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ZUSAMMENFASSUNG DER PUBLIKATIONSPROMOTION

ABSTRACT (deutsch)

Die Differenzierung von humanen induzierten pluripotenten Stammzellen (hiPSC) zu
Hepatozyten stellt eine vielversprechende Alternative zu primédren humanen Hepatozyten (PHH)
dar, die in Zelltherapien oder in der Medikamententestung mit in vitro Modellen Anwendung
finden konnte. Bisher zeigen aus hiPSC gewonnene Hepatozyten im Vergleich zu PHH
allerdings einen unreifen Phénotyp.

Das Ziel dieser Promotion war die Optimierung der Kulturbedingungen fiir die hepatische
Differenzierung von hiPSC, um deren Funktionalitit zu verbessern. Im ersten Schritt wurde die
hepatische Differenzierung auf einen perfundierten 3D-Bioreaktor {ibertragen, um
physiologischere Kulturbedingungen zu schaffen. Dafiir wurden zwei unterschiedliche
Differenzierungsprotokolle und hiPSC-Linien verwendet und das Differenzierungsergebnis mit
statischen 3D-Spheroiden und 2D-Kulturen verglichen. Der Ausreifungsgrad wurde anhand der
Gen- und Proteinexpression hepatischer Marker und der Aktivitit verschiedener
pharmakologisch relevanter Cytochrom-P450-Isoenzyme (CYP) im Vergleich zu PHH beurteilt.
Die im 3D-Bioreaktor differenzierten hiPSC wiesen mit beiden Differenzierungsprotokollen und
hiPSC-Linien eine erhohte Sekretion hepatischer Exportproteine wie Albumin oder Alpha-1-
Antitrypsin  auf. AuBerdem wurden gesteigerte Aktivititen von Enzymen des
Arzneimittelstoffwechsels wie CYP1A2 oder CYP2B6 im Vergleich zu 3D-Spheroiden und 2D-
Kulturen gemessen. Mittels immunhistochemischer Untersuchungen wurde die Bildung
gewebsidhnlicher Strukturen im 3D-Bioreaktor gezeigt. Allerdings war die Funktionalitit auch
der im 3D-Bioreaktor differenzierten hiPSC geringer als die der PHH.

Im zweiten Schritt wurde der Einfluss einer Kokultur mit humanen Endothelzellen auf die
hepatische Ausreifung der hiPSC untersucht, da Endothelzellen bereits vor der Vaskularisierung
entscheidend fiir die embryonale Leberentwicklung sind. Zu diesem Zweck wurde die hepatische
Differenzierung von hiPSC in 2D-Kulturen mit oder ohne Zugabe von human umbilical vein
endothelial cells (HUVEC) durchgefiihrt. Dabei wurden verschiedene Mischungen aus
endothelzell- und hepatozytenspezifischen Kulturmedien verwendet. Die Zugabe der optimierten
Kokulturmedien fiihrte zu einer deutlichen Erhohung der CYP-Aktivititen und der mRNA-
Expression hepatischer Marker wie hepatocyte nuclear factor 4 alpha, unabhédngig davon, ob

HUVEC dazugegeben wurden oder nicht.



Die Ergebnisse lassen den Schluss zu, dass der Bioreaktor die hepatische Ausreifung der aus
hiPSC generierten Hepatozyten unterstiitzt. Die Untersuchungen zur Kokultur mit
Endothelzellen in 2D-Kulturen zeigten, dass der positive Effekt der optimierten Kokulturmedien
den Effekt der HUVEC-Kokultur selbst iibertraf.

Der nichste logische Schritt, um die drei hier beschriebenen Studien zu verbinden, wére daher
die Untersuchung einer Kokultur mit hiPSC und Endothelzellen wéhrend der hepatischen

Differenzierung im 3D-Bioreaktor.
ABSTRACT (englisch)

The derivation of hepatocytes from human induced pluripotent stem cells (hiPSC) represents a
promising alternative to primary human hepatocytes (PHH) for potential applications in cell
therapies or drug toxicity testing using in vitro models. To date, hiPSC-derived hepatocytes still
show an immature phenotype when compared to PHH.

The aim of this thesis was to optimize culture conditions for the hepatic differentiation of hiPSC
to improve their functionality. In the first step the hepatic differentiation was transferred to a
perfused 3D bioreactor to create a more physiological culture environment. Therefore, two
different differentiation protocols and hiPSC lines were applied and the differentiation outcome
was compared to static 3D spheroids and 2D cultures. The maturation state was analyzed with
respect to gene and protein expression of hepatic markers as well as activity of different
pharmacologically relevant cytochrome P450 (CYP) isoenzymes, using PHH as reference cells.
The results of both differentiation protocols and cell lines indicate a higher maturation of hiPSC-
derived hepatocytes in 3D bioreactors compared with 2D cultures or 3D spheroids regarding
secretion of hepatic export proteins such as albumin or alpha-1-antitrypsin. In addition increased
activities of drug-metabolizing enzymes such as CYP1A2 or CYP2B6 were shown.
Immunohistochemical studies revealed the formation of tissue-like structures. However, the
functionality of the differentiated cells from the 3D bioreactor was still lower than in PHH
cultures.

In the second step the effect of a co-culture with human endothelial cells on the hepatic
maturation of hiPSC-derived hepatocytes was investigated, since it was observed that endothelial
cells are important for the embryonic liver development prior to vascularization. For this
purpose, hepatic differentiation of hiPSC was performed in 2D cultures in the presence or
absence of human umbilical vein endothelial cells (HUVEC) using culture media mixtures based

on endothelial cell and hepatocyte growth media. The use of the optimized co-culture media



resulted in distinctly increased CYP activities and mRNA expression of hepatic markers such as
hepatocyte nuclear factor 4 alpha regardless whether HUVEC were present or not.

In conclusion, the results emphasize the potential of the bioreactor technology to support the
hepatic maturation of hiPSC-derived hepatocytes. The positive effect of a co-culture with
endothelial cells investigated in 2D cultures was outweighed by the effect of the optimized co-
culture media.

Hence, the next logical step to combine the three studies of the present thesis would be the

investigation of HUVEC-hiPSC co-cultures during hepatic differentiation in the 3D bioreactors.

INTRODUCTION

Scientific background

The derivation of hepatocytes from human pluripotent stem cells represents a promising
alternative to primary human hepatocytes (PHH) for applications in cell therapies, but also in
disease research and drug toxicity testing using in vitro models.

The liver represents the central organ involved into drug metabolism and is therefore a major
target of drug-associated toxicity. For this reason, human hepatocytes, the parenchymal cells of
the liver, are of special interest for toxicological investigations during pre-clinical drug testing.
PHH, although considered as the current gold-standard for in vitro investigations, are only
scarcely available and show a high inter-donor variability leading to unpredictable fluctuations in
cell quality. Thus, there is a hitherto unmet need for alternative human cell sources for in vitro
hepatic drug studies.

Pluripotent stem cells can differentiate into any cell type of the three germ layers (endoderm,
mesoderm, ectoderm) and can be easily obtained in sufficient numbers due to their high
proliferative capacities. Human pluripotent stem cells have first been obtained in the form of
human embryonic stem cells (hESC) that are derived from the inner cell mass of a blastocyst [1].
More recently the derivation of human induced pluripotent stem cells (hiPSC) by reprogramming
somatic cell types with pluripotency and proliferation genes was described [2]. They have the
same characteristics as hESC but are not subject of ethical concerns. Current differentiation
protocols into hepatocytes were initially developed for hESC and consist of a three-step
procedure mimicking the embryonic development of the liver: i) induction of definitive
endoderm (DE), i1) differentiation into hepatoblasts and iii) final maturation into hepatocytes [3-
6]. Studies investigating the potentials of hiPSC-derived hepatocytes for cell therapies, disease

modeling and drug toxicity testing showed promising results [7]. Despite these encouraging



results the functionality of hiPSC-derived hepatocytes remains low — they are commonly called
hepatocyte-like cells (HLC) and their characteristics are more comparable to fetal rather than to
adult PHH [8]. Attempts to further improve the maturation of HLC include the transfer of the
differentiation process from conventional 2D cultures to a 3D culture environment to provide
more physiological culture conditions. Thereby the cultivated cells are able to form more cell-
cell contacts important for the maintenance of a mature hepatic phenotype. A 3D culture can be
realized either scaffold free by self-aggregation of the cells or based on scaffolds such as
collagen or hollow-fibers [9]. Furthermore, perfused culture systems have been developed to
provide an even better approximation of the in vivo situation by enhancing oxygenation and
medium supply of the cultured cells [9]. The perfused 3D bioreactor applied in the present thesis
has been originally developed as an extracorporeal liver support system and was down-scaled for
in vitro applications [10]. In this bioreactor cells are growing in the extra-capillary space of
hollow-fiber membranes that are perfused with medium and air [10]. There is also increasing
evidence that, next to a 3D culture environment, the co-culture with non-parenchymal cells could
also improve the hepatic functionality of hiPSC-derived HLC [11]. It has been shown that
endothelial cells play a role during embryonic liver development prior to the formation of a
functional vasculature [12]. Thus, the development of co-culture approaches could further

advance the maturity of hiPSC-derived hepatic cells.

Aim of the thesis

The aim of this thesis was to optimize culture conditions for hepatic differentiation of hiPSC-
derived HLC to be used in preclinical drug research.

In the first step the hepatic differentiation was transferred to a perfused 3D bioreactor. Two
different differentiation protocols and hiPSC lines were applied and the differentiation outcome
was compared to static 3D spheroids and 2D cultures both being differentiated with the same
protocols. The maturation state of the HLC derived in the different culture systems was analyzed
with respect to gene and protein expression of hepatic markers as well as functionality of
pharmacological relevant cytochrome P450 (CYP) isoenzymes, using PHH as reference cells
(Freyer et al., 2016; Meier et al., 2017).

In the second step the effect of a co-culture with human umbilical vein endothelial cells
(HUVEC) on the hepatic maturation of hiPSC-derived HLC was investigated using optimized
co-culture media. For this purpose, hepatic differentiation of hiPSC was performed in 2D
cultures in the presence or absence of HUVEC and with culture media mixtures based on

endothelial cell and hepatocyte growth media. The differentiation outcome was evaluated on the



basis of gene and protein expression of stage-specific markers as well as CYP activities. This
allowed judging not only the effect of HUVEC co-culture but also those of culture media
adapted for co-culture purposes (Freyer et al., 2017).

The objectives of this thesis and the corresponding publications that address these questions are

summarized graphically in Figure 1.

Need for human hepatocytes of constant quality for pharmacological applications
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Figure 1: Schematic outline of the present thesis comprising of three publications (illustrations of culture systems

from (Meier et al., 2017, Int J of Mol Med, 40:1759-1771)).



METHODS

Culture of undifferentiated hiPSC

For the present thesis the hiPSC lines DF6-9-9T (WiCell Research Institute, Madison, WI, USA)
[13] and SB Adult 3 clone 4 (AD3C4) [14] were applied. The cells were expanded on six-well
cell culture plates coated with 8.68 pg/cm? Matrigel (growth factor reduced, Corning, NY, USA)
using mTeSR™1 medium (Stemcell Technologies, Vancouver, BC, Canada) containing 0.05
mg/ml gentamycin (Merck, Darmstadt, Germany) or 100,000 U/l penicillin and 100 mg/l
streptomycin (Life Technologies, Carlsbad, CA, USA). The cells were passaged after reaching a
confluency of around 70% using 2 mg/ml dispase or 0.5 mM EDTA (both Life Technologies).
Medium was exchanged daily and hiPSC were maintained at 37°C and 5% CO..

Hepatic differentiation of hiPSC in 2D cultures

Two protocols for hepatic differentiation were applied, both of them consisting of three steps as
compared in Table 1. Cytokines were all purchased from Peprotech (London, UK), except for
Wnt3a from R&D Systems (Minneapolis, MN, USA). Sodium butyrate, DMSO and
hydrocortisone were obtained from Sigma Aldrich (St. Louis, MO, USA). RPMI 1640 culture
medium was from Merck and hepatocyte culture medium HCM from Lonza (Walkersville, MD,

USA). All other media and supplements were purchased from Life Technologies.

Table 1: Protocols for hepatic differentiation of hiPSC as applied in the present thesis.

Differentiation Freyer ef al., 2016 and 2017 (adapted Meier et al., 2017 (adapted from [6]), hiPSC
Stage from [3-5]), hiPSC line DF6-9-9T line AD3C4
Step 1: RPMI 1640 culture medium supplemented STEMdiff™ Definitive Endoderm Kit (Stemcell
Definitive with 100 ng/ml activin A, 50 ng/ml Wnt3a, Technologies) according to the manufacturer’s
endoderm 1 uM sodium butyrate and 2% (v/v) B27 instructions
supplements without insulin
Duration: 3 days (d0-d3) Duration: 5 days (d0-d5)
Step 2: Hepatocyte culture medium with single Knockout DMEM with 20% Knockout Serum
Hepatoblasts quots supplemented with 10 ng/ml Replacement, 0.5% GlutaMAX, 1% Non-
hepatocyte growth factor (HGF) (HCM-I) Essential Amino Acids, 0.1 mM B-
Mercaptoethanol and 1% DMSO
Duration: 10 days (d3-d13) Duration: 4 days (d5-d9)
Step 3: Hepatocyte culture medium with single Hepatocyte maturation medium with 1%

Hepatocyte-like

cells

quots supplemented with 10 ng/ml HGF and
10 ng/ml oncostatin M (OSM) (HCM-II)
Duration: 4 days (d13-d17)

GlutaMAX, 10 uM hydrocortisone, 10 ng/ml
HGF and 20 ng/ml OSM
Duration: 9 days (d9-d18)




Hepatic differentiation of hiPSC in perfused 3D bioreactors

The here applied 3D bioreactors (StemCell Systems, Berlin, Germany) had a cell compartment
volume of 2 ml. They were connected to a tubing system for medium perfusion (StemCell
Systems) and integrated into a perfusion device (StemCell Systems) consisting of two modular
pump units, a heating chamber and an electronically controlled gas mixing unit (Vogtlin
Instruments, Aesch, Switzerland). Prior to cell inoculation the cell compartment was coated with
3 mg Matrigel (Corning) for 1 h at room temperature. Afterwards a number of 100 x 10° cells
were inoculated into each bioreactor. The temperature was kept at 37°C, the medium
recirculation rate was 10 ml/min, the initial feed rate was 1 ml/h and air containing 5% CO; was
supplied at a flow rate of 20 ml/min. Perfusion rates of medium and amount of CO; were
adjusted, if necessary, to maintain sufficient glucose levels of at least 25 mg/dl and a pH of 7.2 to
7.4. After an adaptation phase of 2 days (Meier et al., 2017) resp. 3 days (Freyer et al., 2016) in
mTeSR™1 medium hepatic differentiation was conducted by perfusion of the bioreactors with
the different differentiation media as indicated in Table 1. Between each differentiation step, the
bioreactor was flushed with 60 ml of the next medium to remove the medium used in the

previous step.

Culture of primary human hepatocytes (PHH)

PHH were isolated from macroscopically healthy tissue from resected human liver with
informed consent of the patients and approval by the Ethical Committee of the Charité -
Universitdatsmedizin Berlin (EA2/026/09). Cell isolation was performed according to Pfeiffer et
al. [15]. A number of 2.0 x 10° cells/cm? were seeded onto rat-tail collagen coated cell culture
plates using Heparmed Vito 143 supplemented with 0.8 mg/l insulin, 5 mg/l transferrin, 0.003
mg/l glucagon (ITG), 100,000 U/l penicillin and 100 mg/l streptomycin (all Merck, Darmstadt,
Germany) and 10% fetal calf serum (PAA, Dartmouth, MA, USA).

Co-culture with HUVEC during hepatic differentiation of hiPSC

Prior to co-culture, cells of the hiPSC line DF6-9-9T (WiCell Research Institute) were
differentiated into DE cells according to the protocol adapted from Hay and colleagues (Table 1)
[3-5]. Afterwards HUVEC (PromoCell GmbH, Heidelberg, Germany) were added at a ratio of
1:2 (5 x 10° HUVEC + 1 x 10° DE cells). Further differentiation was carried out using 1) a 1:1
mixture of the differentiation medium (HCM-I/II, Table 1) and endothelial cell growth medium
(PromoCell GmbH), consisting of basal medium and supplements (EGM complete), or ii)) HCM-
I/IT enriched with endothelial cell growth supplements (EGM supplements). In parallel, DE cells



were differentiated without HUVEC applying the described medium mixtures or pure HCM-I/II

for control.

Analysis of metabolic parameters and protein secretion

Measurement of metabolic parameters was performed at defined time-intervals in samples from

3D or 2D cultures. Parameters and measurement methods are listed in Table 2.

