dissociation into single cells using the Accutase™ solution (Milli-
pore, SCR005). After cell counting, they were seeded in AggreWell™400 
(STEMCELL™ Technologies, 27845 and 34411) in mTeSR™1 medium in the 
presence of 10 μM ROCK inhibitor Y-27632 (Selleck Chemicals, S1049) to gen-
erate spheroids with exact cell numbers (200, 500, and 1000 cells per sphe-
roid). After 24 h, spheroids were transferred to either a suspension or hydro-
gel-based 3D system for further culturing and differentiation. Suspension cul-
ture was performed in a low-attachment 3.5 cm dish (Thermo Scientific Nunc, 
174913). To implement culturing in the NFC hydrogel, spheroids were mixed 
with 0.55 % NFC hydrogel and transferred to a non-adhesive 96-well plate 
(Corning, 3474). For culturing in BME, spheroids were embedded in gel ac-
cording to manufacturer instructions and transferred to angiogenesis 15-well 
slides (ibidi, Cat# 81501, uncoated). The ratio of cell number to the volume of 
the medium was kept equal under all the conditions. DE induction was per-
formed for four or six days in RPMI-1640 medium (Gibco, 31870-025) supple-
mented with 1 × GlutaMAX™ (Gibco, 35050-038), 1 × B-27 (Gibco, 17504-
044), 100 ng/ml AA (PeproTech, 120-14E), and 10 μM ROCK inhibitor Y-
27632 with daily medium change. 

For the analysis of cells in spheroids, NFC hydrogel was degraded with the 
cellulase enzyme (VTT, Turku, Finland) as described earlier by Lou and col-
leagues (Lou et al. 2014) for 24 h at +37°C in 5 % CO2. 

 
4.2.3 Creation of knock-out cell line
 
For the knockout of the AFP gene sequence in GM23720B cells, we transfected 
them with Cas9-T2A-Pac mRNA (1 μg) using Lipofectamine 2000 (Invitro-
gen). Prior to transfection, a solution of Lipofectamine and Cas9-Puro mRNA 
(Integrated DNA technologies) was prepared in Opti-MEM medium (Invitro-
gen). One million single stem cells were resuspended with the transfection 
mixture and incubated for 15 min at room temperature. Subsequently, they 
were diluted with mTeSR1 medium containing 1 μM Y-27632, seeded onto one 
well of a 6-well plate precoated with Matrigel, and incubated for 4 h at +37oC 
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in 5 % CO2. After incubation, a second transfection was conducted with a mix-
ture of Lipofectamine and guide RNA, supplemented with 1 μM Y27632 and 
0.4 μg/ml puromycin, and incubated for 24 h at +37oC in 5 % CO2. 

4.2.4 Hepatic differentiation
 
DE cells, which were obtained as described in 4.2.1 using M1 differentiation 
medium, were subsequently seeded on the laminin-521 matrix and further dif-
ferentiated firstly to hepatoblasts (day 10 time point) and then to fetal hepato-
cytes (day 14 time point), followed by hepatic maturation until day 22 (Fig. 4).  
 
 

Figure 4: Illustrative summary of the protocol for hepatic differentiation of 
human induced pluripotent stem cells in vitro. Undifferentiated cells under-
went DE induction for six days on Matrigel matrix. After DE differentiation, 
cells were transferred to laminin-521 matrix for further hepatic differentia-
tion. Hepatic progenitors obtained on day 10 were further differentiated ei-
ther without (a) or with (b) thyroid hormone. 

4.3 Analysis

4.3.1 Analysis of the gene expression

4.3.1.1 RNA isolation
 
Cells were lysed using either RLT-buffer (Qiagen) with a further RNA isolation 
procedure using the RNeasy Mini Kit (Qiagen, 74104, Germany) or with the 
TRI-reagent (Zymo-research, R2050-1-50) followed by RNA isolation using 
the Direct-zol RNA MicroPrep Kit (Zymo-research, R2060) according to man-
ufacturer instructions. The RNA concentrations of the samples were measured 
with NanoDrop™ One (Thermo Scientific). 
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4.3.1.2 cDNA conversion 
 
RNA conversion to cDNA was performed using the High Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, 4368814) following manufac-
turer instructions.

4.3.1.3 Quantitative PCR
 
The qPCR reactions of the obtained cDNA samples were carried out on a 
StepOnePlus Real-Time PCR System machine (Applied Biosystems) using ei-
ther PowerUp SYBR Green Master Mix (Applied Biosystems, A25741) or Taq-
Man Gene Expression Master Mix (Applied Biosystems, 4369016). The pri-
mers were synthesized by Oligomer Oy (Helsinki, Finland) or Metabion 
(Planegg, Germany). The relative quantification of each target gene in com-
parison with the housekeeping gene ribosomal protein, large, P0 (RPLP0) was 
performed using a standard curve method based on a published mathematical 
model (Pfaffl 2001) or comparative CT-experiment.

4.3.2 Analysis of protein expression profiles

4.3.2.1 Immunofluorescent staining
 
The cells were cultured in 2D or 3D culture conditions. At defined time points, 
cells or 3D cell spheroids were fixed, permeabilized with either Triton X100 or 
saponin, and blocked with an appropriate serum. Subsequently, cells or sphe-
roids were incubated with primary antibody dilution in the serum that was 
used for the blocking step. This was followed by washing and cell or spheroid 
incubation in a secondary antibody dilution in blocking serum. Then the cells 
or spheroids were washed, and nuclei were stained with DAPI water solution. 
For whole spheroid staining, before imaging, spheroids were treated with 
Visikol HISTO-M (Visicol Inc.). Detailed procedures for immunostaining and 
antibody lists can be found in the original publications I, II, and III. 

4.3.2.2 Flow cytometry
 
The cells were cultured in a 2D or as spheroids in a 3D environment. For flow 
cytometric analysis, they were treated with Accutase (Millipore, SCR005) to 
obtain single cell suspensions. For CXCR4 protein expression analysis, single 
cells were incubated with either PE Mouse Anti-Human CD184 (CXCR4) 
IgG2a (BD Biosciences, 561733) or PE Mouse IgG2a (BD Biosciences, 555574) 
for 40 min in the dark on ice followed by washing with 2 % FBS in 1 × PBS, 
and then by 0.05 mg/ml 7-AAD Viability Staining Solution (eBioscience, 00-
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6993-50) treatment for five minutes in the dark on ice for the assessment of 
cell viability. 