Table 2: Analysis of secreted proteins and metabolites during hepatic differentiation of hiPSC

Parameter

Freyer et al. 2016 and 2017

Meier et al. 2017

Glucose and lactate

Lactate dehydrogenase
(LDH)
Alpha-1-antitrypsin
(A1AT)

o-fetoprotein (AFP)

Urea

Albumin (ALB)

Blood gas analyzer (ABL 700, Radiometer,

Copenhagen, Denmark)

clinical chemistry analyzer (Cobas® 8000;

Roche Diagnostics, Mannheim, Germany)

Not analyzed

clinical chemistry analyzer (Cobas® 8000;
Roche Diagnostics)
clinical chemistry analyzer (Cobas® 8000;
Roche Diagnostics)

ELISA Quantitation kit (Bethyl
Laboratories, Montgomery, TX, USA)

Blood gas analyzer (ABL 700,

Radiometer, Copenhagen, Denmark)

Not analyzed

ELISA protocol as described by

Dakocytomation (Glostrup, Denmark)
ELISA protocol as described by
Dakocytomation (Glostrup, Denmark)
QuantiChrom™ Urea Assay Kit
(BioAssay Systems, Hayward, CA, USA)

ELISA protocol as described by

Dakocytomation (Glostrup, Denmark)

Gene expression analysis of stage specific markers

Isolation of RNA and subsequent cDNA synthesis was performed using PureLink™ RNA Mini
Kit (Life Technologies) and High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) as described previously [16]. The cDNA was mixed with PCR
Master mix (Applied Biosystems) and human-specific primers and probes (TagMan
GeneExpression Assay system, Life Technologies). Quantitative real-time PCR (qRT-PCR) was
carried out with the Mastercycler ep Realplex 2 (Eppendorf, Hamburg, Germany). The
expression of analyzed genes was normalized to that of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Fold changes of expression levels relative to
undifferentiated hiPSC were calculated using the AACt method. The mRNA expression of the
following genes was analyzed: AFP, ALB, CYPIA2, CYP2B6, CYP2C9, CYP3A4, cytokeratin 18
(KRT18 alias CK18), GATA binding protein 2 (GATA2), hepatocyte nuclear factor 4 alpha
(HNF4A), Neurofilament, light polypeptide (NEFL), platelet and endothelial cell adhesion
molecule 1 (PECAMI), POU domain, class 5, transcription factor 1 (POUS5F] alias Oct-3/4),

Nanog homeobox (NANOG), SRY-box 7 (SOX7) and SRY-box 17 (SOX17).



Immunofluorescence studies

All samples were fixed with 4% formaldehyde solution (Herbeta Arzneimittel, Berlin,
Germany). 2D cultures were permeabilized with ice-cold 80% (v/v) methanol (J.T. Baker,
Deventer, The Netherlands) whereas bioreactor and tissue samples were dehydrated,
paraffinized, and cut into slides of 2.5 um thickness. Then, the slides were deparaffinized and
rehydrated. Antigen retrieval was performed by boiling the samples in citrate buffer (pH 6.0) for
15 min. Antibody staining was performed for all samples as described previously [16]. Samples
were incubated with primary antibodies for the following antigens: ALB, AFP, cytokeratin 18
(KRT18 alias CK18), cytokeratin 19 (KRT19, alias CK19), CYP1A2, CYP2B6, HNF4A, Ki-67,
multidrug resistance-associated protein 2 (MRP2), POU domain, class 5, transcription factor 1
(POUSFI, alias Oct-3/4), stage-specific embryonic antigen 4 (SSEA-4) and tight junction protein
1 (TJP1). The following secondary antibodies were used: Alexa Fluor® 488 anti-mouse and

Alexa Fluor® 594 anti-rabbit (Life Technologies).

Measurement of cytochrome P450 (CYP) isoenzyme activities

Determination of CYP activities was performed by incubating the cultures with a drug cocktail
containing substrates for pharmacological relevant CYP isoenzymes (Table 3). Phenacetin and
diclofenac were purchased from Sigma Aldrich, bupropion from Toronto Research Chemicals
(North York, ON, Canada) and midazolam from Roche (Basel, Switzerland). Concentrations of
specific products were measured in samples taken from culture supernatants/perfusates at
predefined time intervals. Analyses were performed by means of LC-MS by cooperation partners

at Janssen Research and Development or at Boehringer Ingelheim Pharma GmbH & Co.KG.

Table 3: Analyzed CYP isoenzymes, their substrates with applied final concentrations and resulting products

Enzyme Freyer et al. 2016 and 2017 Meier et al. 2017
CYP1A2 Substrate: 100 uM phenacetin Substrate: 25 pM phenacetin
Product: Acetaminophen Product: Acetaminophen
CYP2B6 Substrate: 500 uM bupropion Substrate: 75 uM bupropion
Product: 6-Hydroxybupropion Product: 6-Hydroxybupropion
CYP2C9 Substrate: 25 uM diclofenac Not analyzed
Product: 4’-Hydroxydiclofenac
CYP3A4/5 Substrate: 10 uM midazolam Substrate: 25 pM midazolam

Product: 1’-Hydroxymidazolam

Product: 1’-Hydroxymidazolam




Statistical evaluation

Data evaluation and graphical illustration were performed with GraphPad Prism 5.0 and 7.0
(GraphPad Software, SanDiego, CA, USA). Experiments were performed at least in triplicates,
and results are presented as mean * standard error of the mean or as median + interquartile range.
The area under curve (AUC) was calculated for time courses of biochemical parameters and
differences between culture systems or culture conditions were detected with an unpaired, two-
tailed Student’s t-test or one-way analysis of variance (ANOVA). Differences were judged as

significant, if the p-value was less than 0.05.

RESULTS

Hepatic differentiation of hiPSC in 3D bioreactors or 2D cultures (Freyer et al., 2016)

In this study, the hepatic differentiation of the hiPSC line DF6-9-9T was comparatively
investigated in 3D bioreactors and conventional 2D cultures, using a range of markers on
metabolic, protein and gene expression level. Differentiation of hiPSC into HLC was performed
applying the same protocol for both culture systems: 1) differentiation into DE cells was induced
using activin A, Wnt3a and sodium butyrate, ii) afterwards HGF was added to drive further
differentiation and iii) final maturation was achieved with HGF and OSM.

The metabolic activity, integrity and differentiation behavior of hiPSC was assessed by daily
measurement of parameters in the culture perfusate resp. supernatants. The energy metabolism
was assessed by measuring glucose consumption and lactate production, which increased over
time in both, 2D cultures and 3D bioreactors, during hepatic differentiation. In 2D cultures
average glucose consumption rates per cell were significantly higher than in 3D bioreactors.
Lactate production rates mirrored those of glucose consumption. The cell integrity was
monitored by measuring LDH release into the culture medium. In 2D cultures a significantly
higher LDH liberation than in 3D bioreactors was observed during the first 3 days of
differentiation, which decreased to basal levels afterwards. Furthermore the differentiation
process was constantly monitored by measuring the secretion of liver-specific proteins and
metabolites into the culture supernatant. Secretion of the albumin precursor protein AFP,
indicating the presence of hepatoblasts, increased in 2D cultures from day 7 onwards and in 3D
bioreactors from day 9 onwards, but in 2D cultures the increase was significantly higher than in
3D bioreactors. Albumin secretion, indicating the presence of mature hepatocytes, was detected
in both culture systems from day 12 onwards. Maximum values achieved at the end of

differentiation on day 17 were thrice as high in 3D bioreactors compared to 2D cultures. Urea

10



secretion rates showed a constant increase in 3D bioreactors over the whole differentiation
period whereas in 2D cultures a fluctuating time course was observed with peaks at the

beginning of differentiation and between day 9 and 13.

CYP activities of the obtained HLC were analyzed by their ability to metabolize various
substrates into products specific for different pharmacologically relevant CYP isoenzymes.
Activities of CYP1A2 and CYP2B6 were higher in 3D bioreactors as compared with 2D
cultures, with a generally higher activity of CYP1A2. In contrast, CYP3A4/5 activity was higher
in 2D cultures. All CYP activities were significantly lower in HLC cultures as compared to those
detected in PHH.

At the end of differentiation, both culture systems were compared regarding the gene expression
of stage specific markers relative to undifferentiated hiPSC. The expression of the pluripotency
genes POUSF] and NANOG was downregulated in both culture systems compared to
undifferentiated hiPSC, with 2D cultures showing a significantly stronger down-regulation than
HLC differentiated in 3D bioreactors. The endodermal markers AFP and SOXI7 showed a
60,000-fold resp. 20-fold increased gene expression in both culture systems, whereas PHH
showed no relevant expression of these markers. In addition, a 100-fold increased expression of
the mesodermal marker GATA2 was observed in 3D bioreactor cultures. Among the markers for
mature hepatocytes, ALB showed the highest up-regulation in HLC cultures. In 3D bioreactors
ALB expression was twice as high as in 2D cultures being in line with the results from albumin
secretion. Gene expression of CYPIA2 and CYP2B6 was downregulated in both culture systems
relative to undifferentiated hiPSC, but 3D bioreactors still showed a higher expression of these
markers than 2D cultures. For CYP2C9 and CYP3A4/5 an increased gene expression of 40-fold
resp. five-fold was detected showing no distinct differences between the two culture systems.
PHH showed a distinctly higher gene expression of all markers for mature hepatocytes compared
to HLC from both culture systems.

In addition, the protein expression of stage specific markers was analyzed before and after
hepatic differentiation of hiPSC by means of immunofluorescence staining performed in
comparison to native human liver tissue. In cultures of undifferentiated hiPSC almost all cells
were positive for the pluripotency markers POUSF1 and SSEA-4, whereas HLC and native
human liver tissue were devoid of these markers. Vice versa, markers for mature hepatocytes
such as albumin and HNF4A were observed in both HLC cultures and native liver tissue but not
in undifferentiated cells. In 3D bioreactors the double-staining of KRT18 and KRT19 revealed

ring-shaped cell arrangements lined with stained cells indicating the formation of bile-duct like
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structures similar to native liver tissue. The tight junction protein TJP1 and the transporter MRP2
could not be detected in 2D cultures, while in 3D bioreactors thin fluorescent borders between
the cells were observed indicating the presence of TJP1. In the native liver tissue, the majority of
the cells were double positive for MRP2 and TJP1. Furthermore, most of the cells in 2D cultures
and 3D bioreactors were positive for CYP1A2, but negative for CYP2B6, which is in line with
the functional analysis showing higher activities for CYP1A2. In 3D bioreactors, the inner ring
of tubular-like structures lacked CYP1A2 immunoreactivity confirming the presence of bile duct
cells. In native human liver tissue, most cells were positive for both CYP isoenzymes.

To assure that normalization of secretion rates and activities to the initial cell number did not
falsify the comparison of the two culture models, the amount of proliferating cells was detected
before, during and after hepatic differentiation applying immunofluorescence staining of the
proliferation marker Ki-67. In cultures of undifferentiated hiPSC, almost all cells showed
immnunoreactivity for Ki-67. In 2D cultured DE cells, the amount of proliferating cells was
lowered to two thirds and after hepatic differentiation around one third of the cells were still
proliferating in both culture systems. In native human liver tissue, no Ki-67 positive cells could
be detected.

In summary, the results indicate a higher maturation of HLC in 3D bioreactors compared with
2D cultures regarding albumin secretion, activity of CYP1A2 and 2B6 as well as formation of
tissue-like structures. However, full hepatic functionality was not yet achieved; for example, the
albumin precursor-protein AFP was still expressed, and the activity of CYP2C9 and expression

of the biliary transporter MRP2 could not be detected.

Hepatic differentiation of hiPSC in 3D cultures: a comparative study (Meier et al., 2017)

In this study, the hepatic differentiation of hiPSC in 3D bioreactors was evaluated using a
different cell line and protocol. The differentiation outcome in the bioreactor system was
compared to that in 2D cultures and 3D spheroids, which were differentiated by the co-authors of
this study applying the same differentiation protocol. The hiPSC line AD3C4 was differentiated
into HLC in 3D bioreactors applying a modified three-step differentiation protocol: 1)
differentiation into DE cells was induced using a commercial available kit purchased from
Stemcell Technologies, i1) afterwards hepatoblast differentiation was induced with DMSO and
iii) final maturation was achieved with HGF and OSM.

To monitor the differentiation process daily measurements of secreted proteins and metabolites
were performed similar to the study with the hiPSC line DF6-9-9T (Freyer et al., 2016). AFP

secretion was detected at a similar range in all culture systems from day 10 or 11 of
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differentiation onwards and increased until day 13 or 15. Afterwards AFP secretion distinctly
decreased to almost zero until the last day of differentiation (d18). The magnitude of AFP
secretion rates was around 20 to 40-fold lower when compared to secretion rates of this protein
observed for the hiPSC line DF6-9-9T (Freyer et al., 2016). ALB secretion could only be
observed in 3D bioreactors but not in 2D cultures or 3D spheroids and was in a similar range as
compared to secretion rates observed for the hiPSC line DF6-9-9T by Freyer et al. (2016).
Additionally, the secretion of A1AT was determined, since this protein is also secreted by
mature hepatocytes. Similar to ALB, A1AT was only secreted by 3D bioreactor cultures. In
contrast, urea production was observed in all culture systems from day 11 on with the 3D
spheroids showing a strong peak at day 13, which was three- to five-fold higher than rates in 2D
cultures and 3D bioreactors on that day. Afterwards, urea production of 3D spheroids decreased
rapidly down to zero on day 18. In 2D cultures urea production rates also showed a moderate
increase until day 15 followed by decreasing values until day 18 reaching similar ranges as
observed in the 3D bioreactors. Values for urea production in the bioreactor system were
comparable to those observed for the hiPSC line DF6-9-9T by Freyer et al. (2016).

Activities of pharmacologically relevant CYP isoenzymes were analyzed by measuring the
conversion of drugs into isoenzyme specific products. Among the hiPSC-derived HLC cultures
only the 3D bioreactors showed CYP1A2 activity. Activity of CYP2B6 could not be detected in
any of the culture systems, which is in contrast to the findings from the hiPSC line DF6-9-9T by
Freyer et al. (2016), showing CYP2B6 activities at least in 3D bioreactor cultures. The
isoenzyme CYP3A4 showed the highest activity in 3D spheroids followed by 3D bioreactors and
2D cultures. Cultures of PHH used as reference cells showed distinctly higher values compared
to hiPSC-derived HLC cultures.

In summary, the study confirms an advanced hepatic maturation of HLC in dynamic 3D
bioreactors as compared to static 3D spheroids or 2D cultures. However, the results also showed

that the functionality of the differentiated cells was still lower than in PHH cultures.

Hepatic differentiation of hiPSC in co-culture with HUVEC using optimized culture media
(Freyer et al., 2017)

In this study, co-culture of HUVEC with hiPSC-derived DE cells during hepatic differentiation
was investigated aiming to further improve hepatic maturation of HLC. In a further aspect of the
study, the effect of optimized co-culture media on the differentiation outcome was analyzed in
HLC cultures maintained with or without HUVEC addition. Experiments were performed in 2D

cultures with two different media, i) a 1:1 mixture of the differentiation medium (HCM-I/II,
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Table 1) and the endothelial cell growth medium EGM complete, or ii) HCM-I/II enriched with
EGM supplements. These media were applied during hepatic differentiation of hiPSC (cell line
DF6-9-9T) in the presence or absence of HUVEC and in comparison with hiPSC mono-cultures
differentiated in pure HCM-I/II medium.

The secretion of stage-specific proteins and metabolites was measured over the whole
differentiation period. Secretion rates of AFP were significantly increased in hiPSC mono-
cultures differentiated with the optimized co-culture media compared to HCM-I/II medium while
addition of HUVEC did not further increase AFP secretion. For albumin secretion the results
were similar although the differences were not significant due to large variances. Results for urea
secretion were different: here, the HCM-I/II cultures showed similar values as the co-cultures
and the mono-cultures using HCM-I/II enriched with EGM supplements.

Activities of different CYP isoenzymes (CYP1A2, CYP2B6 and CYP3A4), as analyzed by
applying a drug cocktail and measuring isoenzyme specific products, were distinctly increased in
mono-cultures using the two optimized co-culture media compared to mono-cultures using
HCM-I/1I. Co-culture with HUVEC did not result in a further increase of CYP activities.

The gene expression analysis of stage specific markers relative to undifferentiated hiPSC
revealed a down-regulation of the pluripotency marker POUSF I in all experimental conditions.
Expression of AFP was increased in all experimental groups compared to undifferentiated
hiPSC. The highest values were observed in the co-cultures using HCM-I/IT enriched with EGM
supplements and in the corresponding mono-cultures. A similar result was observed for ALB
gene expression. The gene expression of the epithelial marker KRT18 was also increased,
although to a lower extent than that of AFP and ALB, showing no differences between the
different culture conditions. In contrast, the gene expression of HNF4A was distinctly higher in
mono-cultures using the two co-culture media as compared to HCM-I/II. Again, addition of
HUVEC did not show a further effect. As expected, the gene expression of the endothelial
marker PECAM1 was distinctly higher in both co-cultures as compared to hiPSC mono-cultures,
although lower than in HUVEC mono-cultures analyzed as a positive control for the endothelial
cell marker.

To complement the results from gene expression, some of these markers were additionally
analyzed on the protein expression level using immunofluorescence analysis. Immunoreactivity
for the pluripotency marker POUSF1 was observed only in undifferentiated hiPSC, whereas all
HLC cultures were devoid of this marker. The epithelial marker KRT18 was observed in all
HLC cultures although to a varying extent: Cells in HCM-I/II mono-cultures were to around

80% positive for KRT18, whereas in the other experimental groups 40% to 60% of the cells
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expressed this marker, resulting in a heterogeneous appearance. The hepatocyte marker HNF4A
was also detected in all HLC cultures with the HCM-I/II mono-cultures showing almost two
thirds of positive cells, whereas all other HLC cultures with or without HUVEC contained one
third or less HNF4A positive cells. The presence of HUVEC was confirmed by positive staining
of the endothelial cell marker PECAMI1 in both co-culture conditions, while mono-cultures were
negative for this marker.

In summary, the results show that the positive effect of the media adapted for co-culture

purposes outweighed the effect of the HUVEC co-culture itself.
DISCUSSION

The generation of hepatocytes from hiPSC holds great potential for the development of in vitro
models for pharmacological investigations and for potential clinical use in cell-based liver
therapy approaches. To date, the phenotype of hiPSC-derived HLC is still immature when
compared to their in vivo counterparts, the PHH [8]. Therefore, the potential of different 3D
culture systems to improve the hepatic maturation of HLC was investigated in the present thesis.

The detailed comparison of hepatic differentiation of hiPSC in static 2D cultures and perfused
3D bioreactors by Freyer et al. (2016) revealed differences with respect to glucose metabolism,
which was significantly lower in 3D bioreactors as compared with 2D cultures. In addition, the
cell population in 3D bioreactors was more heterogeneous than that in 2D cultures as indicated
by gene and protein expression analysis of pluripotency and differentiation markers. These
results could be attributed to gradient formation of nutrients and growth factors in 3D cell
aggregates leading to a lower metabolic activity and a diverging differentiation of cells growing
in the center of the cell aggregates. This assumption is supported by pictures of
immunohistochemical staining showing a tissue-like organization of the cells including
structures similar to bile-ducts and pronounced cell-cell contacts in the form of tight junctions.
The 3D cell aggregates could also have a protective effect against cell damage caused by activin
A applied for DE differentiation, which can cause apoptosis [17]. This would explain the
significantly lower LDH release in 3D bioreactors compared to 2D cultures during the first 3
days of differentiation.

The functionality of hiPSC-derived HLC was assessed by analyzing the secretion of hepatic
proteins such as albumin, urea production and activity of CYP isoenzymes (Freyer et al., 2016;
Meier et al., 2017). Secretion of the albumin precursor protein AFP was observed in both studies

in all culture systems and was in both cases highest in 2D cultures. In contrast, secretion of the
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mature hepatocyte marker ALB was higher in 3D bioreactors than in 2D cultures (Freyer et al.,
2016) or could not even be detected in other culture systems than the 3D bioreactors (Meier et
al., 2017). In humans, AFP expression only occurs during liver embryogenesis, in fetal liver
cells, and hepatocellular carcinomas [18], while ALB is produced by mature hepatocytes in the
adult liver. Thus, the findings of AFP and ALB secretion indicate a higher maturation grade of
HLC in 3D bioreactors than in 2D cultures or 3D spheroids. Urea production was measured as a
further functional marker of mature hepatocytes and was observed in all culture systems with the
3D bioreactors showing the lowest but also most stable urea production rates in both studies
(Freyer et al., 2016; Meier et al., 2017). For potential pharmacological applications the activity
of drug-metabolizing enzymes is of particular interest. Hence, activities of different
pharmacological relevant CYP isoenzymes were detected by measuring their ability to convert
different drugs into isoenzyme specific products. Activities of CYPIA2 and CYP3A4 were
observed in both studies, whereas CYP2B6 activity was detected only in the study by Freyer et
al. (2016) and here only in 3D bioreactors but not in 2D cultures.

Differences in the differentiation outcome between the two studies can be attributed to several
factors one of them being the varying differentiation protocols. The hepatoblast differentiation
was achieved either by the application of DMSO (Meier et al., 2017) or by addition of HGF
(Freyer et al., 2016). DMSO supports hepatocyte differentiation after DE induction [4] and
down-regulates pluripotency genes [19] potentially by affecting histone acetylation [20] resulting
in an altered gene transcription. HGF plays an important role in liver development [21] and
supports HLC differentiation in a concentration dependent manner [3]. Another difference
between the two differentiation protocols is the duration of the maturation phase with OSM,
which took either 4 days (Freyer et al., 2016) or 9 days (Meier et al., 2017). The short duration
of OSM application in the study of Freyer et al. (2016) could be the reason for the still high AFP
secretion at the end of differentiation, which was not yet down-regulated as was the case for the
study by Meier et al. (2017). In addition, albumin and urea secretion were still increasing at the
end of the differentiation (Freyer et al., 2016). Hence, a prolongation of the differentiation stage
with OSM could lead to further maturation of the cells.

Furthermore the differentiation outcome could be influenced by differences in differentiation
characteristics between the applied hiPSC lines. It was shown that HLC derived from different
hiPSC lines displayed an inter-individual metabolic diversity [22], which is also characteristic
for PHH obtained from different donors. Besides the used cell line, another factor of variation
are the applied assays used to evaluate the differentiation outcome. For example, the different

magnitudes for AFP secretion could be due to different ways of measuring AFP in the
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supernatant either using a clinical chemistry analyzer (Freyer et al., 2016) or an ELISA (Meier et
al., 2017). Thus, a direct comparison of data from different studies can be difficult, even if the
experiments were performed in the same lab.

Despite certain differences between the studies of Freyer et al. (2016) and Meier et al. (2017) the
overall outcome of both studies clearly shows that the use of perfused 3D bioreactors provides an
instrument to enhance the hepatic maturation of HLC with respect to protein secretion, liver
tissue formation and activities of drug-metabolizing enzymes. However, the functionality of
HLC generated in the bioreactor system still remains low compared to PHH.

Hence, in the next step the effect of co-culturing hiPSC-derived DE cells with non-parenchymal
cells during hepatic differentiation was investigated (Freyer et al., 2017). An important
precondition to a functional co-culture system is the use of a culture medium, which provides
suitable conditions for hiPSC differentiation as well as support of the co-cultured cell type. For
this reason DE cells were differentiated in static 2D cultures in the presence or absence of
HUVEC comparing two different media mixtures having been adapted for co-culture purposes.
The results were compared to hepatic differentiation in hiPSC mono-cultures using the HCM-I/II
medium as a control.

The analysis of stage-specific marker expression and CYP activities revealed that both co-culture
media improved the hepatic maturation of the HLC as compared to the HCM-I/II control
cultures, regardless whether HUVEC were present or not. The favorable effects of the co-culture
media on the differentiation outcome might be attributed to some of the factors contained in
those media. The basic fibroblast growth factor (bFGF) contained in both co-culture media has
been shown to support hepatoblast differentiation [23] and to induce gene expression of HNF4A
[24]. In addition the test media contained an increased concentration of glucocorticoids
compared to the HCM-I/II control medium, which induce expression of CYP2B, CYP2C and
CYP3A in humans [25]. The fact that HUVEC did not further improve the hepatic maturation of
HLC might be due to the chosen culture model and conditions. A larger growth area for HUVEC
could be provided by creating a separate compartment from hiPSC using Transwells or different
extracellular matrices. By this way, direct contact would be prevented while permitting the
exchange of soluble factors. Optimization of the proportion of HUVEC in the co-cultures would
be another option for achieving a significant influence of the cells. Furthermore, the addition of
further cell types, apart from HUVEC, might be favorable, in accordance to reports on co-culture
with HUVEC during hepatic differentiation of hiPSC in combination with either mesenchymal

stem cells [11] or adipose derived stem cells [26] in 3D cultures.
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In conclusion, the results of the studies emphasize the potential of the bioreactor technology to
support the hepatic maturation of hiPSC-derived HLC whereas the effect of a co-culture with
non-parenchymal cells investigated in 2D cultures was so far outweighed by the effect of the
optimized co-culture media.

Hence, the next logical step to combine the three studies of the present thesis would be the
investigation of HUVEC-hiPSC co-cultures during hepatic differentiation in the 3D bioreactors.
This could be combined, e.g. with studies on different cell densities and ratios, and integration of

further cell types in 3D co-culture models.
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Abstract

The hepatic differentiation of human induced pluripotent stem cells (hiPSC) holds great potential for application in re-
generative medicine, pharmacological drug screening, and toxicity testing. However, full maturation of hiPSC into func-
tional hepatocytes has not yet been achieved. In this study, we investigated the potential of a dynamic three-
dimensional (3D) hollow fiber membrane bioreactor technology to improve the hepatic differentiation of hiPSC in com-
parison to static two-dimensional (2D) cultures. A total of 100 x 10° hiPSC were seeded into each 3D bioreactor (n=3).
Differentiation into definitive endoderm (DE) was induced by adding activin A, Wnt3a, and sodium butyrate to the
culture medium. For further maturation, hepatocyte growth factor and oncostatin M were added. The same differen-
tiation protocol was applied to hiPSC maintained in 2D cultures. Secretion of alpha-fetoprotein (AFP), a marker for DE,
was significantly (p<0.05) higher in 2D cultures, while secretion of albumin, a typical characteristic for mature hepa-
tocytes, was higher after hepatic differentiation of hiPSC in 3D bioreactors. Functional analysis of multiple cytochrome
P450 (CYP) isoenzymes showed activity of CYP1A2, CYP2B6, and CYP3A4 in both groups, although at a lower level
compared to primary human hepatocytes (PHH). CYP2B6 activities were significantly (p < 0.05) higher in 3D bioreac-
tors compared with 2D cultures, which is in line with results from gene expression. Immunofluorescence staining
showed that the majority of cells was positive for albumin, cytokeratin 18 (CK18), and hepatocyte nuclear factor 4-
alpha (HNF4A) at the end of the differentiation process. In addition, cytokeratin 19 (CK19) staining revealed the for-
mation of bile duct-like structures in 3D bioreactors similar to native liver tissue. The results indicate a better maturation
of hiPSC in the 3D bioreactor system compared to 2D cultures and emphasize the potential of dynamic 3D culture
systems in stem cell differentiation approaches for improved formation of differentiated tissue structures.

Keywords: stem cells; tissue engineering

Introduction hepatotoxicity, in the early phase of drug development
During drug development, only one out of nine com- are needed. Animal models, although indispensable in
pounds gets approved by the regulatory authorities, preclinical studies, are not sufficiently predictive for
usually due to a lack of efficacy or toxic side effects.’ humans due to interspecies differences.”> Primary
Thus, models for assessment of drug toxicity, especially human hepatocytes (PHH) have been widely accepted
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as the gold standard for predictive in vitro studies on
hepatic drug toxicity.” However, PHH display a huge
variation in cell function and enzyme activities because
of interdonor variances," and the high demand of
freshly isolated PHH is difficult to address due to the
scarce availability of human liver tissue.

Human induced pluripotent stem cells (hiPSC) rep-
resent a promising cell source for the generation of
human hepatocytes for studies on hepatic drug toxic-
ity. Due to the unlimited self-renewing capacity of
hiPSC, they provide the option for cell production
in large amounts and at a constant quality. In addi-
tion, variances due to genetic polymorphism can be
investigated by using different hiPSC lines representa-
tive of individual patient groups.’

Several protocols have been established to generate
stem cell-derived hepatocytes from human pluripotent
stem cells.®”” These procedures mimic the embryonic
development of the liver by adding different growth
factors necessary for each developmental stage. The
resulting hepatocyte-like cells (HLC) were successfully
applied for in vitro studies on human drug expo-
sure,!*1! hepatitis B and C infection,'>'* or malaria path-
ogenesis'* among others, and they have been shown to
repopulate the livers of chimeric mice and rescue the
disease phenotype in these animals.'> However, the
HLC obtained with existing protocols still show an im-
mature phenotype with reduced hepatic functionality
when compared to PHH.'*'”

To overcome these drawbacks, improved culture mod-
els are demanded, which address the needs of the cells in
their natural environment. Several studies have shown
that three-dimensional (3D) culture of PHH in natural
or synthetic scaffolds supports cell-cell contacts, cell po-
larization, and preservation of liver functions such as cy-
tochrome P450 (CYP) activities, albumin production,
and glycogen synthesis.'"®*° To improve oxygenation
and medium exchange in hepatocyte cultures, various
perfused 3D culture systems have been developed.*' %’

In the 3D multicompartment bioreactor used in this
study, the cells are maintained in a perfused 3D envi-
ronment allowing for physiological signal exchange
and autocrine or paracrine stimulation, close to the
natural situation in the organ. We have previously
shown that this 3D bioreactor system supports stable
culture of PHH under serum-free conditions**** and
is suitable for differentiation of human embryonic
stem cells (hESC).>%*”

Thus, we hypothesize that the usage of the 3D bioreac-
tor system could improve the hepatic maturation and
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liver-specific functionality of hiPSC-derived hepatocytes
compared with conventional two-dimensional (2D) cul-
tures. The functionality of the cells upon differentiation
in 2D cultures or 3D bioreactors was evaluated by mea-
surement of typical hepatocyte products (albumin,
urea) and CYP activities. Cultures were further character-
ized by means of immunohistochemical investigations,
transmission electron microscopy (TEM), and analysis
of liver-specific mRNA expression. Data from hiPSC-
derived differentiated cells were compared to those
from freshly isolated or 2D cultured PHH.

Materials and Methods
Bioreactor technology
The 3D multicompartment bioreactor consists of three
independent, but interwoven hollow fiber capillary sys-
tems that serve for counter-current medium perfusion
(two medium compartments). Cells are supplied with
oxygen by direct membrane oxygenation through inte-
grated gas capillaries (gas compartment), which are
perfused with an air/CO, mixture. Cells are cultured
in the extracapillary space (cell compartment). The an-
alytical scale bioreactors used in this study have a cell
compartment volume of 2mL. A detailed description
of the technology is provided elsewhere.”®

Bioreactors are operated in a perfusion device with
two modular pump units, one for medium recircula-
tion and one for medium feed. The bioreactor incuba-
tion chamber is heated by two heating units located
inside the chamber, each consisting of a heating car-
tridge and a fan. A platinum measuring resistor moni-
tors the temperature inside the chamber and software is
used to set and maintain the desired temperature. Gas
flow rates and gas compositions are regulated using
electronically operated gas valves for air, CO,, and
the resulting gas mixture (Vogtlin Instruments). Bio-
reactors, tubing systems, and perfusion devices were
manufactured by Stem Cell Systems.

Hepatic differentiation of hiPSC in 3D bioreactors

or 2D cultures

The hiPSC line DF6-9-9T%° (WiCell Research Institute)
was cultured under feeder-free conditions on Nun-
clon™ six-well cell culture plates (ThermoScientific
Nunc™) coated with 8.68 pig/cm® Matrigel (growth fac-
tor reduced). Cells were expanded with the mTeSR™1
medium (StemCell Technologies) with 0.05 mg/mL gen-
tamicin (Merck). Afterward, a total of 100 x 10° hiPSC
were seeded into a precoated bioreactor (8.68 ug/
cm’; Matrigel) and cultured over a total of 20 days.
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Bioreactors were maintained at 37°C, the medium
recirculation rate was 10 mL/min, and the feed rate
was 1 mL/h. Based on daily measurements of the pH,
glucose, and lactate values, CO, and medium perfusion
rates were adjusted, if necessary, to maintain a stable
pH between 7.2 and 7.4 and sufficient glucose levels
(>25mg/dL).

After a proliferation phase of 3 days with mTeSR™1,
differentiation of the cells in 3D bioreactors was induced
based on the protocols described by Hay et al.>***' for
2D cultures. In the first step, differentiation into definitive
endoderm (DE) was induced by perfusion with the Ros-
well Park Memorial Institute (RPMI) 1640 culture me-
dium (Merck) supplemented with 100 ng/mL activin A
(Peprotech), 50 ng/mL Wnt3a (R&D Systems), 1 uM so-
dium butyrate (Sigma-Aldrich), and 2% (v/v) B27 supple-
ments without insulin (Life Technologies) for 3 days.

Subsequently, bioreactors were perfused over 13 days
with a hepatocyte culture medium consisting of basal
medium and single quots (Lonza) and 10 ng/mL hepato-
cyte growth factor (HGF; Peprotech) to induce differen-
tiation of DE-cells to hepatoblasts. For further
maturation to HLC, 10 ng/mL oncostatin M (Peprotech)
was added during the last 4 days of differentiation.

2D cultures were performed in parallel with 3D bio-
reactor cultures for control, applying the same differen-
tiation protocol with daily medium exchange.

Metabolic parameters

The metabolic activity of the cells was assessed by daily
measurement of glucose and lactate concentrations
with a blood gas analyzer (ABL 700; Radiometer).
Potential cell damage was detected by analyzing the re-
lease of lactate dehydrogenase (LDH) using an auto-
mated clinical chemistry analyzer (Cobas® 8000;
Roche Diagnostics) as well as the production of urea
and the albumin precursor protein alpha-fetoprotein
(AFP). Albumin secretion, as a marker for mature he-
patocytes, was detected using an ELISA Quantitation
kit and tetramethylbenzidine (TMB) substrate (both
from Bethyl Laboratories) according to the manufac-
turer’s instructions.
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Culture of PHH

The PHH were isolated from macroscopically healthy
tissue that remained from resected human liver of pa-
tients with primary or secondary liver tumors or be-
nign local liver diseases. Informed consent of the
patients for the use of tissue for research purposes
was obtained according to the ethical guidelines of
the Charité—Universititsmedizin Berlin. Part of the
tissue sample was fixed in formaldehyde for immuno-
fluorescence staining. Cell isolation was performed
according to Pfeiffer et al.>?

Hepatocytes were seeded at a density of 2.0x10°
cells/cm® in six-well plates (BD Sciences) coated with
rat tail collagen. Cells were cultivated using Heparmed
Vito 143 supplemented with 10% fetal calf serum
(PAA), 0.8 mg/mL insulin, 5 mg/L transferrin, 0.003 mg/
L glucagon, 100 U/mL penicillin, and 100 ug/mL strepto-
mycin (all Merck).

Measurement of cytochrome P450 (CYP) isoenzyme
activities

Activities of the pharmacologically relevant CYP isoen-
zymes CYP1A2, CYP2B6, CYP2C9, and CYP3A4 were
measured in (1) undifferentiated hiPSC, (2) HLC differen-
tiated in 2D cultures or (3) 3D bioreactors, and (4) PHH
cultures (24 h after seeding) serving as control. The cells
were incubated with a cocktail containing phenacetin
(Sigma) as a substrate for CYP1A2, bupropion (Toronto
Research Chemicals) as a substrate for CYP2B6, diclofenac
as a substrate for CYP2C9, and midazolam as a substrate
for CYP3A4/5 (both from Sigma-Aldrich). Samples were
taken at 1, 2,4, and 6 h subsequent to substrate application.
An overview of the used substrates, their final concentra-
tions, and the corresponding CYP isoenzymes is provided
in Table 1.