Analysis of the SSEA4 protein was performed by incubation of single cells 
with primary Mouse Anti-SSEA-4 (Developmental Studies Hybridoma Bank, 
MC-813-70) or Mouse IgG (PeproTech, 500-M00) at 0.2 μg/ml for 40 min on 
ice followed by washing with 2 % FBS in 1 × PBS. Subsequently, cells were 
stained with F(ab')2-Goat Anti-Mouse-PE (eBioscience, 12-4010-82), at a con-
centration following manufacturer instructions, for 40 min in the dark on ice. 

Flow cytometric analysis was performed on a BD LSRII flow cytometer 
(YellGrn Laser, with filter PE (586/15) or PE-Cy5 (670/30)) using the BD 
FACSDiva software. Calculation of positive cell percentage and cell viability, 
as well as the creation of histograms, was performed with the FlowLogic soft-
ware (Inivai Technologies). An isotype control signal was used for gating the 
false-positive peak caused by unspecific binding. The signal from unstained 
cells was used for gating living cells.  

 
4.3.2.3 Western blotting
 
Total protein isolation was performed by lysing cells with a 1 × protease inhib-
itor cocktail (Sigma Aldrich, P8340) in Pierce RIPA buffer (Thermo Scientific, 
89901) for 10 min on ice. Cell lysates were centrifuged at 14,000 g for 15 
minutes at +4°C to pellet the cell debris. The supernatant was collected. The 
absorbance of the protein was measured for further concentration calculation 
using the Pierce BCA Protein Assay Kit (Thermo Scientific, 23227) on the Vari-
oscan LUX device with the Scanit 6.0 program.  

Dilutions for 5 μg of protein samples in 4 × Laemmli buffer (Bio-rad, 
1610747) with 10% β-mercaptoethanol and PageRuler Plus Prestained Protein 
Ladder (Thermo Fisher Scientific, 26619) were run on the Mini-PROTEAN 
TGX Stain-free precast gel 4–20 % (Bio-rad, 4568096) at 200 volts for 40 min 
in the Mini-PROTEAN device. Subsequently, the gel was electroblotted to a 
0.2 μm nitrocellulose membrane using the Trans-Blot Turbo Mini Nitrocellu-
lose Transfer Pack (Bio-rad, 1704158). Blocking was conducted in a 5 % milk 
solution. The membranes were incubated overnight at +4°C with the primary 
antibody dilution in 1 % milk and, subsequently, for 1 h at +25°C with the sec-
ondary antibody dilution in 1 % milk. After each antibody incubation stage, 
membranes were washed with TBS-T three times for 15 min. The Clarity West-
ern ECL Substrate Kit (Bio-Rad, 1705061) was used for imaging. Images were 
taken using the ChemiDoc XRS+ system. 

4.3.3 Microscopy imaging
 
In all the experiments, following cell morphology and growth, and differenti-
ation area detection and removal were performed with a phase-contrast mi-
croscope (Leica DM Il LED). Pictures were taken with the LAS EZ software 
(Leica Microsystems). 
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Images of fluorescent samples were taken with the fluorescence wide-field 
microscope Leica DM6000B (20×/0.7 HC PL APO CS wd = 0.59 objective) as 
well as with the scanning confocal microscope Leica TCS SP5II HCS A using 
the aHCX PL APO 20×/0.7 objective. DAPI was excited with UV (diode 405 
nm / 50 mW), Alexa Fluor 488 with an Argon 488 nm laser, and Alexa Fluor 
594 with a DPSS (561 nm / 20 mW) laser. 

4.3.4 Statistical analysis
 
Statistical analyses were performed using the SigmaPlot 11.0 or GraphPad 
Prism 8 software. Statistical significance was determined by one-way analysis 
of variance (ANOVA) followed by Bonferroni, Sidak, or Tukey multiple com-
parisons test as recommended by the software. A Kruskal-Wallis test followed 
by Dunn's multiple comparisons test was used in case a one-way ANOVA test 
could not be performed because the data did not pass a normality test. Corre-
lation analysis was performed using Pearson correlation test. Differences be-
low adjusted P < 0.05 were considered significant, with the following coding: 
adjusted P < 0.05 (*), adjusted P < 0.01 (**), adjusted P < 0.001 (***), and 
adjusted P < 0.0001 (****).  
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5 Results
 
The current chapter features a brief overview of the main results of the thesis. 
A detailed review of the results is included in the original publications I–IV, 
their supplemental materials, and unpublished data. The results are discussed 
in the following chapter. 

5.1 Activin A as efficient and sufficient component for 
hPSC differentiation into cells of definitive endoderm
 
We aimed to identify the most efficient, cost-effective, and non-toxic mixture 
of growth factors and/or small molecules for the differentiation of human 
PSCs into DE cells with the maximum possible outcome of DE cells. For this 
purpose, we applied six differentiation medium conditions (I, Table 1) to 
hESCs and hiPSCs (I). Their compositions were chosen based on previously 
published data (D'Amour et al. 2005, Hay, Fletcher, et al. 2008, Hay, Zhao, et 
al. 2008, Borowiak et al. 2009). Medium components mimic natural DE de-
velopment in mammals. The differentiation procedure lasted for six days. Dur-
ing this period, we analyzed morphological changes of cells, which included 
the reorganization of hPSC colonies into single cells, as well as cell size in-
crease and appearance of the mesenchyme-like shape. In our study, we found 
an influence of the differentiation medium on the speed of the aforementioned 
changes. AA and the combination of AA with Wnt-3A similarly affected the 
morphology of both studied cell lines. No DE characteristic morphology was 
observed during cell differentiation using the small molecule IDE1 containing 
medium. Fastest shape acquisition and single-cell organization were caused 
by the induction of DE using a two-step treatment of cells with the combina-
tion of AA and NaB salt. An essential feature of the differentiation medium is 
to maintain cell viability because the yield of DE cells should be sufficient for 
performing further cell differentiation. Previously, massive cell death during 
hPSC differentiation with NaB was observed (Kanninen, Porola, et al. 2016). 
Therefore, we compared the influence of three NaB salt products obtained 
from different manufacturers, assuming that the level of chemical purity could 
affect cell viability. High cell mortality rate, especially in hESCs, cultured in 
the medium with NaB from one of the suppliers was the reason for the with-
drawal of the M3 medium from further experiments. 