Formed metabolites (acetaminophen, 6-OH-bupropion,
4-OH-diclofenac, 1-OH-midazolam) were quantified
by liquid chromatography tandem-mass spectrometry.
Deuterated 1-OH-midazolam was added as an inter-
nal standard. Separation was carried out using an Acq-
uity UPLC C18 column and eluted fractions were
directly passed through a Xevo TQ-S tandem mass

Table 1. CYP Isoenzymes Tested and Their Corresponding Substrates with Resulting

Products and Applied Concentrations

Enzyme Substrate Product Final concentration [uM] Transition reactions for analysis of probe products
CYP1A2 Phenacetin Acetaminophen 100 152 — 110
CYP2B6 Bupropion 6-Hydroxybupropion 500 256 — 238
CYP2C9 Diclofenac 4’-Hydroxydiclofenac 25 312 — 266
CYP3A4/5 Midazolam 1’-Hydroxymidazolam 10 342 — 324
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Table 2. Applied Biosystems TagMan Gene
Expression Assays

Gene

symbol Gene name Assay ID
POU5F1 POU domain, class 5, transcription factor 1 HS00999632_g1
NANOG Nanog homeobox HS02387400_g1
SOX7  SRY-box 7 HS00846731_s1
SOX17  SRY-box 17 HS00751752_s1

AFP Alpha fetoprotein

ALB Albumin

CYP1A2 Cytochrome P450 family 1
subfamily A member 2

CYP2B6 Cytochrome P450 family 2
subfamily B member 6

CYP2C9 Cytochrome P450 family 3
subfamily A member 4

CYP3A4 Cytochrome P450 family 3
subfamily A member 4

GATA2 GATA binding protein 2 HS00231119_m1

NEFL  Neurofilament, light polypeptide HS00196245_m1

GAPDH Glyceraldehyde-3-phosphate dehydrogenase HS03929097_g1

HS00173490_m1
HS00910225_m1
HS00167927_m1
HS03044634_m1
HS00426397_m1

HS00604506_m1

spectrometer (both from Waters Corp.). Acquired data
were processed with Thermo Xcaliber 20 software
(Thermo Scientific).

Gene expression analysis

RNA was isolated from undifferentiated hiPSC, from
HLC differentiated in 2D cultures or 3D bioreactors,
and from freshly isolated PHH serving as reference cells.
RNA isolation and subsequent cDNA synthesis were per-
formed as described elsewhere.”> Each cDNA template
was mixed with polymerase chain reaction (PCR) Master
mix (Applied Biosystems) and human-specific primers
and probes (TagMan Gene Expression Assay system;
Life Technologies; Table 2). Quantitative real-time PCR
(QRT-PCR) was performed using a Real time cycler
(Mastercycler ep Realplex 2; Eppendorf). The expression
of specific genes was normalized to that of the house-

Table 3. Antibodies Used for Inmunofluorescence Staining
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keeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and fold changes of expression levels
were calculated with the AACt method.™*

Immunofluorescence studies

Immunofluorescence staining was performed with
antibodies listed in Table 3 as described elsewhere®
with following changes for 3D and tissue sections.
The hollow fiber bed was excised en-bloc, fixed with
4% formaldehyde solution (Herbeta Arzneimittel),
dehydrated, paraffinized, and cut into slides of 2.5 um
thickness. Subsequently, the slides were deparaffinized,
rehydrated, and subjected to antigen retrieval in a cit-
rate buffer (pH 6.0) in a pressure cooker for 15 min.
The same procedure was applied to native human
liver tissue serving as a positive control. Nuclei in na-
tive human liver tissue were stained with bisBenzimide
H 33342 trihydrochloride (Sigma).

Ki-67 positive cells were quantified in undifferenti-
ated hiPSC, 2D cultured DE cells, and HLC from 2D
cultures or 3D bioreactors with the open source
image processing program Image] using at least 10 ran-
domly chosen visual fields for each group.

Transmission electron microscopy

For TEM, part of the 3D bioreactor cell compartment
was fixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (both from Serva) over night, fol-
lowed by postfixing in 1% OsO, (Science Services)
with 0.8% potassium ferrocyanide (Merck) in 0.1 M so-
dium cacodylate buffer for 1.5 h. Subsequently, samples
were progressively dehydrated in ethanol and then
embedded in Epon (Serva). Ultrathin sections were
stained with uranyl acetate and Reynold’s lead citrate

Protein symbol Species Manufacturer Cat.-No. Final conc. [g/mL]

Primary antibody

Alpha fetoprotein AFP mouse Santa Cruz Sc-8399 2
Albumin ALB mouse Sigma A6684 67
Cytokeratin 18 CK18 mouse Santa Cruz Sc-6259 2
Cytokeratin 19 CK19 rabbit Santa Cruz Sc-25724 2
Cytochrome P450 1A2 CYP1A2 mouse Santa Cruz Sc-53614 2
Cytochrome P450 2B6 CYP2B6 rabbit Santa Cruz Sc-67224 2
Hepatocyte nuclear factor 4 alpha HNF4A rabbit Santa Cruz Sc-8987 2
Marker of proliferation Ki-67 MKI67 mouse BD Biosciences 556003 10
Multidrug resistance-associated protein 2 MRP2 rabbit Sigma M8316 9
POU domain, class 5, transcription factor 1 OCT3 rabbit Santa Cruz Sc-9081 2
Stage-specific embryonic antigen 4 SSEA4 mouse R&D Systems MAB1435 10
Tight junction protein 1 TIP1 mouse LSBio LS B2228 30
Secondary antibody

Alexa Fluor® 488 anti-mouse goat Life Technologies A-11029 2
Alexa Fluor 594 anti-rabbit goat Life Technologies A-11037 2

Final concentrations are given in ug/mL.
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(Merck) and microphotographs were taken using an
electron microscope EM 906 (Carl Zeiss).

Statistical evaluation

Experiments were performed in triplicates, unless sta-
ted otherwise, and results are presented as mean =+ stan-
dard error of the mean.

The area under curve (AUC) was calculated for time
courses of biochemical parameters and differences be-
tween culture systems were detected with a subsequent
two-tailed Student’s ¢-test. CYP activities of undifferen-
tiated hiPSC were compared with those of HLC from
2D cultures or 3D bioreactors by one-way analysis of
variance (ANOVA) followed by Bonferroni’s multiple
comparison test. Differences in gene expression between
both culture systems were detected by applying an un-
paired, two-tailed Student’s t-test. PHH were compared
with all other groups by one-way ANOVA followed by
Dunnett’s multiple comparison test. Differences were
judged as significant if the p-value was <0.05.

Results

Metabolic activity and integrity of HLC in 2D

cultures or 3D bioreactors

In both culture systems, the metabolic activity of the
cells during hepatic differentiation, assessed by glucose
consumption and lactate production, showed an in-
crease over time (Fig. 1A, B). Average glucose consump-
tion rates were significantly higher (p<0.05) in 2D
cultures than in 3D bioreactors (Fig. 1A). The time
course of lactate production reflected that of glucose
consumption (Fig. 1B). LDH release, indicating cell in-
jury, was significantly higher (p<0.01) in 2D cultures
than in 3D bioreactors during the first 3 days of differ-
entiation, but decreased from day 3 on to basal levels.
In contrast, LDH release in 3D bioreactors remained
on a basal level over the whole culture period (Fig. 1C).

Secretion of stage-specific proteins and metabolites

The synthesis of liver-specific proteins and the activity of
the urea cycle were evaluated during hepatic differentia-
tion. The endoderm-specific marker AFP showed an in-
crease during the hepatoblast differentiation stage,
starting on day 7 in 2D cultures and on day 9 in 3D biore-
actors, but the increase was significantly higher (p<0.05)
in 2D cultures (Fig. 1D). Albumin also showed an in-
crease during the hepatoblast differentiation phase begin-
ning on day 12 of differentiation in 2D cultures and 3D
bioreactors. However, maximum values achieved were
thrice higher in 3D bioreactors than in 2D cultures
(Fig. 1E), although the difference was not significant.

239

Values of urea secretion showed a constant increase
in 3D bioreactors until day 17 to the threefold of secre-
tion rates detected on day 1 of culture. A fluctuating
time course was observed in 2D cultures with peaks
at the beginning of culture and between day 9 and 13
(Fig. 1F). Values approximated those of 3D bioreactors
during the final days of differentiation.

Functional analysis of different cytochrome

P450 (CYP) isoenzymes

To investigate the CYP activity, the ability of the HLC
to metabolize various substrates into their isoenzyme-
specific products was analyzed and compared with
CYP activities of undifferentiated hiPSC and those of
PHH cultures determined 24 h after seeding.

CYP1A2 showed a higher activity in 3D bioreactors
than in 2D cultures, while it was lower compared with
undifferentiated hiPSC or PHH (Fig. 2A). A signifi-
cant CYP2B6-dependent conversion of bupropion to
6-OH-bupropion was observed in 3D bioreactors com-
pared to 2D cultures (p<0.05 Fig. 2B). In contrast,
CYP3A4 showed higher activities in undifferentiated
hiPSC and in 2D cultures than in 3D bioreactors, al-
though the differences were not significant (Fig. 2C).
The isoenzyme CYP2C9 activity was detected neither
in differentiated nor in undifferentiated hiPSC (data
not shown). All enzyme activities investigated were sig-
nificantly higher in PHH than in the HLC generated
from hiPSC in 2D or 3D cultures (Fig. 2A-C).

Gene expression of pluripotency factors,

and endodermal and hepatic markers

The expression of 12 stage-specific genes was compar-
atively analyzed by qRT-PCR in 2D or 3D cultures of
HLC and in freshly isolated PHH (Fig. 3). Expression levels
were plotted relative to those of undifferentiated hiPSC
(d0) to investigate the hepatic maturation state of the cells.

The expression of the pluripotency markers POU5F]I
and NANOG decreased in both culture systems com-
pared to undifferentiated hiPSC, but the decrease was
significantly higher in 2D cultures (p<0.05, Fig. 3A,
B). PHH showed POU5FI levels similar to HLC in
2D cultures, while NANOG expression was similar to
those in 3D bioreactors (Fig. 3A, B).

To exclude differentiation into nonendodermal cells,
markers for mesoderm (GATA?2) and endoderm (neu-
rofilament, NEFL) were analyzed as well. The analysis
revealed a >100-fold increase for GATAZ2 in 3D biore-
actors, which is significantly higher than in 2D cultures
showing an ~ 20-fold increase (Fig. 3C). The expression



Freyer, et al.; BioResearch Open Access 2016, 5.1
http://online.liebertpub.com/doi/10.1089/biores.2016.0027

240

FIG. 1.

>

glucose consumption

LDH release
[mU/h/108 initial cells]

m

albumin production
[ng/h/108 initial cells]

[Mg/h/108 initial cells]

Glucose consumption B
60— AUC,p vs. AUCsp
<0.05 c
p %%‘%%
©
40 ’% % =]
P :
b ¥ g
20 2
8
(&)
K]
0 e . —
0 5 10 15
day of differentiation
LDH release
6- AUCp vs. AUCp
<0.01
54 P <
il
“ g
T
10 o
2{ | &\ :_’
1 \ I<L(
E__!; : ’géié'%@éé
0
0 5 10 15
day of differentiation
Albumin secretion F
6_
AUC,p vs. AUC 55
p>0.05 c
o
2
4 S
T
o
1
(X
% 3
2 5
0+meo4— e —
0 5 10 15

day of differentiation

==- 2D cultures

[Mg/h/108 initial cells]

-

[ng/h/108 initial cells]

[Mg/h/108 initial cells]

Lactate production

604 AUC,p vs. AUC5p
p <0.05
40
20
c I T T I T
0 5 10 15
day of differentiation
AFP secretion
000 AUC,p vs. AUC5p
800 p<0.05
600
400 % %%
/ e \,
200- 5 % v53
/-
1 .,11_/?$ : :
0_
0 5 10 15
day of differentiation
Urea secretion
2.0+

AUCp vs. AUC5p
p <0.05

day of differentiation

-8 3D bioreactors

Metabolic activity of hiPSC during hepatic differentiation in 2D cultures (dotted line) or in 3D
bioreactor cultures (black line). (A) Glucose consumption, (B) lactate production, (C) release of LDH, (D)
secretion of AFP, (E) aloumin production, and (F) urea secretion. Values were normalized to 1x 10° inoculated
cells. AUC was calculated and differences were detected with the unpaired, two-tailed Student’s t-test (3D
bioreactors: n=3, 2D cultures: n=4, mean £+ SEM). AFP, alpha-fetoprotein; AUC, area under curve; 2D, two
dimensional; 3D, three dimensional; hiPSC, human induced pluripotent stem cells; LDH, lactate dehydrogenase;
SEM, standard error of the mean.




Freyer, et al.; BioResearch Open Access 2016, 5.1 241
http://online.liebertpub.com/doi/10.1089/biores.2016.0027
(" )
A B CYP 2B6
: **k%*
‘ **%k%* ‘
SRS .. SN
100001 5 100007 X
© 8500 © 8500
o o
© 7000+ © 7000+
e 50 e 15 *
= o = | —— |
5 1L % 10
S 301 &
E‘ 20+ é‘ 5
2 10 2
o o
m c L) N c L) L)
C CYP 3A4/5
* %k
‘ L kkk
= 13000 ' B [ undiff. hiPSC
@ 120004 = 2D cE.lltures
e 110004 W 3D bioreactors
s 27 PHH
K=
g 91 L
> 10
2 5+
g c T T ﬁ T
FIG. 2. Activities of different cytochrome P450 (CYP) isoenzymes in undifferentiated hiPSC (white), in hiPSC
after hepatic differentiation in 2D cultures (gray) or 3D bioreactors (black), or in PHH (dotted). CYP activities
were determined by measuring the conversion rates of selected substrates into isoenzyme-specific products.
(A) Formation of acetaminophen from phenacetin by CYP1A2, (B) formation of 6-OH-bupropion from
bupropion by CYP2B6, and (C) formation of 1-OH-midazolam from midazolam by CYP3A4/5. Differences in
metabolic activity between undifferentiated hiPSC, 2D cultures and 3D bioreactors, were calculated using one-
way ANOVA with Bonferroni’s multiple comparison test (solid line). In addition, differences between PHH to all
other groups were calculated using one-way ANOVA with Dunnett’s multiple comparison test (dotted line). (3D
bioreactors: n=3, 2D cultures and undifferentiated hiPSC: n=4, PHH: n=5; mean £ SEM), *p <0.05, **p <0.01,
***p<0.001. ANOVA, analysis of variance; PHH, primary human hepatocytes.
|\ J

of NEFL did not change significantly in comparison to
undifferentiated hiPSC (Fig. 3D). PHH showed only
scarce expression of NEFL and GATA2 (Fig. 3C, D).

In contrast, most markers for endoderm and mature
hepatocytes increased in both culture systems. AFP
showed a >60,000-fold increased expression in both
2D cultures and 3D bioreactors, relative to undifferen-
tiated hiPSC (Fig. 3E), and the expression of SOX17
(Fig. 3F), another endodermal marker, showed a
20-fold increase, while PHH showed no relevant ex-
pression of those markers. Since AFP and SOX17 are
markers for both, definitive and extraembryonic endo-
derm, SOX7 (Fig. 3G) was analyzed as a specific marker
for extraembryonic endoderm. The expression of SOX7

was increased in both culture systems and was similar
to that detected in PHH.

Among the markers investigated for mature hepato-
cytes, the highest increase was detected for albumin
(ALB), which was increased in both groups by >2,000-
fold, with 3D bioreactors showing twice the expression
compared to 2D cultures (Fig. 3H).

In contrast, the expression of CYP1A2 was decreased
compared with undifferentiated hiPSC both in 2D cul-
tures and 3D bioreactors (Fig. 3I), which is in line with
the results from activity measurements (Fig. 2A). A de-
crease of mRNA expression was also detected for CYP2B6,
but the expression was still significantly higher in 3D
bioreactors (p<0.05, Fig. 3]) and is in accordance to
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FIG. 3. Gene expression of pluripotency markers (A) Oct-3/4 and (B) Nanog, mesodermal marker (C) GATA-2,
ectodermal marker (D) neurofilament, endodermal markers (E) AFP and (F) SOX 17, extra-embryonic marker
(G) SOX 7 and hepatic markers (H) albumin, (I) CYP1A2, (J) CYP2B6, (K) CYP2C9 and (L) CYP3A4/5 in hiPSC after
hepatic differentiation in 2D cultures or 3D bioreactors, and in PHH relative to undifferentiated hiPSC (d0).
Samples for mRNA expression analysis were taken after hepatic differentiation of hiPSC in 2D cultures (black) or
3D bioreactors (gray). For mRNA expression analysis of PHH (dotted), freshly isolated cells were used. Fold
changes relative to undifferentiated hiPSC were calculated with normalization to GAPDH expression by the
AACt method. Differences in gene expression between 2D cultures and 3D bioreactors were calculated using
the unpaired, two-tailed Student’s t-test (solid line). In addition, differences between PHH and all other groups
were calculated by means of one-way ANOVA with Dunnett’s multiple comparison test (dotted line) (3D
bioreactors: n=3, 2D cultures and undifferentiated hiPSC: n=4, PHH: n=3; mean £ SEM), *p <0.05, **p <0.01,
**%¥p<0.001.
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the findings from activity measurements (Fig. 2B).
Expression of CYP2C9 and CYP3A4/5 was increased
by around 40- or five-fold, respectively, compared
with undifferentiated cells showing no significant dif-
ferences between 2D cultures and 3D bioreactors
(Fig. 3K, L). All markers for mature hepatocytes
showed a distinctly lower expression in HLC than in
PHH, irrespective of the culture system.
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Immunohistochemical characterization

of hiPSC-derived differentiated cells

To determine the amount of proliferating cells before,
during, and after the hepatic differentiation of hiPSC,
an immunofluorescence staining with the proliferation
marker Ki-67 was performed. In cultures of undiffer-
entiated hiPSC, almost all cells (97.7% £ 1.6%) were pos-
itive for Ki-67 (Fig. 4A1). In 2D cultured DE cells,

P
Undiff. hiPSC 2D culture 3D bioreactor Native liver
A B1
+ 100 pm
Oct-3/4
100 pm 100 pm
CK19
100 pm
CK19
100 pm i 100 pm
HNF4a
100 pm 100 pm
MRP2
100 pm
CYP2B6
100 pm i 100 pm
FIG. 4. Immunofluorescence analysis of hiPSC before and after hepatic differentiation in 2D cultures or 3D

bioreactors compared with native human liver tissue. Samples from cultures or liver tissue were stained with (A1-
D1) Ki-67, (A2-D2) SSEA-4 and Oct-3/4, (A3-D3) albumin and CK19, (A4-D4) CK18 and CK19, (A5-D5) AFP and
HNF4o, (A6-D6) TJP1 and MRP2, and with (A7-D7) CYP1A2 and CYP2B6. Nuclei were counterstained with DAPI
(blue) or with bisBenzimide H 33342 trihydrochloride in native human liver tissue (blue). CK19, cytokeratin 19.

~N
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approximately two thirds of the cells (63.6% * 12.6%) were
proliferating (picture not shown). After hepatic differentia-
tion, around one third of the cells were still proliferating in
2D cultures (32.6% +20.4%, Fig. 4B1) and 3D bioreactors
(30.3% +18.7%, Fig. 4Cl1). In the native human liver, no
Ki-67-positive cells could be detected (Fig. 4D1).

The pluripotency markers SSEA4 and OCT3 were
expressed in the majority of undifferentiated hiPSC
(Fig. 4A2), but could not be detected in hiPSC-derived
HLC in 2D cultures (Fig. 4B2) or 3D bioreactors (Fig. 4C2),
or in native human liver tissue (Fig. 4D2). Regarding
the expression of hepatocyte-specific markers, the ma-
jority of cells was positive for albumin in 2D cultures as
well as 3D bioreactors (Fig. 4B3, C3), similar to native
human liver tissue (Fig. 4D3).

Cytokeratin 19 (CK19), characteristic for biliary cells,
was only detected in a few sparsely distributed cells in 2D
cultures (Fig. 4B4), whereas in 3D bioreactors, ring-shaped
cell arrangements lined with cells positive for CK18 and
CK19 were observed, indicating formation of bile duct-
like tubular structures (Fig. 4C4) resembling those occur-
ring in native human liver tissue (Fig. 4D4). Staining for
hepatocyte nuclear factor 4-alpha (HNF4A) showed a
few positive cells, which were negative for AFP in both
2D cultures and 3D bioreactors (Fig. 4B5, C5). This is in
contrast to native human liver tissue where almost all
cells showed immunoreactivity for HNF4A (Fig. 4D5).

Staining of tight junction protein (TJP1) and the
transporter multidrug resistance-associated protein 2
(MRP2) revealed no immunoreactivity in 2D cultures
(Fig. 4B6), while in 3D bioreactors (Fig. 4C6), abundant
cells were positive for TJP1 as indicated by thin borders
between the cells. In the native liver tissue, most of the
cells were double positive for MRP2 and TJP1 (Fig. 4D6).

Immunofluorescence analysis of CYP isoenzymes
showed that most of the cells in 2D cultures and 3D
bioreactors were positive for CYP1A2, but negative
for CYP2B6 (Fig. 4B7, C7), which is in line with the
functional analysis showing higher activities for
CYP1A2. In 3D bioreactors, the inner ring of tubular-
like structures lacked CYP1A2 immunoreactivity indi-
cating a zonation of the cells. In native human liver tis-
sue, cells were positive for both CYP isoenzymes
(Fig. 4D7). The undifferentiated hiPSC were negative
for all liver-specific markers (Fig. 4A3-A7).

Ultrastructural characteristics of hiPSC-derived
differentiated cells

Ultrastructural studies of hiPSC-derived cells after he-
patic differentiation in 3D bioreactors showed a hetero-
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geneous cell population with some similarities to native
liver tissue. Cells displaying a high nucleus to cyto-
plasm ratio indicate the presence of still immature
cells (Fig. 5A). In other areas, cells showed microvilli
at their apical side with abundant cell-cell contacts
consisting of tight junctions and desmosomes indicat-
ing cell polarization typical for hepatocytes (Fig. 5B,
C). The majority of cells contained numerous mito-
chondria, which is also a typical feature of hepatocytes
due to their high metabolic activity. Distinct interdigi-
tations between neighboring cells and rough endoplas-
mic reticulum in the cytoplasm were observed in
addition to well-developed Golgi apparatuses (Fig. 5D).

Discussion

Hepatocytes derived from hiPSC represent a promising
cell source for pharmacological toxicity testing. Although
numerous protocols for the hepatic differentiation of
hiPSC exist and are continuously refined, the obtained
cells still show a fetal phenotype,'®'” and the maturation
state of the obtained cells needs to be further improved.
In this study, we investigated the potency of a dynamic
3D bioreactor technology to promote the hepatic matura-
tion of hiPSC-derived hepatocytes when compared to con-
ventional 2D cultures. The differentiation outcome of
hiPSC cultured in 2D cultures or 3D bioreactors was an-
alyzed by means of metabolic, phenotypical, and func-
tional parameters.

To allow a direct comparison of the two culture sys-
tems, the results for secreted metabolites and proteins
as well as for CYP activities were normalized to the ini-
tial cell number. Potential proliferation activities of HLC
in 2D cultures or 3D bioreactors were quantified by
means of Ki-67 staining. The protein Ki-67 is expressed
during all active phases of the cell cycle (G1, S, G2, mi-
tosis), but is absent in resting cells (G0).>® The quantita-
tive analysis of the Ki-67 staining revealed that at the end
of hepatic differentiation, there was still mitotic activity.
However, since the amount of proliferating cells with
~30% was comparable in 2D cultures and 3D bioreac-
tors, it can be concluded that the observed differences in
metabolite/protein secretion and CYP activities are not
associated with differences in cell growth.

Glucose consumption rates and lactate production
rates as indicators for energy metabolism were doubled
in 2D cultures compared to 3D bioreactors. This could
be caused by the formation of 3D cell aggregates within
the bioreactor leading to a gradient and a differential meta-
bolic activity of cells growing either on the surface or in
the center of the aggregates. It has been reported that
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reticulum (rER), and Golgi apparatus (G).

.

FIG. 5. Ultrastructural characteristics of hiPSC after hepatic differentiation in 3D bioreactors. (A) Cells with a
high nucleus:cytoplasm ratio indicating immature cells (N). (B) Cells with distinct microvilli (Mv) and abundant
cell-cell contacts (arrows) between neighboring cells. (C) Tight junction (TJ) and desmosome (De) between two
neighboring cells. (D) Interdigitations (Id) between two cells with mitochondria (M), rough endoplasmic

J

concentration gradients influence cell differentiation and
tissue formation.’>” Thus, formation of gradients could
also be a reason for the heterogeneous cell population ob-
served in 3D bioreactors as indicated by immunohisto-
chemical analyses and increased GATA2 mRNA expression.

In the described hollow fiber bioreactor, the aggre-
gate size is controlled by the distance between the capil-
laries. In other bioreactor technologies such as stirred
tank vessels, the aggregate size is influenced by the im-
peller design®® and the stirring velocity,” but stirring
can cause shear stress and cell damage.*® Another bio-
reactor technology with minimized shear stress is the

rotating-wall vessel, which consists of a horizontally ro-
tating cylindrical culture vessel with a coaxial tubular
oxygenator avoiding nutrient compartmentalization
and barrier formation.*!

Furthermore, a significantly lower LDH release was
detected in 3D bioreactors compared with 2D cultures.
One possible reason could be a protective effect of 3D
cell aggregates against damage caused by the applied
activin A, which can induce apoptosis.42 However,
LDH is released during both necrosis and apoptosis*’
and therefore does not allow distinguishing between
necrosis and apoptosis. An apoptosis assay would be



Freyer, et al.; BioResearch Open Access 2016, 5.1
http://online.liebertpub.com/doi/10.1089/biores.2016.0027

needed to clarify whether the observed LDH release is
due to apoptosis processes.

AFP expression and secretion were detected in HLC in
both 2D cultures and 3D bioreactors, with significantly
higher secretion rates in 2D cultures. In contrast, albumin
secretion showed a distinctly higher increase in 3D cultures
than in 2D cultures. In vivo AFP is only expressed during
liver embryogenesis, in fetal liver cells, and hepatocellular
carcinomas,** while albumin is produced by differentiated
hepatocytes in the adult liver. Thus, the findings of AFP
and ALB expression indicate a higher maturation grade
of HLC in 3D bioreactors than in 2D cultures.

Expression of AFP in HLC in association with ex-
pression of markers for mature hepatocytes such as
ALB and various CYP isoenzymes has been described
in several studies.”*>* Gieseck et al.*’ also observed
lower AFP secretion rates and higher albumin secretion
rates in 3D clump cultures compared to 2D cultures,
which emphasizes the value of 3D culture systems to
promote hepatic maturation of hiPSC. Since albumin
secretion was still increasing at the end of hepatic dif-
ferentiation, a further maturation could be achieved
by prolongation of the differentiation period.

This finding is supported by the observed increase of
urea secretion in 3D bioreactors. Urea is the major end
product of protein nitrogen metabolism and is synthe-
sized by the urea cycle in the liver from ammonia.
Hence, urea secretion is an important functional
marker for mature hepatocytes. To further validate re-
sults from urea secretion, the expression of enzymes
from the urea cycle such as carbamoyl phosphate syn-
thetase I or transcarbamylase could be analyzed.

In addition to AFP and SOX17 as markers for both,
definitive and extraembryonic endoderm, SOX7 was
analyzed as a specific marker for extraembryonic endo-
derm. The gene expression of SOX7 was similar in HLC
in 2D cultures, in 3D bioreactors, and in PHH, indicat-
ing that the hiPSC-derived HLC did not contain signif-
icant amounts of extraembryonic cells, which confirms
the hepatic origin of AFP and also of SOX17 in this
study. According to the Human Protein Atlas, the
SOX7 expression is strongest in the placenta, but a
weak expression is also found in the human liver.*®

The ability to metabolize drugs through specific CYP
isoenzymes is crucial for potential application of hiPSC-
derived HLC in pharmacological studies. Functional activ-
ities of CYP1A2 and CYP3A4 were detected in both 2D
cultures and 3D bioreactors, while the CYP2B6 activity
was observed only in 3D bioreactors. However, all CYP iso-
enzyme activities were significantly lower in HLC than in

246

PHH. Data from other studies also showed a lower expres-
sion and activity of CYPs in differentiated hiPSC compared
to PHH.>*’ However, since different experimental condi-
tions were used in those studies, a direct comparison of
CYP activities from different publications is difficult.

Measurements of mRNA expression levels revealed that
the pluripotency markers POU5F1 and NANOG were
stronger downregulated in 2D cultures than in 3D biore-
actors. This could be explained by the formation of an
activin A gradient within the 3D cell aggregates. Activin
A recapitulates the nodal signaling pathway in vitro,
which stimulates DE derivation from pluripotent stem
cells.”® In lower concentrations, activin A is used to main-
tain pluripotency of hiPSC' and hESC.>® This could
imply that DE formation is decreased in the center of
the cell aggregates and other factors such as dimethylsulf-
oxide (DMSO) might be required to block the effect of
activin A on the pluripotency.”

On the other hand, the formation of gradients of
activin A and other factors might also promote 3D tissue
formation from HLC by reflecting the physiological situ-
ation in the liver lobule, which is characterized by an ox-
ygen gradient between the periportal and the perivenous
area. This is supported by immunohistochemical and
TEM pictures showing tissue-like organization of the
cells within 3D bioreactors, including bile duct-like struc-
tures characterized by CK18/CK19 double staining. Miki
et al.*® also observed the formation of bile duct-like struc-
tures after hepatic differentiation of hESC in the 3D biore-
actor. Bile ducts are lined with cholangiocytes, which, like
the hepatocytes, originate from the bipotent hepatoblasts.™

Current protocols for direct differentiation of pluripo-
tent stem cells to cholangiocytes and their in vitro gener-
ation from hepatoblasts are to some extent similar to
protocols used for hepatocyte differentiation since they
use factors such as epidermal growth factor, insulin,
and hydrocortisone.”>® De Assuncao et al.”> observed
that cholangiocyte markers already became apparent dur-
ing the hepatic progenitor phase, which would explain the
appearance of cells positive for CK19 in this study.

In addition, abundant tight junctions were detected
by immunohistochemical staining and ultrastructural
analysis using TEM. The presence of tight junctions is a
prerequisite for the formation of bile canaliculi as a char-
acteristic feature of differentiated hepatocytes. In contrast
to tight junction protein, the transporter protein MRP2,
which is expressed in the canalicular (apical) membrane
area of the hepatocyte and contributes to biliary transport,
was negative both in 2D cultures and 3D bioreactor cul-
tures, indicating incomplete cell polarization.
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The detailed comparison of hiPSC-derived HLC with
PHH showed that further improvement of HLC matura-
tion is needed. This could be achieved by combining other
promising differentiation strategies with the 3D bioreactor
culture: for example, differentiation into the mesodermal
direction during DE differentiation, detected by GATA2
expression in the 3D bioreactor, could be excluded by add-
ing specific inhibitors> and cocultivation with primitive
endothelial cells or mesenchymal stem cells could recapit-
ulate the in vivo organogenesis even more closely in the
3D culture.'® In addition, Kim et al.*® could show that re-
peated stimulation of HLC with xenobiotics could im-
prove their metabolizing activity.

A further strategy is based on the usage of an hiPSC
line, which is derived from primary hepatoblasts as al-
ready shown for mouse iPSC.*® This could also im-
prove the hepatic differentiation since recent studies
suggest that iPSC retain a residual donor cell memory,
which may impact their capacity to differentiate into
the cell type of origin.”

Conclusion

In conclusion, the hepatic maturation of hiPSC-derived
HLC was improved in 3D bioreactors compared with
2D cultures in terms of albumin secretion, CYP2B6
activity, and formation of tissue-like structures with
cell-cell contacts. However, some aspects of hepatic
functionality were still insufficient, for example, AFP
was still expressed, and the activity of CYP2C9 and ex-
pression of the biliary transporter MRP2 could not be
detected. The 3D bioreactor could be used to investi-
gate approaches to improve the maturation of hiPSC-
derived hepatocytes and generate fully differentiated
hepatocytes from hiPSC in a physiological-like 3D en-
vironment in the future.
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Abstract. Human induced pluripotent stem cells (hiPSCs) are
a promising source from which to derive distinct somatic cell
types for in vitro or clinical use. Existent protocols for hepatic
differentiation of hiPSCs are primarily based on 2D cultivation
of the cells. In the present study, the authors investigated the
generation of hiPSC-derived hepatocyte-like cells using two
different 3D culture systems: A 3D scaffold-free microspheroid
culture system and a 3D hollow-fiber perfusion bioreactor. The
differentiation outcome in these 3D systems was compared
with that in conventional 2D cultures, using primary human
hepatocytes as a control. The evaluation was made based on
specific mRNA expression, protein secretion, antigen expres-
sion and metabolic activity. The expression of a-fetoprotein
was lower, while cytochrome P450 1A2 or 3A4 activities were
higher in the 3D culture systems as compared with the 2D
differentiation system. Cells differentiated in the 3D bioreactor
showed an increased expression of albumin and hepatocyte
nuclear factor 40, as well as secretion of a-1-antitrypsin as
compared with the 2D differentiation system, suggesting a
higher degree of maturation. In contrast, the 3D scaffold-free
microspheroid culture provides an easy and robust method to
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generate spheroids of a defined size for screening applications,
while the bioreactor culture model provides an instrument for
complex investigations under physiological-like conditions.
In conclusion, the present study introduces two 3D culture
systems for stem cell derived hepatic differentiation each
demonstrating advantages for individual applications as well
as benefits in comparison with 2D cultures.

Introduction

The liver represents the central organ for drug metabolism
and also a main target organ for drug-associated toxicity.
Therefore, the parenchymal cells of the liver, the hepatocytes,
are of special interest for pharmacological and toxicological
investigations.

Primary human hepatocytes (PHH) are considered to
be the gold standard for such investigations, however their
availability is limited and their metabolic activity varies,
primarily due to the mostly unknown genetic backgrounds
of the donors (1). Primary hepatocytes are also isolated from
animals, such as rats, but they have a limited predictability
due to cross-species differences in drug metabolism and
sensitivity (2). Therefore, the development of in vitro culture
models using easy accessible cells of human origin is gaining
increasing scientific interest.