The efficacy of DE formation was assessed by the evaluation of specific cel-
lular markers on mRNA and protein levels. mRNA expression levels of plu-
ripotent, DE, mesendoderm, and ectoderm markers of differentiating cells 
were compared with those in undifferentiated cells (I, Figs 3 and 4). hESC and 
hiPSC lines demonstrated a similar response to the differentiation conditions. 
Downregulation of the pluripotency marker OCT4 indicates the induction of 
the differentiation process with all the soluble factors used (I, Figs 3a and 4a). 
However, upregulation of DE-specific markers was detected in all the studied 
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conditions, except the one which contained IDE1. Moreover, a typical transi-
tion through the mesendoderm stage, which can be detected by the upregula-
tion of BRACHYURY mRNA on day 1 of the differentiation followed by its 
downregulation, could be initiated by all the studied conditions except the one 
with IDE1 (I, Figs. 3i and 4i). 

Analysis of the effect of all the differentiation media on the cells using hi-
erarchical clustering showed that medium compositions M1 and M2 affected 
SC differentiation similarly (I, Fig. 5). Conditions M4 and M5, which were 
composed of AA with NaB salt from two different manufacturers, also exhib-
ited a similar effect. IDE1-containing medium acted differently from both of 
these groups. Protein expression profiles of hPSCs and their derivatives after 
six days of differentiation showed that M1 and M2 media produced complete 
downregulation of OCT4, a decrease of NANOG, upregulation of SOX17, and 
slight upregulation of HNF3B in both cell lines. However, a difference in 
HNF4A protein expression levels was observed between cell lines and different 
medium conditions. For hiPSCs, M2 promoted stronger HNF4A expression 
than M1, while for hESCs, both conditions affected HNF4A protein expression 
similarly (I, Fig.7). 

5.2 3D culture condition and size of spheroids influence 
stem cell spheroid formation and differentiation into de-
finitive endoderm
 
In the current project, we aimed to compare the influence of hydrogel-based 
and suspension systems on the formation of different sizes of iPSCs spheroids 
and their differentiation to DE cells (II). Two iPSC lines were studied: 
iPS(IMR90)-4 and GM23720B. We formed hiPSCs-based spheroids of defined 
sizes using commercially available AggreWell™400 well plates and placed 
them in three different 3D environments for further differentiation into DE 
cells. Based on the data we obtained previously (I), for the current study, we 
used the DE differentiation medium which was supplemented with only 
100 ng/ml AA for all the conditions. Here we studied three types of culturing: 
cell-interactive BME, inert nanofibrillar cellulose (NFC) hydrogel, and a bio-
material-free suspension (S) environment for their ability to support homoge-
neity of the spheroids, viability of the cells, and DE differentiation. 

We found that one of the factors contributing to spheroids' survival in all 
of the studied environments is the number of cells in the spheroid. If cell num-
ber was low (50–100 cells per spheroid), spheroids were mostly unable to 
form. If formed, the spheroids lacked a neat round shape and dissociated after 
a couple of days (II, Fig. 1), which served as a basis to exclude them from fur-
ther study. An improvement in cell survival and increased support for DE dif-
ferentiation were achieved by the presence of the Rho-associated kinase inhib-
itor Y-27632 (R) in the differentiation medium for the entire length of the ex-
periment (II, Figs 2 and S2). 
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BME is broadly used as a hydrogel for organoid culturing (Hohwieler et al. 
2017, Ramli et al. 2020). We observed an ability of BME to support round-
shaped spheroid morphology only for a couple of days. After that, active cell-
biomaterial interaction facilitated the spreading of cells out of the spheroids, 
followed by the formation of a 2D structure (II, Fig. S3E, H, arrows). In con-
trast, inert NFC hydrogel, as well as suspension culture, supported 3D sphe-
roid morphology throughout the experiment (II, Fig. S3). 

The smallest spheroids which survived throughout the differentiation pro-
cedure had an initial size of 200 cells per spheroid. Therefore, in the following 
experiments, we included 200, 500, and 1000 cells per spheroid conditions to 
assess the correlation between spheroid size and DE differentiation efficiency. 
The suspension (S) and NFC hydrogel (N) culture conditions were studied. 

Gene expression profiles of the hiPSCs and their derivatives were assessed 
at five time points during the differentiation. Relative gene expression of un-
differentiated hiPSCs in 2D was used as a control. Mesendoderm marker 
BRACHYURY was upregulated in 200N and 500N conditions at day 1 of the 
differentiation, followed by its downregulation in later time points (II, Fig. 4), 
which indicated that cells underwent DE specification. Upregulation of spe-
cific DE markers for all the conditions was detected by day 2 or 4 of the differ-
entiation (II, Fig. 4), which emphasizes the possibility to shorten the DE in-
duction protocol from six (I) to four days. 

Monitoring the size change of the spheroids during the differentiation pro-
cedure showed a significant difference in size, mostly between spheroids with 
200 and 1000 cells per spheroid (II, Fig. 3A) cultured in both NFC hydrogel 
and suspension. Therefore, to study the impact of the size of the spheroids on 
DE differentiation, we assessed the expression of the DE-specific markers at 
the protein level in 200S, 200N, 1000S, and 1000N spheroids (II, Figs 5, S9). 
We observed high levels of expression for all the studied DE markers in 200S 
iPS(IMR90)-4-derived spheroids, with weaker expression for HNF3B and 
HNF4A and no signal of SOX17 in 1000S iPS(IMR90)-4-derived spheroids (II, 
Fig. 5). 200N spheroids demonstrated weak expression of HNF3B, strong ex-
pression of HNF4A, and no signal for SOX17 (II, Fig. 5). 1000N iPS(IMR90)-
4-derived spheroids were also positive for HNF4A and negative for HNF3B 
and SOX17 (II, Fig. 5). GM23720B-derived 200S spheroids were positive for 
SOX17 and HNF3B but negative for HNF4A (II, Fig. S9). 1000S and 200N 
spheroids were positive only for the SOX17 protein (II, Fig. S9). 1000N sphe-
roids were negative for all the stained protein markers (II, Fig. S9). 

For the iPS(IMR90)-4-derived spheroids, a negative correlation was found 
between the size of the spheroids and the percentage of cells with CXCR4 pro-
tein expression in both culture environments at day 2 (II, Fig. 7C, D). Moreo-
ver, smaller spheroids in suspension showed a higher CXCR4 positive percent-
age of cells than those in NFC hydrogel (II, Fig. 7B). For GM23720B spheroids, 
a similar correlation was found at day 4 of the differentiation (II, Fig. S12C). 
Collectively, these results show evidence of higher efficiency of DE 
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differentiation if spheroids are formulated in a smaller size and cultured in a 
suspension environment. 