Pluripotent stem cells (PSC) constitute a promising cell
source for the generation of hepatocytes, due to their capacity to
differentiate into all cell types of the organism and their ability
to replicate while maintaining pluripotency. The innovation
of induced pluripotent stem cell (iPSC) technology opened
up the possibility of deriving pluripotent cells from different
donors (3,4) thereby circumventing the ethical concerns
associated with the use of human embryonic stem cells. Thus,
pluripotent cell lines with distinct genotypes can be generated,
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which are of interest in relation to specific disease mecha-
nisms, and to the development of drugs (5,6). These properties
of PSC in combination with the increasing knowledge of the
in vivo embryonic development of hepatocytes (7) have led to
the establishment of several protocols for the in vitro differ-
entiation of PSC into hepatocyte-like cells (HLCs) (8-10).
Current protocols mimic the different stages of the in vivo
development of hepatocytes by the sequential addition of
specific growth factors, like activin A, Wnt3a, hepatocyte
growth factor (HGF) and oncostatin M (OSM) (8,11). Small
chemical molecules, such as dimethyl sulfoxide (DMSO),
bromo-indirubin-3'-oxim and SB431542 (12) can be applied as
well. The generated HLCs demonstrate some characteristics of
hepatocytes, such as susceptibility to hepatitis C virus infec-
tion (13), secretion of hepatic proteins (14,15) and activity of
metabolic enzymes (16,17). However, the drug metabolizing
capabilities of HLCs obtained with current protocols are still
below those of PHH (18). Recent findings suggested that HL.Cs
resemble immature or fetal hepatocytes rather than adult hepa-
tocytes (19,20).

In order to increase the functionality and the maintenance
of HLCs, the use of extracellular matrices (21,22), transcrip-
tion factor overexpression (23,24) or modified cultivation
media (25) were suggested. Further approaches focus on
complex culture systems to provide an organotypic environ-
ment that better approximates the in vivo situation. Cultivation
of cells in a 3D environment facilitates the formation of physi-
ological cell-cell-contacts, which have been demonstrated to
be crucial for the preservation of a mature hepatic pheno-
type (26). Different 3D culture systems were investigated for
hepatic differentiation of PSC, including scaffold-based tech-
nologies (27-29) or scaffold-free culture systems, which rely
on the self-assembly of the cells (17,30). However, due to the
lack of standardized methods to characterize the HLCs after
hepatic differentiation, it is difficult to compare the results
from different approaches and culture models.

In the present study, the authors investigated the hepatic
differentiation of human iPSCs (hiPSCs) in two different
3D culture systems, a scaffold-free microspheroid culture
system and a 3D hollow-fiber perfusion bioreactor (31). The
differentiation outcome in these 3D systems was compared
with that in conventional 2D cultures. All culture systems
were treated with the same differentiation protocol, allowing a
comparative analysis of the generated HLCs at mRNA, protein
and metabolic level. In addition, data from hiPSC-derived
differentiated cells were compared to those from PHH. Based
on the results, promising approaches for the development of
physiologically relevant in vitro liver models were identified.

Materials and methods

Culture of hiPSCs. The generation and characterization of
the hiPSC line SB Adult3 clone 4 (AD3C4) is described by
van de Bunt et al (32). The hiPSC lines AD2C3, AD3C1 and
ADA4C1 were generated and characterized in the same way
from fibroblasts 24245, 23447 and 23801 (Lonza CC-2511,
tissue acquisition numbers are given; Lonza Group, Ltd.,
Basel, Switzerland), respectively. Cells were seeded on
culture plates coated with growth-factor-reduced Matrigel
(Corning Inc., Corning, NY, USA). For expansion, hiPSCs
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were maintained at 37°C, 5% CO, using mTeSR™ 1 medium
(Stemcell Technologies, Inc., Vancouver, BC, Canada) supple-
mented with 100,000 U/1 penicillin and 100 mg/1 streptomycin
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The cells
were passaged with 0.5 mM EDTA (Thermo Fisher Scientific,
Inc.) every 3-5 days, after reaching a confluence of ~70%.

Hepatocyte-like cell differentiation in 2D cultures.
Differentiation of hiPSCs in 2D monolayer cultures (Fig. 1A)
was performed according to Szkolnicka et al (11) with minor
changes.Indetail, hiPSCs were plated onto Matrigel-coated [1:20
diluted in Dulbecco's modified Eagle's medium (DMEM)/F12
medium] 24-well plates and differentiated into definitive endo-
dermal (DE) cells using the STEMdiff™ Definitive Endoderm
kit (Stemcell Technologies, Inc.) according to the manu-
facturer's instructions until day 5. From day 5 to 8 cultures
were maintained in SR-DMSO-Medium [knockout DMEM
supplemented with 20% knockout serum replacement medium,
0.5% GlutaMAX, 1% non-essential amino acids, 0.1 mM
B-mercaptoethanol, DMSO (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and 1% penicillin/streptomycin]. From
day 9 on, hepatocyte maturation medium [HepatoZYME-SFM,
1% GlutaM AX, 1% penicillin/streptomycin, 10 #M hydrocor-
tisone 21-hemisuccinate sodium salt (Sigma-Aldrich; Merck
KGaA), 10 ng/ml human HGF and 20 ng/ml human OSM (both
from PeproTech EC Ltd., London, UK)] was used and renewed
every other day. All reagents were purchased from Thermo
Fisher Scientific, Inc., if not stated otherwise.

Adaptations for differentiation using 3D microspheroids. For
the 3D microspheroid differentiation (Fig. 1B), the first steps
of differentiation were performed in conventional 2D cultures
using 6-well plates as described above. On day 11 of the differ-
entiation process, the cells were detached enzymatically with
TrypLE™ (Thermo Fisher Scientific, Inc.) and plated onto low
attachment 96-well plates. These were prepared by adding 50 ul
of 60°C warm 1.5% agarose (Serva Electrophoresis GmbH,
Heidelberg, Germany)-DMEM/F12 (Thermo Fisher Scientific,
Inc.) solution into each well of the plate (33). Cells were seeded
in these 96-well plates at a density of 10,000 cells/well in 150 pl
of hepatocyte maturation medium. Every other day 100 ul of
the medium were renewed. The method of spheroid formation
was proven with additional hiPSC lines, showing the robust
generation of one spheroid of constant size per well (Fig. 2).

Adaptations for differentiation using perfused 3D bioreactors.
For hepatic differentiation under dynamic conditions, a hollow-
fiber bioreactor technology was used (Fig. 1C). The bioreactor
(StemCell Systems GmbH, Berlin, Germany) consists of inde-
pendent yet interwoven hollow-fiber capillary systems, which
serve for counter-current medium perfusion via two medium
capillary systems and decentralized oxygenation via one gas
capillary system. The cells are cultured in the extra-capillary
space (cell compartment) (31). The cell compartment volume
of the used bioreactors was 2 ml and they were integrated into
a perfusion circuit (StemCell Systems GmbH) with a total
volume of 20 ml. Electronic control of system functions was
provided by a perfusion device (StemCell Systems GmbH)
that contained two modular pump units, a heating unit and a
gas-mixing unit.
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Figure 1. Cultivation systems used for hepatic differentiation of hiPSCs. (A) In the 2D monolayer culture, hiPSCs were differentiated on Matrigel coated
24-well plates. (B) In the 3D scaffold-free microspheroid culture cells were cultivated in 96-well plates. Within one well of the plate, one microspheroid was
generated by self-aggregation of differentiating cells on top of a low attachment surface coated with agarose. (C) In the 3D hollow fiber bioreactor, hiPSCs
were differentiated in the extra-capillary space of the bioreactor. The three capillary systems supply medium (blue and red) and oxygen (grey). The capillaries
were coated with Matrigel on the extra-capillary-side to allow cell attachment. hiPSCs, human induced pluripotent stem cells.
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Figure 2. Microspheroids derived from three different human induced pluripotent stem cell lines at day 18.

Prior to cell inoculation the bioreactors were flushed with
3 mg Matrigel in 5 ml DMEM/F-12 medium and incubated at
RT for 1 h. Afterwards, 1x10% hiPSCs were seeded into each
bioreactor. Cultures were maintained at 37°C, the medium
recirculation rate was 10 ml/min and the feed rate was 1 ml/h.
A mixture of 95% air and 5% CO, was supplied at a flow rate
of 20 ml/min. CO, perfusion rates were adjusted, if required, to
maintain a stable pH between 7.2 and 7.4. After an adaptation
phase of two days with mTeSR™ 1, differentiation of the cells
was performed with the same media compositions as used for
2D cultures. After each differentiation step, the culture medium
was rinsed out by flushing the perfusion circuit with 60 ml of
the culture medium used in the next differentiation step.

Culture of primary human hepatocytes. PHH were isolated
from macroscopically healthy tissue from resected human livers
of patients with informed consent of the patients according
to the ethical guidelines of the Charité Universitidtsmedizin
Berlin (Berlin, Germany). Cell isolation was performed
according to Pfeiffer er al (34). Hepatocytes were seeded at a
density of 2.0x10° cells/cm? in 24-well plates (BD Biosciences,
Franklin Lakes,NJ, USA) coated with rat-tail collagen. Cells were
cultivated using Heparmed Vito 143 supplemented with 0.8 mg/1
insulin, 5 mg/I transferrin, 0.003 mg/1 glucagon, 100,000 U/1
penicillin and 100 mg/1 streptomycin (all from Merck KGaA),
and 10% FCS (GE Healthcare Life Sciences, Chalfont, UK).
PHH were either used directly after isolation (PHH 0 h) or after
24 h of cultivation in 2D culture plates (PHH 24 h).

Glucose and lactate measurements. The metabolic activity of
the cells was assessed by measuring glucose and lactate concen-

trations with a blood gas analyzer (ABL 700; Radiometer,
Copenhagen, Denmark).

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was isolated
using TRIzol™ (Thermo Fisher Scientific, Inc.), following the
manufacturer's instructions. The High Capacity cDNA reverse
transcription kit (Applied Biosystems; Thermo Fisher Scientific,
Inc.) was used to convert 1 ug of RNA to cDNA following the
manufacturer's instructions. The quantitative validation of the
expression of selected genes was performed by RT-qPCR, as
previously described (35). In detail, the Applied Biosystems
StepOne real-time PCR system was applied using custom
PrimerDesign primers (Primerdesign Ltd., Chandler's Ford,
UK) and the SYBR-Green PCR master mix (cat. no. 4368577,
Applied Biosystems; Thermo Fisher Scientific, Inc.), following
the manufacturer's instructions. Primers are listed in Table I.
Reactions were run in triplicate on a StepOne Plus instrument
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Running
conditions were: 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec and 60°C for 60 sec.

Data from RT-qPCR were normalized to multiple internal
control genes (18S, EIF 2A4, f-actin and SDHA) with the
geNorm algorithm as described by Vandesompele et al (36).
Results are presented as fold-changes in gene expression
relative to 2D cultures on day 18 calculated with the AACq
method (37).

Enzyme-linked immunosorbent assay (ELISA). Cell culture
supernatants were clarified by centrifugation and stored at
-20°C until assayed. The secretion of a-fetoprotein (AFP),
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Table I. Primer sequences for the custom real-time PCR (Primerdesign Ltd.).

Gene Gene Forward primer Reverse primer Amplicon
symbol name 5'-3" sequence 3'-5' sequence size (bp)
AFP a-fetoprotein CAGTAATTCTAAGAGTTGCTAAAGGAT CCTGGATGTATTTCTGTAATTCTTCTT 117
AHR Aryl hydrocarbon AATTTTGACCCTGGTTTTTGGATT TGGTTTGGAATAATTGTGAATAGCA 129
receptor
ALB Albumin TGACAAATCACTTCATACCCTTTTT GCATTCATTTCTCTCAGGTTCTTG 118
CXCR4  C-X-C motif CCAAAGAAGGATATAATGAAGTCACT GGGCTAAGGGCACAAGAGA 88
chemokine
receptor 4
CYPIA2 Cytochrome P450 GCCTTCATCCTGGAGACCTT TCAGCGTTGTGTCCCTTGT 82
family 1
subfamily A
member 2
CYP3A4 Cytochrome P450 ACCGTAAGTGGAGCCTGAAT AAGTAATTTGAGGTCTCTGGTGTT 90
family 3
subfamily A
member 4
CYP3A7 Cytochrome P450 AGAGAGATAAGGAAGGAAAGTAGTGA TGTGTACGGGTTCCATATAGATAGA 114
family 3
subfamily A
member 7
HNF4A  Hepatocyte GACCTCTACTGCCTTGGACAA GATGAAGTCGGGGGTTGGA 87
nuclear factor 4o
NANOG Nanog homeobox GCTGTGTGTACTCAATGATAGATTT GAGGTTCAGGATGTTGGAGAG 85
SOX9 SRY-box 9 GGACCAGTACCCGCACTTG AATCCGGGTGGTCCTTCTTG 143
SOX17  SRY-box 17 GTAGAAGGGGATGTCCAAGTAAT TGTGAAGATTAAGGTAAACTGAATGT 144

albumin (ALB) and a-1-antitrypsin (A1AT) was quantified
with an ELISA, using the antibodies provided in Table II and
the protocol as described by Liu et al (38). ELISA plates were
read at 490 nm with a reference wavelength of 630 nm using
a MRX II plate reader (Dynex Technologies, Chantilly, VA,
USA) and the concentration of the appropriate protein in each
sample was calculated from standard curves using MRX II
Endpoint software 2.02 (Dynex Technologies).

Urea analysis. Cell culture supernatants were clarified
by centrifugation and stored at -20°C until assayed. Urea
was measured in the cell culture supernatant without any
additional treatment, using the QuantiChrom™ Urea assay
kit (DIUR-500; BioAssay Systems, Hayward, CA, USA)
according to the manufacturer's instructions.

Immunofluorescence analysis. The 2D cultures were fixed in
4% paraformaldehyde (PFA; Electron Microscopy Science,
Hatfield, PA, USA) in phosphate-buffered saline (PBS) at room
temperature for 10 min. Primary and secondary antibodies
were applied in PBS with 0.5% Triton X-100 and 1% BSA
(both from Sigma-Aldrich; Merck KGaA) and incubated at 4°C
overnight or at room temperature for 1.5 h, respectively. All
primary and secondary antibodies are provided in Table III.

Finally, a nuclear counter stain was performed with 0.8 yg/ml
Hoechst 33342 (Thermo Fisher Scientific, Inc.) in PBS at room
temperature for 30 min. The quantification of immunoreactive
cells was performed with the Cellomics Array Scan V™ and
Cellomics Scan and View Software (version 6.3.1) (both from
Thermo Fisher Scientific, Inc.).

The microspheroids were collected in a 1.5 ml reaction
tube and fixed in 4% PFA (Electron Microscopy Science)
in PBS at 4°C overnight. An ~60°C warm 2% agarose solu-
tion in PBS was prepared, added to the microspheroids and
centrifuged at 20,000 x g for 1 sec. The resulting agarose plug
was dehydrated in a tissue processor (Tissue-Tek VIP; Sakura
Finetek Europe B.V., Flemingweg, The Netherlands), paraf-
finized and cut into slides of 4.0 ym thickness.

For immunohistochemical staining of the bioreactor
cultures the hollow-fiber bed was excised en bloc, fixed with
4% formaldehyde solution (Herbeta Arzneimittel Detlef
Karlowski e.K., Berlin, Germany) at room temperature for 1 h,
dehydrated, paraffinized and cut into slides of 4.0 #m thickness.

Paraffin sections were rehydrated and boiled in 10 mM
citrate buffer (pH 6.0) for 12 min. Pre-blocking was performed
with PBS containing 0.5% Triton X-100 and 1% BSA at room
temperature for 1 h. Antibody staining was performed as
described above. The primary and secondary antibodies used are
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Table II. Antibodies used for analysis of hepatic export proteins using ELISA.

Species and antigen name Type Target Provider, catalog no. Dilution

Rabbit anti-albumin (capture antibody) Polyclonal Anti-human Agilent Technologies, 1:1,000
Inc., A0O001

Mouse anti-albumin antibody (intermediate antibody) Monoclonal Anti-human Sigma-Aldrich, A6684 1:1,000

Rabbit anti-IgGs, HRP conjugated (detection antibody) Polyclonal Anti-mouse Agilent Technologies, 1:1,000
Inc., P0O260

Rabbit anti-AFP (capture antibody) Polyclonal Anti-human Agilent Technologies, 1:2,000
Inc., AOOO8

Rabbit anti-AFP, HRP conjugated (detection antibody) Polyclonal Anti-human Agilent Technologies, 1:2,500
Inc., PO128

Sheep anti-A1AT, HRP conjugated (detection antibody) Polyclonal Anti-human Abcam, ab 8768 1:1,500

Agilent Technologies, Inc.; Sigma-Aldrich; Merck KGaA; Abcam, Cambridge, UK. ELISA, enzyme-linked immunosorbent assay; AFP, a-fetoprotein.

Table III. Primary and secondary antibodies used for immunofluorescence analysis.

Species and antigen name Type Target Provider, catalog no. Dilution

Mouse anti-o-fetoprotein Monoclonal Anti-human Thermo Fisher Scientific, Inc., 1:1,000
180003

Mouse anti-cytokeratin 18 Monoclonal Anti-human Santa Cruz Biotechnology, Inc., 1:100
sc-6259

Rabbit anti-albumin Polyclonal Anti-human Dako Cytomation, AO0O1 1:2,000

Rabbit anti-hepatocyte nuclear factor 4a. Polyclonal Anti-human Santa Cruz, sc-8987 1:100

A488 goat anti-mouse Polyclonal Anti-mouse Thermo Fisher Scientific, Inc., 1:500
A11029

A594 goat anti-rabbit Polyclonal Anti-rabbit Thermo Fisher Scientific, Inc., 1:500
A11037

Thermo Fisher Scientific, Inc.; Santa Cruz Biotechnology, Inc., Dallas, TX, USA.

Table IV. Applied substrates and their corresponding CYP isoenzymes with resulting products and applied concentrations.