5.3 Effect of thyroid hormone administration on hepatic 
differentiation of hiPSCs
 
The current part of my thesis work is dedicated to studying the impact of the 
thyroid hormone on hepatic differentiation in vitro. For this purpose, we 
treated cells with the triiodothyronine hormone (T3) at certain stages of differ-
entiation modified from a previously developed protocol (Kanninen, Har-
jumäki, et al. 2016). Initially, we optimized the time points and concentration 
of T3 administration. We tested four T3 concentrations (1 nM, 10 nM, 100 nM, 
and 1000 nM) and three administration timing intervals (from day 9 to day 
22, from day 13 to day 22, and from day 17 to day 22). We assessed the influ-
ence of different hormone concentrations and time of its administration by the 
level of mRNA expression of key early, midlate, and late hepatic markers. 
Based on the results obtained, we developed a protocol for T3 timing and dos-
age administration. 

We studied the hepatic differentiation process of the hiPS GM23720B cell 
line. First, we differentiated iPSCs to DE cells using our previously developed 
protocol (I) with only AA in differentiation medium for six days. On day 6, cells 
acquired characteristic DE morphology and reached high confluency indicat-
ing high cell viability (III, Fig. S1B, day 6). The second step of the differentia-
tion included transferring DE cells from Matrigel to the laminin-521 matrix, a 
suitable matrix for hepatic differentiation based on the results obtained in the 
previous study (Kanninen, Harjumäki, et al. 2016). By day 10, we observed a 
change in morphology: cells became heterogeneous and formed clusters. Some 
of the cells started to acquire a polygonal shape (III, Fig. S1B, day 10). From 
day 10, we started the treatment with 1000 nM T3 hormone (T3+) while keep-
ing the differentiation of nontreated cells in parallel (T3-). By day 14, both T3+ 
and T3- cells changed their shape from spiky to polygonal in areas with lower 
cell density (III, Fig. S1B, day 14). From day 14, we decreased the concentra-
tion of T3 to 10 nM. A distinctive hepatic morphology is characterized by po-
lygonal polarized cells with a round nucleus (Hay et al. 2008). By day 22, T3+ 
and T3- cells increased in size and developed more flat areas. Many polygonal 
cells contained intracellular vesicular structures (III, Fig. S1B, day 22). 

We evaluated the dynamics of protein marker expression using immuno-
fluorescent staining and Western blotting. We stained cells at different time 
points during 17 days of the differentiation with the antibodies for markers 
typical for the particular differentiation stage. Undifferentiated GM23720B 
cells were positive for OCT4 and NANOG protein staining, proving their plu-
ripotency status (III, Fig. 1). At day 6 of the differentiation, cells completed 
their differentiation into DE and became positive for the DE-specific proteins 
SOX17, HNF3B, and CXCR4 (III, Fig. 2). 
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Dynamic changes in mRNA expression patterns during differentiation 
were analyzed to assess the effect of T3 treatment on gene expression (III, Fig. 
3). By the end of the differentiation, at day 22, we did not observe a significant 
difference between cells with or without T3 treatment. However, at day 14, the 
stage of the fetal hepatocytes, cells treated with T3 displayed lower AFP mRNA 
expression levels compared to non-treated cells (III, Fig. 3B). 

The staining of GM23720B-derived hepatic progenitors and fetal hepato-
cytes at days 13 and 17 accordingly did not show a difference between T3-
treated and nontreated cells for the majority of the stained markers. However, 
at day 17, T3-treated cells had weaker AFP and ALB signals than nontreated 
cells. In contrast, treatment with the T3 hormone dramatically increased the 
positive NTCP signal (III, Fig. 5). Analysis of protein expression level using 
Western blotting supported the suppressive effect of the T3 hormone on AFP 
(III, Fig.6).  

In summary, treatment with the T3 hormone led to the downregulation of 
AFP at the fetal hepatocyte stage of the differentiation. Therefore, we hypoth-
esized that T3 might promote the hepatic differentiation of hPSCs. To further 
examine whether AFP might mediate the effect of T3 in hepatic maturation, an 
AFP knockout (KO) needed to be produced for the GM23720B cell line, which 
is the subject of the following study.

5.4 CRISPR/Cas9-mediated gene editing as effective tool 
for generation of AFP-KO hiPS cell line
 
The current study was dedicated to the improvement of the RNA transfection 
method for CRISPR-mediated genome editing of hiPSCs. This research was 
conducted in collaboration with a research group at Yale University. My part 
of this work aimed to generate the AFP-KO iPS cell line using in vitro tran-
scribed Cas9 mRNA and crRNA:tracrRNA duplex developed by our colleagues. 

We transfected single hiPS cells in three different conditions (IV, Fig. 1 A), 
which included guide RNA for a sequence specific to the AFP gene (IV, Fig. 1 
B). Subsequently, we cultured transfected cells under standard culture condi-
tions for several days to reach a cell yield required for further analysis. Our 
colleagues analyzed all the clones using Sanger sequencing followed by Track-
ing of Indels by Decomposition analysis. We found that the staggered lipofec-
tion of hiPSCs GM23720B with Cas9-T2A-Pac mRNA followed by the trans-
fection of the crRNA:tracrRNA duplexes in 4 h with further one-day long puro-
mycin antibiotic selection (IV, Condition C) resulted in a higher percentage of 
total mutant clones (67.44%) (IV, Fig. 1 G). Moreover, we did not find off-tar-
get mutations in the clones described (IV, Fig. S6). From the pool of clones, 
we chose one which represented the wild type (C18) and one that was AFP-KO 
(C21). Subsequently, we differentiated them towards HLCs using a previously 
described protocol (Kanninen, Harjumäki, et al. 2016). Using Western blotting 
analysis, we proved their AFP protein expression status (IV, Fig. 1 H). The KO 
clone C21, after differentiation into fetal hepatocytes, did not express the AFP 
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protein, while isogenic wild type clone C18-derived cells exhibited the same 
AFP expression levels as differentiated parent GM23720B cells (IV, Fig. 1H). 
These results demonstrate a successful loss of function achieved by the devel-
oped protocol of staggered transfection followed by antibiotic selection. Clones 
C18 and C21 were used in the following study related to the role of AFP in he-
patic development.

5.5 Role of AFP in process of hepatic maturation induced 
by thyroid hormone treatment
 
To investigate whether AFP participates in the action of the T3 hormone during 
the specification of hepatocytes, we studied two clones of the hiPSCs 
GM23720B: wild type C18 and the AFP-KO clone C21 obtained in our previous 
research project (IV). These two cell lines were differentiated towards hepato-
cytes under conditions optimized in the previous study (III). We assessed the 
status of the cells at several stages of hepatic differentiation: DE (day 6), 
hepatoblasts (day 10), fetal hepatocytes (day 14), and adult HLCs (day 22). 

At the stage of DE, AFP-KO cells were morphologically similar to wild type 
cells (Fig. 5A day 6, unpublished data). At day 10, C18 and C21-derived hepato-
blasts possessed slightly different morphological features such as different cell 
size and heterogeneity level (Fig. 5A day 10, unpublished data). After starting 
cell treatment with the T3 hormone, i.e., at day 14, the stage of fetal hepato-
cytes, both T3- and T3+ wild type-derived cells became polygonal and in-
creased in size. C21-derived cells did not develop a polygonal shape and re-
mained small in size. However, we could also observe different populations 
(Fig. 5A day 14, unpublished data). The treatment of C21-derived cells with T3 
prevented them from increasing in size compared to nontreated C21. 

By the end of the differentiation, at day 22, C21-derived cells developed ar-
eas with HLC-like morphology. However, they were significantly less frequent 
compared to in wild type derived cells. The treatment of C21 with the T3 hor-
mone did not affect the morphology of C21-derived HLCs (Fig. 5A day 22+T3, 
unpublished data).  

With immunofluorescent staining, we demonstrated that undifferentiated 
C18 and C21 cell clones were positive for the OCT4 and NANOG proteins (Fig. 
5B, unpublished data). Furthermore, C18- and C21-derived DE cells were 
shown to be positive for the DE-specific marker SOX17 (Fig. 5C, unpublished 
data). 

We analyzed the ALB, AFP, and CYP3A4 mRNA expression profiles of the 
studied cells during differentiation. We showed that at day 14, similar to wild 
type cells, the treatment of KO cells did not change the expression of ALB. 
However, at day 22, T3 treatment caused downregulation of ALB compared to 
nontreated cells, both for AFP-KO and wild type cells (Fig. 5D, unpublished 
data). 
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Figure 5: Comparison of wild type and AFP-KO hiPSCs during hepatic dif-
ferentiation. A: morphology change of C18 and C21 and their derivatives dur-
ing hepatic differentiation. B: immunofluorescent staining of OCT4 and 
NANOG proteins in undifferentiated C18 and C21 cells. C: immunofluores-
cent staining of SOX17 protein in C18- and C21-derived DE cells. D: mRNA 
expression patterns of the hepatocyte specific markers (ALB, CYP3A4) and 
fetal hepatocyte specific marker (AFP) during hepatic differentiation of hiPS 
C18 and C21 cell clones Fold inductions were calculated with reference to 
stem cell samples (SC). N = 3 biological replicates. Error bars are SD. One-
way ANOVA followed by Sidak multiple comparisons test was used to for 
pairwise comparisons. Coding for statistically significant differences shown 
above lines: * adjusted P < 0.05, ** adjusted P < 0.01, *** adjusted P < 0.001, 
and **** adjusted P < 0.0001. Unpublished data. 
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While expression of AFP was absent in C21-derived cells, in C18-derived 
cells we observed a dramatic downregulation of AFP under the T3 treatment at 
day 22 (Fig. 5D, unpublished data). The CYP3A4 mRNA expression was in-
creased after T3 treatment at day 22 in both wild type and AFP-KO cells (Fig. 
5D, unpublished data). 

These results show that T3 had a similar effect on wild type cells and AFP-
KO cells, disproving the hypothesis that the AFP may mediate the effect of the 
T3 hormone in hepatic differentiation. 
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6 Discussion
 
The creation of improved cell models for drug research significantly impacts 
the assessment of the metabolic routes and toxicity of compounds. The low 
availability and short metabolically active life of PHH (Ardalani et al. 2019), 
as well as the imperfect activity of xenobiotic-metabolizing enzymes in estab-
lished liver cell lines (Yokoyama et al. 2018) create a necessity to improve the 
methodology for obtaining hiPSC-derived HLCs. The success of hiPSC-derived 
cell model development depends on precisely adjusted differentiation condi-
tions. Discovering perfect differentiation conditions involves a deep under-
standing of the processes occurring in living organisms, searching and com-
paring candidate molecules for differentiation media, adjustment of the tim-
ing of the differentiation procedure, organization of suitable environmental 
clues, and considering other factors that may influence cell status. Coordi-
nated communication between cells, surrounding tissues, and ECM compo-
nents is critical for the formation and functionality of liver cells. The effective-
ness of these interactions should be assessed at every step of differentiation. 
The effectiveness of differentiation can be evaluated by characterization of 
PSC-derived cells at the levels of morphological features, mRNA and protein 
expression, and functional activity. Within the framework of the current re-
search, PSC-derived cells have been characterized at the first three levels, 
which has been sufficient to achieve the initial aims of the study. 

6.1 Assessment of efficacy of soluble factors in in vitro
hepatic differentiation
 
For certain cell lineages, successful DE formation is crucial for further differ-
entiation (Yabe et al. 2019). Therefore, to achieve high maturity of resulting 
HLCs, we are required to ensure high-quality DE cell formation (Ogawa et al. 
2013). In the present study, the success of DE formation was detected first via 
morphological changes. Second, it was assessed through downregulation of 
pluripotency marker expression, which acts as evidence for the loss of stem-
ness features. Third, the success of DE formation was assessed by high mRNA 
and protein expression of DE specific markers such as SOX17, a high-mobility-
group box domain (HMG domain) transcription factor, which is known to play 
an essential role in DE formation in vertebrates through the activation of 
downstream signaling pathways (Sinner et al. 2004). 

The key role of AA in DE induction of hPSC by the TGF-β signaling pathway 
activation had been previously highlighted in many studies (D’Amour et al. 
2005, McLean et al. 2007, Agarwal et al. 2008, Sulzbacher et al. 2009). Due 
to the comprehensive body of data indicating AA efficiency, it was included as 
an essential component in five out of six differentiation medium conditions 
used in the current research.  
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Another component, glycoprotein Wnt-3a, is an essential participant in the 
Wnt signaling cascade occurring in the formation of primitive streak during 
embryo development (Payne et al. 2011). Including Wnt-3a in the medium has 
been shown to be beneficial for forming DE cells with increased potential for 
further hepatic induction (Hay, Fletcher, et al. 2008). 