Corresponding Final Recorded
Substrate CYP isoenzyme Provider concentration Solutions for elution transitions
Midazolam  CYP3A4/5 Roche 25 uM Double distilled water containing 0.1% 1'-Hydroxymidazolam
Diagnostics formic acid and acetonitrile 342.1-324.0 m/z
GmbH containing 0.1% formic acid
Phenacetin ~ CYP1A2 Sigma-Aldrich 200 uM Double distilled water containing Paracetamol
0.1% formic acid and methanol 152.1-110.1 m/z
containing 0.1% formic acid
Bupropion CYP2B6 Sigma-Aldrich 75 uM Double distilled water containing Hydroxybupropion
0.1% formic acid and methanol 256.1-238.1 m/z

containing 0.1% formic acid

Roche Diagnostics GmbH, Basel, Switzerland; Sigma-Aldrich; Merck KGaA.

detailed in Table III. Finally, the cells were embedded in Roti-  Cytochrome P450 (CYP) analysis. CYP iso-enzyme activi-
Mount FluorCare DAPI (Carl Roth GmbH + Co. KG, Karlsruhe, ties were analyzed based on assays established in previous
Germany). The quantification of marker positive cells was  studies (39,40). A substrate mix containing midazolam, phen-
performed with the Opera Phenix and the Harmony software  acetin and bupropion was prepared in the respective culture
(version 4.1) (both from PerkinElmer, Inc., Waltham, MA, USA). medium without pretreatment for induction. Details of the
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Figure 3. Comparative analyses of three cultivation systems for hepatic differentiation of hiPSCs. The cells were differentiated into HLCs by the use of a
2D monolayer culture, a 3D scaffold-free microspheroid culture and a 3D hollow fibre bioreactor. For all systems identical differentiation media were used
as indicated. Analyses of glucose consumption/lactate production (Gluc/Lac), mRNA expression (RNA), secretion of proteins (sec. protein), urea produc-
tion (Urea), intracellular protein expression (protein) and metabolism of substrates by cytochrome P450 isoenzymes (CYP-Metab.) were performed at the
indicated days. hiPSCs, human induced pluripotent stem cells; HLCs, hepatocyte-like cells.

used substrates, their final concentrations and information
on the LC-MS analysis are provided in Table IV. A medium
blank was used for normalization. In 2D cultures, the assay
was performed on four wells of a 24-well plate and the super-
natants were pooled per time-point. In microspheroids, the
assay was performed in 8 wells of a 96-well plate by collecting
~10 microspheroids/well. Supernatants of the wells were
pooled per time-point. For the bioreactors, 1 ml of a 20-fold
concentrated substrate mix was applied to the bioreactor
system. For all culture systems, samples were taken after O,
1,2 and 6 h.

The supernatants were diluted with quench solution
(20% methanol or acetonitrile with 0.1% formic acid) containing
the stable isotope-labeled metabolite as an internal standard.
LC-MS analysis was performed using the following equip-
ment: HTS-xt PAL autosampler (CTC Analytics AG, Zwingen,
Switzerland), 1290 infinity G4220A binary pump and degasser
(Agilent Technologies, Inc., Santa Clara, CA, USA), MistraSwitch
column oven (Maylab Analytical Instruments GmbH, Vienna,
Austria) and a YMC C18 Triart, 30x2 mm, 1.9 gm (YMC Europe
GmbH, Dinslaken, Germany) column. All ion chromatograms
were recorded on a 6500 Triple Quad (QqQ) LC-MS/MS-system
hybrid mass spectrometer (AB Sciex Pte, Concord, ON, Canada)
equipped with an Iondrive™ Turbo V ion source operated in the
positive electrospray ionization mode. Integration of chromato-
grams as well as determination of peak areas was performed by
Analyst software version 1.6.2 (Applied Biosystems/MDS Sciex).

DNA isolation. RLT buffer (Qiagen GmbH, Hilden, Germany)
was added to a defined number of wells, number of micro-
spheroids or volume of the cell compartment of bioreactors.
The DNA was isolated from the cell extracts by use of the
QIAamp DNA micro kit (Qiagen GmbH) according to the
manufacturer's protocol.

Statistical analysis. Data evaluation and graphical illustration
were performed with GraphPad Prism 5.0 and 7.0 (GraphPad
Software, Inc., San Diego, CA, USA). Experiments were
performed in triplicate, unless stated otherwise, and results
are presented as median + interquartile range. Data for energy

metabolism and secretion of proteins were normalized to the
initial cell number and area under curve (AUC) was calculated.
Data for CYP activities were normalized against the DNA
content at day 18. Differences between the different culture
systems or to PHH were detected applying the Mann-Whitney
test or the unpaired, two-tailed t-test.

Results

Differentiation of hiPSCs to HLCs. The hiPSC line AD3C4
was selected from different previously tested hiPSC lines
generated within the StemBANCC consortium. The compara-
tive study of a 2D cell culture differentiation system (Fig. 1A)
with a 3D scaffold-free microspheroid system (Fig. 1B) and a
perfused 3D hollow-fiber bioreactor (Fig. 1C) was performed
using three independent batches of AD3C4 hiPSCs at the same
passage number. To compare the different culture systems,
mRNA levels and secretion of stage specific markers as well
as immunohistochemical staining and CYP activity were
analyzed (Fig. 3).

Energy metabolism.In order to evaluate the energy metabolism
during hepatic differentiation of hiPSCs, the glucose consump-
tion rates and lactate production rates were determined at the
time of medium exchange (2D culture, microspheroids) or
daily (bioreactor). Glucose consumption and lactate produc-
tion rates increased in 2D cultures and microspheroids
during the first 6 days of differentiation. Following this,
rates continuously declined in both culture systems during
the whole differentiation period (Fig. 4A). The bioreactor
cultures showed a slight increase of glucose consumption and
lactate production rates during the first 2 days of differen-
tiation and afterwards also a continuous but slight decrease
until the end of hepatic differentiation. At the end of differ-
entiation, these values were comparable to 2D cultures and
microspheroids (Fig. 4A). The AUC for glucose consumption
was significantly higher in 2D cultures and microspheroids
compared with bioreactors (p<0.0001). The time course of
lactate production mirrored that of glucose consumption and
the AUC for lactate production was also significantly higher
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Figure 4. Energy metabolism of hiPSCs during hepatic differentiation in 2D cultures (2D, circles), MS (squares) or BR (triangles). (A) Glucose consumption
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in 2D cultures and microspheroids compared with bioreactors
(p<0.0001) (Fig. 4B)

Gene expression profiling of hiPSC-derived HLCs. To
evaluate the maturation state of the HLCs obtained in the
different culture systems compared to freshly isolated and
cultured PHH, the mRNA expression of stage-specific genes
was analyzed and calculated in relation to 2D differentiated
HLCs at day 18. The expression of the pluripotency-associated
homeobox gene Nanog (NANOG) was downregulated in HLC
relative to undifferentiated hiPSCs, irrespective of the culture
system (Fig. 5A). Within the HLC and PHH groups, the 2D
differentiated HLCs expressed the highest amount of NANOG.
The DE markers SRY-box 17 (§OX17) and C-X-C motif chemo-
kine receptor 4 (CXCR4) peaked at day 5 in 2D cultures and
showed subsequently a downregulation (Fig. 5B and C). The
significantly higher expression of AFP in the HLCs compared
to cultured PHH (p<0.0001) demonstrated the immature
properties of the in vitro generated cells. Within the in vitro
generated cells, the 2D HLCs displayed a significantly higher
expression of AFP compared to HLCs derived in the bioreactor
(p=0.0477), and a higher, although not significant, expres-
sion than the microspheroids. There was also a significantly
lower AFP expression in cultured PHH compared to freshly
isolated PHH (p=0.032) (Fig. 5D). The cholangiocyte marker
SRY-box 9 (§OX9) showed the highest expression in HLCs
from 2D cultures and bioreactors (Fig. SE). Microspheroids
and cultured PHH expressed significantly lower amounts of
SOX9. Expression of the hepatocyte marker ALB was highest
in freshly isolated PHH and showed a significant drop after
24 h of cultivation (p=0.0028) (Fig. 5F). HLCs derived in the
bioreactor expressed ALB at a higher amount compared to
2D HLCs and microspheroids indicating a higher degree of
maturation in the bioreactor system. The expression of hepa-
tocyte nuclear factor 400 (HNF4A) was significantly higher in
HLCs as compared to cultured PHH (p=<0.0003) (Fig. 5G).
Among the HLCs, cells derived in the bioreactor expressed
significantly more HNF4A than cells generated in 2D or in
microspheroids (p<0.0059). Furthermore, there was a signifi-
cant drop of HNF4A expression in cultured PHH compared
to freshly isolated PHH (p<0.0001). Regarding the expression
of metabolic enzymes, the CYP3A4 expression presented a

significant decrease from freshly isolated PHH to cultured
PHH and a further decrease from cultured PHH to all in vitro
generated HLCs (p<0.0142) (Fig. 5SH). The highest CYP3A7
expression among the HLCs could be detected in the bioreactor
system. There was again a significant decrease of CYP3A7
expression from freshly isolated PHH to PHH cultured over
24 h (p<0.0001) (Fig. 5I). CYPIA2 indicated only a marginal
expression in HLCs in all culture systems. In contrast, freshly
isolated PHH demonstrated a high expression, which however
significantly decreased within 24 h of cultivation (Fig. 5J).
The nuclear receptor aryl hydrocarbon receptor (AHR) was
expressed in the in vitro systems at levels positioned between
freshly isolated PHH (high expression) and cultivated PHH
(low expression) (Fig. 5K). In conclusion, among the in vitro
systems the bioreactor system showed the highest matura-
tion stage on mRNA expression level, but was still lower as
compared to freshly isolated PHH.

Secretion of hepatic proteins and metabolites by HLCs. The
detection of secreted hepatic proteins allows an estimation
of the differentiation status of the cells over time. The secre-
tion of AFP increased in all culture systems from day 9 until
day 13 and subsequently decreased until day 18 reaching
basal levels (Fig. 6A). Secretion of ALB and A1AT could be
detected only in the bioreactors from differentiation day 9 and
11 onwards, respectively (Fig. 6B and C). Urea production was
significantly higher in the microspheroids than in 2D cultures
(p=0.0027) or bioreactors (p=0.0022) and peaked at day 13
of differentiation (Fig. 6D). However, the strong production of
urea decreased subsequently to a lower level as compared to
the 2D cultures and bioreactors, which produced a constant
level of urea from day 11 onwards (Fig. 6D). Compared to the
2D cultures, cells in the bioreactor produced significantly less
urea (p=0.0021).

Immunohistochemical characterization of HLCs. Immuno-
histochemical analysis of liver-specific markers was
performed to characterize the cell composition in the different
culture systems at day 18 (Fig. 7A-C). The hepatocyte marker
HNF4A was detectable in half of the cells in the 2D cultures,
whereas this proportion was lower in the microspheroids
and bioreactors (Fig. 7D-F and J). A shift from the nuclear
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Figure 5. Gene expression of hiPSC derived hepatocyte-like cells in 2D cultures, microspheroids, bioreactors or in PHH. The mRNA expression of (A) NANOG,
(B) SOX17,(C) CXCR4, (D) AFP, (E) SOX9, (F) ALB, (G) HNF4A, (H) CYP3A4, (1) CYP3A7,(J) CYPIA2 and (K) AHR is shown. Samples for expression
analysis were taken before (hiPSC day 0) and after hepatic differentiation of hiPSC in 2D cultures (2D day 18), microspheroids (MS day 18) or bioreactors
(BR day 18). In addition, samples were taken after definitive endodermal differentiation in 2D cultures (2D day 5). Further, mRNA samples from freshly
isolated (0 h) or 2D cultured PHH (24 h) were used for expression analyses. Differences in gene expression between groups were calculated using the
Mann-Whitney test. Data from day 0 and 5 were not included in comparative statistics because the aim was to compare the different culture systems among
each other and to the current ‘gold-standard’, the cultured PHH. p<0.1 are given in the graphs [median and data points of 3 resp. 6 (for 2D cultures) independent
experiments plus technical replicates (three per experiment) are shown]. hiPSC, human induced pluripotent stem cells; PHH, primary human hepatocytes;
MS, microspheroids; BR, bioreactors; NANOG, Nanog homeobox; SOX17, SRY-box 17; CXCR4, C-X-C motif chemokine receptor 4; AFP, a-fetoprotein;
SOX9, SRY-box 9; ALB, albumin; HNF4A, hepatocyte nuclear factor 4a; CYP3A4, cytochrome P450 family 3 subfamily A member 4; CYP3A7, cytochrome
P450 family 3 subfamily A member 7; CYP1A2, cytochrome P450 family 1 subfamily A member 2; AHR, aryl hydrocarbon receptor; d, day.

staining to a diffuse cytoplasmic and weak nuclear staining  In contrast, cytokeratin 18 (CK18) was detectable at similar
was obvious, implying a possible downregulation of HNF4A. levels in all culture systems (Fig. 7D-F and K). The fetal
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hepatic marker AFP was present in three quarters of the
cells in the 2D culture system, which was significantly
higher compared to the microspheroids (p<0.0001) and the
bioreactors (p=0.0004 (Fig. 7G-I and L). The number of
ALB-positive cells was significantly higher in 2D cultures
(p=0.0017) and bioreactors (p=0.0476) compared with micro-
spheroids (Fig. 7G-I and M). Cells double-positive for AFP
and ALB, which indicate a transition from fetal-like to mature
hepatocytes, were present in all in vitro culture systems, with
a significant lower amount in microspheroids compared to
2D cultures (p=0.0254) (Fig. 7N). In addition, the immu-
nohistochemical analysis revealed an irregular distribution
of cells positive for HNF4A or ALB in 3D culture systems.
Furthermore, the microspheroids showed a decrease in size
with increasing culture time and holes could be detected
within the spheroids and in the aggregates from the bioreactor
at day 18.

CYP3A4 activity of HLCs in different culture systems.
The basal capacity of CYP-dependent drug metabolism
was examined in the HLC cultures by the application of
substrates for CYP1A2 (phenacetin), CYP2B6 (bupropion)
and CYP3A4/5 (midazolam). Activity of CYP2B6 could not
be detected in HLCs irrespective of the cultivation system
(data not shown). Data, normalized against the DNA content,
measured at the day of the CYP analysis, showed a turnover
of phenacetin in the linear range of the quantification method
only for HLCs from the bioreactor and in PHH 2D-cultured
for 24 h (Fig. 8A). In comparison to PHH the CYP1A2
activity of HLCs was ~5 times lower in the bioreactor and

not detectable in 2D cultures and 3D microspheroids, which
is in line with the finding of marginal mRNA expression of
CYPIA2 (Fig. 5J). Activity of CYP3A4/5 was detectable in
all HLC samples, but also in undifferentiated hiPSCs and
PHH (Fig. 8B) which corresponds to the mRNA expres-
sion data (Fig. 5J). The CYP3A4/5 activity of PHH was
significantly higher compared to all HLC culture systems
(p=<0.0007). Cells obtained in the microspheroids had a
slightly higher activity compared to the bioreactors and the
2D cultures. The lowest activity was detectable in the undif-
ferentiated hiPSCs.

Discussion

Human iPS cells are of interest as a source for human hepato-
cytes including their possible use in pharmacological analyses
and toxicity testing, ideally to gain sophisticated data in vitro.
To date hiPSC-derived hepatocytes still show an immature
phenotype and lack the functional range of their in vivo coun-
terparts (19,20). In the present study, the propensity of two
different 3D culture systems to enhance hepatic maturation
of hiPSCs was investigated: i) Scaffold-free microspheroids
based on the self-aggregation of pre-differentiated cells,
and ii) a hollow-fiber bioreactor based on interwoven capil-
lary systems, which form an adhesion scaffold for the cells
residing in the extra-capillary space. The compared culture
systems differ in their culture characteristics, for example in
the bioreactor, cells are supplied with nutrients and oxygen
via perfusion, and mass exchange is mainly influenced by
perfusion rates and substance properties. In contrast, micro-
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Figure 7. Expression of liver-specific immunohistochemical markers in human induced pluripotent stem cell-derived hepatocyte-like cells in 2D cultures
(2D day 18), MS (day 18) or BR (day 18). (A-C) Bright-field images of the three culture systems at the day of analysis. (D-N) Expression of (D-F and J)
HNF4A, (D-F and K) cytokeratin 18, (G-I, L and N) AFP and (G-I, M and N) ALB was determined by quantitative analysis of immunofluorescence pictures.
Differences between groups were determined with the unpaired, two-tailed t-test (2D cultures: n=6; MS and BR: n=3, median of biological replicates + inter-
quartile range). p<0.1 are given in the graphs. Scale bars correspond to 100 ym. d, day; MS, microspheroids; BR, bioreactors; HNF4A, hepatocyte nuclear

factor 4a; CK18, cytokeratin 18; AFP, a-fetoprotein; ALB, albumin.

spheroids are maintained under static conditions and their size
influences the supply of oxygen and nutrients to the center of
the 3D cell aggregates. However, both 3D cultivation systems
may support the formation of an in vivo like cell-cell interac-
tion and microenvironment as already shown for PHH (41,42).

To evaluate the differentiation process and the maturation
state of the obtained cells, metabolic parameters, secretion and
expression of stage-specific markers, as well as CYP enzyme
activities, were analyzed in comparison to 2D cultures, using
freshly isolated or cultured PHH as controls.