Another component tested in the current study is NaB. Two-step treatment 
of stem cells using a combination of AA with NaB salt was previously demon-
strated to be effective for DE induction and positively affected further hepatic 
differentiation in terms of decreased heterogeneity of the obtained liver cells 
(Rambhatla et al. 2003, Hay, Zhao, et al. 2009). However, another study 
demonstrated low cell viability in the medium with NaB (Kanninen, Porola, et 
al. 2016). We confirmed that the observed excessive cytotoxic effect of NaB 
was caused not by the chemical itself but by its impurity since cells cultured in 
the same conditions exhibited different reactions to NaB obtained from differ-
ent suppliers (I). This observation suggests a necessity to test cell viability with 
the NaB chemical before conducting large-scale experiments. The other two 
combinations of AA and NaB (I, Table 1, M4 and M5 conditions) provided the 
fastest DE differentiation in terms of morphological changes that could be de-
tected already on the next day following DE induction (I, Figs 1 and 2), and 
significant DE markers upregulation (I, Figs 3 and 4). However, the resulting 
number of live cells was too low to consider these conditions to be effective for 
DE induction. 

Massive cell death observed for all the conditions during the first days of 
differentiation is typical of DE induction, especially when using AA (Hay, 
Zhao, et al. 2009). Therefore, a critical aspect in the generation of early devel-
opment stage cells is obtaining a sufficient cell yield for further differentiation. 
An ideal protocol should strike a balance between high differentiation efficacy 
and high cell viability at the end of DE differentiation. Two conditions, AA 
alone and AA+Wnt-3a, promoted effective DE differentiation, resulting in an 
adequate amount of live DE cells, which significantly increased DE marker ex-
pression by the end of the differentiation. Similar efficacy of AA alone and AA 
together with Wnt-3α for DE formation (I, Fig. 5) allows avoiding the use of 
Wnt-3α. Even though Wnt-3a has been previously shown to be important for 
the development of hepatic progenitors (Hay, Fletcher, et al. 2008, Toivonen 
et al. 2013), it can also negatively affect hepatocyte differentiation by contrib-
uting to neural crest formation (Leung et al. 2016) and, in case of prolonged 
exposure, to pancreatic cell specification (Toivonen et al. 2013). 

Synthetic small molecules such as IDE1 possess promising features such as 
the absence of animal-related contamination, improved control of synthesis 
and purity during production, and reduced cost of manufacture (Borowiak et 
al. 2009). The evidence for IDE1 prevailing over AA in the efficiency of DE 
induction (Borowiak et al. 2009) served as the basis for including it in the cur-
rent research. In both studied cell lines, we observed a very different effect of 
the IDE1 treatment compared to  other five medium compositions (I, Fig. 5). 
The cells undoubtedly underwent differentiation due to the observed 
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downregulation of SC gene markers. However, the absence of the mesendo-
derm transduction phase (I, Figs 3i and 4i) and the absence of DE marker up-
regulation (I, Figs 3c, 3d, 3e, 3f, 3g, 4c, 4d, 4e, and 4f) proves that IDE1-treated 
hPSCs differentiated in the other lineage, differing from DE. Our findings sup-
port previous observations (Tahamtani et al. 2013). IDE1 has later been shown 
to be effective for obtaining hiPSC-derived microglia (McQuade et al. 2018), 
which also supports our hypothesis of non-DE induction by IDE1. 

As a result, we found that AA treatment for six days is an efficient way to 
perform DE differentiation under serum-free conditions. This protocol allows 
generating cells that can be used for drug research without the results being 
disturbed by the interaction of serum proteins with the drug. 

6.2 Mechanical environmental features are crucial for 3D 
spheroid formation and cell differentiation
 
3D cell culture represents a more physiological tissue environment compared 
to monolayer culture. In 3D spheroids, cells grow without stressful events such 
as trypsin treatment for the detachment of cells from plastic (McQuade et al. 
2018). After determining the optimal DE differentiation medium for the mon-
olayer culture (I), we focused on the adjustment of the environmental condi-
tions for 3D stem cell spheroid formation and DE differentiation. One of the 
major challenges in 3D cell model (spheroids and organoids) development is 
producing structures of identical shape and size. Establishing technology al-
lowing control of these features will promote stable organoid phenotypes and 
contribute to an increase in the reliability of results from screenings (Lou & 
Leung 2018). In this part of the research, we compared three physical condi-
tions, suspension, inert hydrogel (NFC), and biologically active hydrogel BME, 
for their suitability and efficacy for stem cell spheroid formation and further 
DE differentiation. 

Spheroid size and cell density in spheroids are known to affect the physio-
logical state of spheroids. They mediate the gradient of nutrients and gases 
inside the spheroid and should be adjusted for each tissue type based on its 
physiological requirements. Cells in multilayers in the absence of vasculariza-
tion are at a risk of being unequally supplied with oxygen and nutritional com-
pounds. Diameters of hepatic spheroids exceeding 100 μm, or 350 μm for 
spheroids of hPSCs, led to a decrease in cell viability (Glicklis et al. 2004, Amit 
et al. 2010). Large spheroids with a diameter of more than 500 μm form ne-
crotic areas in the middle of spheroids (Friedrich et al. 2009). Owing to the 
necessity of generating spheroids that would not overgrow the viable size, we 
created a protocol where after four days, even the largest spheroids were 
smaller on average than 350 μm and possessed high viability. There was no 
difference in cell viability between small spheroids, with an initial cell number 
of 200 cells per spheroid, and large spheroids, with an initial number of 1000 
cells per spheroid. The viability of the spheroids was strongly improved by the 
treatment of cells with the ROCK inhibitor which is known for its capacity to 
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support the viability of hiPSCs in single-cell status (Carpentier et al. 2016).  We 
found that the suspension condition enabled better survival for smaller sphe-
roids compared to the NFC hydrogel. Attempts to generate smaller spheroids 
with an initial cell number of fewer than 200 cells, in all the studied conditions, 
resulted in rare and unstable cell aggregate formation, with the aggregates be-
ing unable to maintain the spheroid structure for the length of the experiment. 

The formation of 3D spheroids of a certain size is important for the repro-
ducibility of results obtained from cell cultures. Spheroid size can be precisely 
controlled using special culture dishes that allow adherent cells to aggregate 
uniformly. These tools include AggreWell™400 plates, which were used in the 
current research (II) (Dang et al. 2002, Nguyen et al. 2014), and 3D Petri 
Dishes (Microtissues®) (Guo et al. 2019). Another approach is filtering the 
formed spheroids through strainers to select those of a particular size range 
(Sgodda et al. 2017). After aggregation, spheroids need to be transferred to an 
appropriate culture and/or differentiation environment. In a favorable envi-
ronment, cell proliferation promotes spheroid growth, but spheroids can also 
increase in size as a result of merging when located too close to each other. 
While maintaining sufficient distance between spheroids in biologically inert 
hydrogel can be achieved by thorough resuspension and seeding spheroids in 
low density, in suspension culture, preventing spheroid merging remains chal-
lenging. However, this issue can be solved by using rotating bioreactors for 
spheroid culture (Pagliuca et al. 2014) or gyration during culturing (Schulz et 
al. 2012). 

Embedding spheroids in cell-interacting biomaterials, such as BME hydro-
gel, can also result in the formation of strong cell-matrix interactions, domi-
nating over cell-cell interactions. Together with a decrease in E-cadherin dur-
ing DE differentiation, an increase in cell-matrix interactions facilitates the re-
lease of cells from the spheroids and disruption of the 3D structure, which we 
observed on the second day of DE differentiation (II, Fig. S3). This explanation 
is supported by the absence of a similar effect in the inert NFC hydrogel as well 
as in suspension (II, Fig. S3) where cell-cell interactions dominate (Harjumäki 
et al. 2019). Additionally, using a cell-interacting scaffold for 3D culture in 
drug toxicity screening can experience a problem with the absorption/adsorp-
tion of the drug by the ECM (Godoy et al. 2013). With our approach, we in-
creased the level of DE differentiation in terms of mRNA expression of specific 
DE markers. While alginate-based scaffold and IDE1 as DE inductor facilitates 
300-fold SOX17 expression upregulation and 800-fold HNF3B expression in-
crease (Chayosumrit et al. 2010), our approach using NFC or suspension cul-
ture gives 40,000-fold SOX17 upregulation and 4000-fold HNF3B increase 
(II, Fig. S7). 

The main difference between scaffold-based and scaffold-free 3D culture is 
the rate of mass transfer. While suspension does not interrupt the transport of 
nutrients and metabolites, it may be an issue for scaffold-based culture. Com-
ponents of the inert hydrogel, such as the studied NFC, do not interact with 
medium components but can physically interrupt penetration of growth 
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factors with a short half-life into the lower compartment of the culture dish 
(II, Fig. 8). 

The size of the formed iPSCs spheroids also influenced their differentiation 
towards DE in hydrogel-based and scaffold-free suspension culture environ-
ments. Increased upregulation of SOX17 in suspension compared to NFC cul-
ture on day 2 (II, Fig. S7) supports previously reported increased speed of dif-
ferentiation in suspension (Yabe et al. 2019). At this time point in both studied 
conditions, the smaller spheroids demonstrated a higher efficiency of DE dif-
ferentiation than bigger ones. Although the significance of this correlation dis-
appeared by the end of the differentiation experiments, smaller spheroids in 
suspension acquired the highest CXCR4-positive cell percentage among the 
studied conditions. This finding demonstrates how the interruption of nutri-
ent and growth factor influx by the increase of cell layers in the spheroid and 
the presence of scaffold slows down the delivery of growth factors to the inner 
cells, consequently interrupting the differentiation. 

Another important aspect of a successful differentiation procedure is tim-
ing. The switch from cell differentiation in conventional 2D conditions to 3D 
cell spheroids shortened the differentiation procedure from six (I) to four days 
(II). 

Here we determined the optimal spheroid size range which provides high 
cell viability and supports the stability of spheroid shape. Moreover, we 
showed an advantage of the ROCK inhibitor for spheroid survival and demon-
strated the superiority of the suspension system for 3D iPSC differentiation 
into DE over the hydrogel-based system.  

6.3 Function of thyroid hormone in hepatic development
 
Many studies that aim to obtain iPSC derived HLCs resulted in cells possessing 
the main functional mature hepatic features, including expressing the fetal 
liver marker AFP (Rambhatla et al. 2003, Hay, Fletcher, et al. 2008, Kanninen, 
Harjumaki, et al. 2016). It is known that hormones actively influence physio-
logical processes and functions throughout the human life. Liver development 
is also affected by numerous hormones. Insulin, for example, affects the lipid 
and carbohydrate metabolic functions of hepatocytes. It is an essential com-
ponent of the culture medium for primary hepatocytes enabling their viability. 
Due to the abundance of thyroid hormone transporters on the cell surface and 
intracellular transporters in liver cells (Forhead & Fowden 2014), the thyroid 
hormone may affect liver development. The maternal placenta supplies thy-
roid hormones to the embryo before the fetus starts its own T3 synthesis. Find-
ings showing the necessity of thyroid receptor expression for hepatocyte pro-
liferation (Lopez-Fontal et al. 2010) demonstrate the importance of the thy-
roid hormone for hepatocyte survival. We aimed to recapitulate T3 exposure 
in our protocol for 2D differentiation of hiPSCs into HLCs (III). Previously, a 
positive influence of T3 on the differentiation of liver progenitor cells into 
hepatocytes has been shown for rat cells (László et al. 2008). It has also been 
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demonstrated that the administration of the T3 hormone during differentia-
tion enchances the thyroid receptor / Krüppel like factor 9 (KLF9) signaling 
pathway supporting hepatic differentiation of iPSCs (Cvoro et al. 2015). 

In the current study, the influence of T3 was assessed through the compar-
ison of particular genes and protein expression between T3 treated and un-
treated cells. 

The downregulation of the onco-fetoprotein AFP (III, Fig. 7), upregulation 
of the hepatocyte-specific sodium / bile acid cotransporter NTCP (III, Fig. 6), 
and increased expression of THRSP as a consequence of T3 administration at 
the end of differentiation indicate an increase in the differentiation of HLCs. 
In our study, T3 administration did not lead to the downregulation of hepatic 
markers, unlike in a previous study on hESC differentiation using different 
doses of T3 (Liang et al. 2019). 

Based on our data, the thyroid hormone affects AFP mRNA and protein 
levels. However, further investigation is required to determine the transcrip-
tional pathways that could be affected by the administration of the T3 hor-
mone. Further optimization of the treatment is needed to achieve increased 
hepatic maturity. 

6.4 Role of AFP in orchestrating T3 action in hepatic dif-
ferentiation
 
The creation of knockout cell or animal models is a widely used approach for 
investigating gene functions. For the study of potential role of AFP role in T3 
action, we generated the AFP-KO cell line from hiPSCs using the 
CRISPR/Cas9 technique for genome editing (IV). Selection of transfected cells 
can be performed by embedding antibiotic, such as puromycin, resistance 
genes. We employed a staggered delivery protocol followed by puromycin se-
lection, which resulted in a total targeting efficiency of up to 85%. We chose 
one wild type and one AFP-KO clone and compared their behavior under 
hepatocyte differentiation conditions involving T3 treatment. 

AFP performs structural and transport functions, indirectly participating 
in gene regulation (Mizejewski 2001). We demonstrated that morphological 
differences as well as differences in gene and protein expression profiles ap-
peared between the wild type and KO cell clones by day 10 of hepatic differen-
tiation. 

A similar change in the expression of hepatic markers in wild type and KO 
cells at day 22 in response to the administration of T3 indicates the absence of 
a role for AFP in the regulation of T3 action for these genes. The observed dif-
ferences between the differentiation of wild type and AFP-KO cells requires 
further investigation. 
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6.5 Future perspectives
 
Liver cell models are highly demanded in various areas of biomedical research 
as they enable a decrease in the number of animals involved in drug testing. 
This is actively driving studies related to the improvement of iPSCs-differen-
tiation procedures. To produce an effective in vitro hepatic model, it is neces-
sary to identify the factors contributing to the maturity level of HLCs in vivo. 

Only partial improvement of hepatocyte maturity by T3 hormone admin-
istration reveals that this approach alone cannot be used to produce in vivo 
like HLCs for biomedical applications. Therefore, more studies should be per-
formed to discover other factors affecting differentiation at earlier stages. As 
the efficacy of the DE induction stage determines further cell fate, both the 
stage of hepatoblasts and the quality of fetal hepatocytes have an impact on 
the resulting HLCs. Using an improved CRISPR/Cas9-mediated gene KO tech-
nique will help to investigate other genetic factors involved in hepatic matura-
tion and better understand the mechanisms underlying how soluble and envi-
ronmental factors influence the hepatic differentiation process. 

Even though cell differentiation is more effective in 3D compared to 2D 
culture, nevertheless, 3D culture does not provide 100 % pure yield of HLCs. 
Obtaining each stage of differentiation in a stepwise manner in the 3D envi-
ronment followed by spheroid disruption, selection of differentiated cells, and 
aggregating them into 3D spheroids in the matrix appropriate for each stage 
may increase the outcome of mature HLCs. Since ECM composition is dy-
namic during in vivo differentiation, in vitro approaches should consider 
changing the environment for the cells according to the stage of differentiation 
(Kanninen, Harjumäki, et al. 2016). Our study demonstrated the necessity of 
designing a 3D environment that does not interrupt the transport of soluble 
factors with a short half-life. 

Notably, even mature HLCs alone are insufficient for the formation of liver 
organoids recapitulating conditions such as fibrosis or cancer where interac-
tion between different cells plays an important role. An earlier report on the 
improvement of hepatic maturation after the implantation of liver buds devel-
oped in vitro into mice (Takebe et al. 2013) demonstrates the importance of 
other endogenous factors such as environmental factors and cellular interac-
tions in differentiation. The development of differentiation of iPSCs into dif-
ferent liver cell types is approaching a stage where they could be combined to 
mimick the natural spatial organization of the liver. In particular, techniques 
are needed to recapitulate pathological conditions. An important challenge lies 
in the adjustment of culture conditions for different cell types in the same cul-
turing unit. Cholangiocytes are required not only for the development of ther-
apeutical approaches for cholangiopathies but also for studying the hepatotox-
icity of drugs (Deng et al. 2019). The inclusion of Kupffer cells would add lipid 
metabolism, heme oxygenase production, and substance clearance features to 
the liver model. Modeling various fibrosis conditions requires including both 
Kupffer and stellate cells in the liver organoid (Ouchi et al. 2019). Support 
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from stromal cells is important for hepatocyte viability (Gómez-Aristizábal et 
al. 2009). It is also essential to construct a vascular network if the aim is to 
transplant the organoids, and this also promotes the maturation of liver or-
ganoids (Takebe et al. 2013). Endothelial cells are essential for the covering of 
the vascular network and are involved in processes of inflammation. Other 
non-parenchymal cell types, such as natural killers, in turn, are important in 
in vitro liver models for the assessment of immune-mediated hepatotoxicity 
(Adams et al. 2010).  
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7 Conclusions
 
The success of obtaining mature liver cells from pluripotent stem cells in vitro 
depends on multiple factors simultaneously affecting cells. Chemical and 
physical aspects of the environment, the timing of the administration of solu-
ble factors and manipulation of culture conditions, and specific handling pro-
tocols at every step of the differentiation affect the features of the resulting cell. 
The formation of the definitive endoderm, a crucial stage for subsequent cell 
specification, has been studied in this thesis in detail from both chemical and 
environmental perspectives. After the comparison of several growth factors 
and/or small molecules, we found that AA is an efficient and sufficient factor 
for DE formation in vitro. This study demonstrates the role of the scaffold and 
the size of the spheroids in the distribution of growth factors among the cells 
in spheroids. Indeed, a 3D culturing and differentiation condition is more ben-
eficial for the cells than 2D conditions. Differentiation of iPSCs in 3D in sus-
pension conditions is more effective due to uninterrupted mass transfer. The 
initial cell number of 200 cells per spheroid was most efficient in promoting 
the differentiation of iPSCs into DE cells. Moreover, we showed that the ROCK 
inhibitor supports the viability of iPSCs in spheroids without interrupting DE 
differentiation. We also found that the speed of the DE differentiation of iPSCs 
in 3D is two days faster than in 2D. 

Thyroid hormone administration beginning from the hepatoblast stage of 
the differentiation affects hepatic differentiation by downregulating the imma-
ture marker AFP. Moreover, we established an effective method for 
CRISPR/Cas9-based knockout of the AFP gene for the further study of the role 
of AFP in hepatic differentiation. Using this technology, we demonstrated that 
AFP does not mediate the action of the thyroid hormone in hepatic develop-
ment at the maturation step of the differentiation. 

In summary, this study contributes to the field of developing in vitro liver 
models by providing a comprehensive protocol for pluripotent stem cell dif-
ferentiation to DE in 2D and 3D conditions. Specifically, the findings in this 
study highlight the benefits of scaffold-free 3D environments for spheroid cul-
ture and cell differentiation; demonstrate the most effective spheroid size 
range for DE formation; suggest an improved protocol for CRISPR/Cas9-me-
diated gene knock-out; show an effect of the T3 hormone on hepatic differen-
tiation; and demonstrate that AFP does not mediate the action of T3 in hepatic 
development.  
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