Since the bioreactors and the microspheroids do not allow
microscopic analysis on a cellular level of the cells during
culture, alternative read outs were used to monitor the differ-

entiation process. Therefore, glucose consumption and lactate
production were analyzed to evaluate the metabolic activity of
hiPSCs in the different culture systems over time. The high rate
of glucose consumption and lactate production at the begin-
ning of differentiation in all systems is in consistence with the
known glycolytic state of undifferentiated hiPSCs (43). With
increasing length of culture, both rates decreased in all culture
systems which could be explained either by a decreased cell
proliferation or by a shift to oxidative phosphorylation as an
energy source in association with cell differentiation (43).
The finding of cell differentiation is also supported by the
observed downregulation of the pluripotency marker NANOG,
a temporal peak of DE markers and an upregulation of hepatic
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Figure 8. Activities of different cytochrome P450 (CYP) isoenzymes in
hiPSC-derived hepatocyte-like cells in 2D cultures on day 18 (2D day 18),
MS on day 18 (MS day 18), BR on day 18 (BR day 18), in undifferentiated
hiPSCs on day 0 (hiPSC day 0) or in PHH 24 h after seeding. CYP activities
were determined by measuring the formation of (A) acetaminophen from
phenacetin via CYP1A2 and (B) the formation of 1-OH-midazolam from
midazolam via CYP3A4/5. Differences in metabolic activity between undif-
ferentiated hiPSCs, 2D cultures, microspheroids, bioreactors and PHH were
calculated using the unpaired, two-tailed t-test (hiPSC day O cultures and
2D day 18 cultures: n=6; microspheroids day 18, bioreactors day 18 and adult
PHH: n=3; median of biological replicates + interquartile range). p<0.1 are
given in the graphs. Values are normalized to the DNA content on day 18.
n.d., not detected; d, day; hiPSCs, human induced pluripotent stem cells;
PHH, primary human hepatocytes; MS, microspheroids; BR, bioreactors.

markers on mRNA level, although the extent of downregula-
tion and upregulation varied between the compared culture
systems. For example, the mRNA expression of the hepatic
markers ALB, CYP3A4 and HNF4A [important for the activa-
tion of CYP3A4 (44)] was significantly higher in bioreactors
compared to 2D cultures, indicating a more mature state of the
HLC:s in the bioreactors. Moreover, expression of SOX9, which
is weakly expressed in hepatoblasts and strongly in cholangio-
cytes (45) was observed in 2D cultures and bioreactors and
was even higher than in freshly isolated PHH. This finding
can be explained by the generation of cholangiocytes in these
two differentiation systems in accordance to observations by
Freyer et al (39) and Miki ef al (46). Another explanation for
the detected SOX9 expression may be the presence of bipotent
progenitors (hepatoblasts) in the differentiated cell popula-
tions. This assumption is supported by De Assuncao et al (47),
who developed a protocol for cholangiocyte differentiation
from hiPSCs and observed an increase in cholangiocyte
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markers already during the hepatic progenitor phase. AFP
expression was still significantly higher in HLCs than in PHH,
although the 3D culture systems demonstrated a significant
downregulation compared to the 2D culture. The downregula-
tion of AFP expression during hepatic maturation has been
challenging in hepatic differentiation protocols (17,22). The
significant decrease of mRNA expression levels of hepatic
markers such as ALB, HNF4A and CYP3A4 in cultured PHH
compared to freshly isolated PHH underlines again the impor-
tance of appropriate culture models to maintain the hepatic
phenotype. Additionally, it demonstrates the difficulty to get
standardized controls for hepatic differentiation approaches.

The finding of a more mature state of HLCs in bioreactors
as compared with the other culture systems under investigation
is supported by the detection of ALB and AIAT protein secre-
tion solely in the culture perfusate of the bioreactors. However, it
cannot be excluded that the absence of ALB and A1AT detection
in the microspheroids and in 2D cultures is due to the low ratio of
cell number to culture volume in 2D cultures (0.4x10° cells/ml)
and in microspheroids (0.07x10° cells/ml) as compared with a
ratio of 5x10° cells/ml in the bioreactors. Thus, the measured
parameters are much more diluted in 2D cultures and in
microspheroids than in the bioreactor system, and thus ALB
and AIAT may be under the detection limit. This underlines
another characteristic of the bioreactor system, which enables
high-density culture of the differentiated cells. An exception to
this observation was the high peak in urea secretion detected for
microspheroids on day 13. This may be explained by the fact that
the HL.Cs were subjected to cell stress during enzymatic detach-
ment and cell reseeding for microspheroid formation on day 11.
This is in line with findings from studies using PHH, which
also showed a peak for urea secretion at the first day in culture
together with a high enzyme release, which was attributed to cell
stress during the preceding isolation procedure (40,48).

The results from protein secretion are in line with the
analysis of the marker expression by immunohistochemistry
showing the highest ratio of ALB to AFP positive cells in the
bioreactors. In contrast, the amount of HNF4A positive cells
was highest in 2D cultures whereas for CK18 positive cells
no distinct differences between the culture systems could be
detected. In addition, immunohistochemical analysis of the
3D cell aggregates in microspheroids and bioreactors revealed
a heterogeneous cell population which may be a result of
gradient formation of differentiation promoting factors since
it has been reported that concentration gradients influence cell
differentiation and tissue formation (49,50).

The basal metabolic activity of CYP1A2 and CYP3A4 of
the in vitro generated cells was distinctly lower as compared
to PHH. However, cells in the 3D systems displayed a higher
CYP-functionality than 2D cultures, in line with previous
studies showing increased CYP activities of PSC-derived
hepatocytes in 3D models compared to 2D cultures (27,29,51).
However, for pharmacological and toxicological applications
of hiPSC-derived HLCs, a further increase of basal CYP
activities would be desirable to approximate the functionality
of PHH as the current gold standard for in vitro drug testing.
The authors focused on basal CYP activities, since application
for pharmacological and toxicological studies may require the
opportunity to detect an induction by the test-compound, which
may be masked by the routine use of an inducer (e.g. rifampin).
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To further confirm the present results, both basal and induced
levels of CYP-activities, should be measured in future studies
to judge the metabolic capabilities of HLC derivatives. Beside
the 3D cultivation, an extended culture duration may increase
the activity of CYP enzymes as described by Gieseck et al (29).
In addition, repeated exposure to xenobiotics, mimicking the
process of in vivo drug metabolizing maturation during the first
years of childhood (52), may be another approach to further
increase CYP activity in future models (17).

Normalization of the results. The cells in the different culture
systems may behave differently, thereby influencing the
parameters used for normalization. Hence, to allow a detailed
comparison of different culture systems the method of normal-
ization needs to be considered carefully. Therefore, in the present
study, the authors used two different methods for normalization.
The initial cell number reflects the hiPSC number plated on
2D culture plates or injected into the bioreactor. In both systems
the hiPSCs were subsequently cultured for one or two days in
mTeSR™1 medium, leading to the proliferation of the hiPSCs
and therefore to an unknown cell number at the start of differ-
entiation. In addition, the cells still proliferated within the early
differentiation phase as indicated by glucose consumption and
lactate production. In contrast, for the microspheroid system
the cell number reflects the number of differentiated cells at the
start of the spheroid formation at day 11. At this differentiation
stage, the cells have a low proliferation rate or have ceased to
proliferate. Therefore, the values of energy metabolism and
protein secretion obtained for the 2D cultures and bioreactors
are probably overestimated, whereas for the microspheroid
culture the values may represent more closely what is really
expressed per cell. For the analysis of the CYP activities, which
was performed only on day 18 of differentiation, the authors
determined the DNA content at day 18 and used these values for
normalization of CYP activities. This method is more accurate
for day 18, but it does not reflect the cell number at the begin-
ning of culture and during the differentiation. In conclusion,
both methods have their valid reasons for being used.

To conclude, the HLCs generated in the described culture
systems still demonstrate an immature hepatic phenotype when
compared to PHH and there have been recent expert work-
shops (53), which attempt to move the field forward. However,
the 3D systems, particularly the bioreactor, seem to increase the
developmental state of the cells as compared with 2D cultures,
which may be due to the more physiological environment
in complex 3D culture systems. It can be concluded that the
choice of the culture system for HLCs depends primarily on the
intended application: The bioreactor system provides an in vitro
instrument for complex analyses, e.g., studies on the physiology
and pathophysiology of cell differentiation, or on complex effects
of xenobiotics. In contrast, microspheroids, due to their easy and
cost-efficient handling, could be used for investigation of a higher
number of drug candidates where a certain culture complexity is
desired. Thus, both culture systems open the perspective for the
development of improved in vitro hepatocyte models.
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Abstract: The derivation of hepatocytes from human induced pluripotent stem cells (hiPSC) is of great
interest for applications in pharmacological research. However, full maturation of hiPSC-derived
hepatocytes has not yet been achieved in vitro. To improve hepatic differentiation, co-cultivation
of hiPSC with human umbilical vein endothelial cells (HUVEC) during hepatic differentiation was
investigated in this study. In the first step, different culture media variations based on hepatocyte
culture medium (HCM) were tested in HUVEC mono-cultures to establish a suitable culture medium
for co-culture experiments. Based on the results, two media variants were selected to differentiate
hiPSC-derived definitive endodermal (DE) cells into mature hepatocytes with or without HUVEC
addition. DE cells differentiated in mono-cultures in the presence of those media variants showed a
significant increase (p < 0.05) in secretion of x-fetoprotein and in activities of cytochrome P450 (CYP)
isoenzymes CYP2B6 and CYP3A4 as compared with cells differentiated in unmodified HCM used
as control. Co-cultivation with HUVEC did not further improve the differentiation outcome. Thus,
it can be concluded that the effect of the used medium outweighed the effect of HUVEC co-culture,
emphasizing the importance of the culture medium composition for hiPSC differentiation.

Keywords: human induced pluripotent stem cells (hiPSC); hepatic differentiation; human umbilical
vein endothelial cells (HUVEC); co-culture

1. Introduction

Human induced pluripotent stem cells (hiPSC) hold great promise for application in cell
therapies [1], but also in disease research [1,2] and drug toxicity testing with in vitro models [3].
In pharmacological research, there is a particular need for hepatic cells due to the central role of
the liver in drug metabolism and toxicity [4,5]. Previous in vitro studies on hepatic drug toxicity
using hepatocyte-like cells (HLC) differentiated from hiPSC showed promising results [6,7]. Despite
these encouraging outcomes, the efficiency of the differentiation process of hiPSC towards functional
HLC for further use, including hepatotoxicity assessment, remains low [8]. Several research groups
managed to generate hiPSC-derived HLC with 60% [9] up to 80-85% [10] of differentiated cells
being characterized by the expression of several hepatic markers, including albumin. However,
hiPSC-derived HLC showed only 10% of the urea and albumin production capacity compared with
primary human hepatocytes [9] and cytochrome P450 (CYP) isoenzyme activities of the generated HLC
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were almost 30-fold lower than those of primary human hepatocytes [9]. Baxter et al. characterized
human embryonic stem-cell derived HLC as being similar to fetal rather than to adult hepatocytes
in terms of their metabolic profile [11]. Therefore, further improvement of the differentiation and
maturation process is needed to generate fully functional HLC for clinical or in vitro use.

Current protocols for differentiation of hiPSC towards HLC mostly use a variation of a three-step
differentiation protocol including differentiation into definitive endoderm (DE) cells, generation of
hepatoblasts and further maturation into HLC [12]. DE differentiation is generally induced by the use
of activin A [13,14] and Wnt3a [13,15]. Differentiation into hepatoblasts is supported by the addition
of fibroblast growth factors (FGF) and bone morphogenetic proteins (BMP) [16,17] and hepatocyte
maturation is induced by using hepatocyte growth factor (HGF) as well as oncostatin M (OSM) [18].
In addition to the optimization of the differentiation media and supplements, overexpression of
hepatic transcription factors such as hepatocyte nuclear factor 4 « (HNF4A) [19] and manipulation of
miRNA expression [20,21] were investigated aiming to improve hepatic maturation of hiPSC. Further
support of the maturation of gained HLC was achieved by transferring the differentiation process to a
3D-culture system [6,22,23].

A promising approach to enhance the differentiation outcome and hepatic functionality of
hiPSC-derived HLC can be seen in applying co-cultures with non-parenchymal liver cells. Matsumoto
et al. observed that endothelial cells are essential for early organ development prior to the formation of
a functioning local vasculature [24]. Takebe and colleagues recapitulated the early liver development
by cultivating hiPSC-derived endodermal cells with human umbilical vein endothelial cells (HUVEC)
and human mesenchymal stem cells. The observed expression profiles in the resulting hiPSC-liver
buds were closer to native human liver tissue than hiPSC-derived HLC differentiated without HUVEC
co-culture [25]. Since the cell behavior within such co-cultures relies on specific media compositions,
special attention has to be given to the co-culture medium used to provide suitable conditions for all
included cell types.

Within the scope to develop a co-culture model consisting of hiPSC-derived DE cells and HUVEC,
a two-step approach was applied as shown in Figure 1. First, culture media used for endothelial cells
or hepatocytes as well as mixtures thereof were tested in HUVEC mono-cultures. Based on the results,
two of those media were selected to differentiate hiPSC-derived DE cells into mature hepatocytes in the
presence or absence of HUVEC. Hepatic differentiation of hiPSC in mono- or co-cultures was assessed
by measuring the protein and gene expression of stage-specific markers as well as the functionality of
pharmacological relevant CYP isoenzymes.

Testing of different culture medium compositions in HUVEC mono-cultures
« Endothelial cell growth medium (EGM complete)
* Hepatocyte culture medium (HCM-I)
* HCM-I + EGM complete mixed at a ratio of 1:1
¢ HCM-| + EGM supplements

l

| Selection of media compositions for co-culture with hiPSC |

Hepatic differentiation of hiPSC — derived DE cells Hepatic differentiation of hiPSC — derived DE cells
in mono-cultures in co-cultures with HUVEC

* Hepatocyte culture medium (HCM-I/11)

* HCM-I/Il + EGM complete mixed at a ratio of 1:1 * HCM-I/Il + EGM complete mixed at a ratio of 1:1

* HCM-I/Il + EGM supplements * HCM-I/Il + EGM supplements

!

| Comparative evaluation of differentiation outcome |

Figure 1. Schematic outline of experimental procedures for media testing in mono-cultures of human
umbilical vein endothelial cells (HUVEC, white boxes) and for hepatic differentiation of hiPSC-derived
definitive endodermal (DE) cells with or without HUVEC (grey boxes). Different mixtures of hepatocyte
culture medium (HCM) and endothelial cell growth medium (EGM) were tested. Colors used for the
different media compositions correspond to those used in the graphs.
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2. Results

As a prerequisite for co-culture, a culture medium permitting endothelial cell maintenance during
differentiation of hiPSC-derived DE cells towards the hepatic fate had to be determined. Therefore,
HUVEC were cultured in the presence of 100% endothelial cell growth medium, consisting of basal
medium and supplements (EGM complete), 100% hepatocyte culture medium (HCM-I), HCM-I and
EGM complete mixed at a ratio of 1:1 (HCM-I + EGM complete) or HCM-I enriched with endothelial
cell growth supplements (HCM-I + EGM supplements).

2.1. Effect of Culture Media Variations on Mono-Cultures of Human Umbilical Vein Endothelial
Cells (HUVEC)

The use of pure HCM-I for HUVEC cultivation resulted in rapid cell disintegration and
detachment and was therefore not further evaluated (data not shown). The results from HUVEC
cultures treated with HCM-I + EGM complete, with HCM-I + EGM supplements or with EGM
complete as control are shown in Figure 2. The curve progressions displaying glucose consumption
rates of HUVEC cultivated in EGM complete or HCM-I + EGM complete were similar, showing an
increase until day 4 and a slight decrease until day 6 followed by a slow, but stable increase until
day 14 (Figure 2A). Values were only marginally lower in HCM-I + EGM complete than in EGM
complete. In contrast, HUVEC grown in HCM-I + EGM supplements showed considerably lower
glucose consumption rates over the whole culture period (Figure 2A). Values of lactate production
mirrored those of glucose consumption (Figure 2B). Release of lactate dehydrogenase (LDH) as a
marker for cell damage was detected at basal levels of maximally 3 U/L for all conditions (data not
shown). Gene expression analysis of the endothelial cell markers platelet and endothelial cell adhesion
molecule 1 (PECAMT1) and von Willebrand factor (VWF) revealed a 3- to 3.5-fold increase in PECAM1
gene expression and a 4-fold increase in VWF gene expression when using EGM complete or HCM-I +
EGM complete (Figure 2C,D). In contrast, the expression levels of both, PECAM1 and VWF, remained
stable in HUVEC cultured in HCM-I + EGM supplements throughout the culture period of 14 days.

In accordance to the results of glucose and lactate measurement, cultures grown in EGM complete
showed the highest cell density (Figure 3A), followed by those cultured in HCM-I + EGM complete
(Figure 3B). Cultivation in HCM-I + EGM supplements resulted in a distinctly lower cell density as
compared with the other media investigated (Figure 3C). Immunocytochemical staining of endothelial
and hepatocyte markers was performed in HUVEC mono-cultures to evaluate the influence of the
tested media on protein expression (Figure 3). Relative percentages of stained cells are provided
in Table S1. In all conditions, the two endothelial cell markers PECAM1 and VWF could clearly
be observed, whereas the two hepatocyte markers HNF4A and cytokeratin 18 (KRT18) were not
detectable (Figure 3D-I). However, the proportion of cells expressing endothelial cell markers differed
between the conditions. Almost all cells (91 &+ 6%) cultured in EGM complete were positive for
PECAMI (Figure 3D), whereas only around 70% of the cells cultured in HCM-I + EGM complete or in
HCM-I + EGM supplements showed PECAM1 immunoreactivity (Figure 3E,F). Inmunoreactivity for
VWEF was observed in approximately 80% of the cells when grown in EGM complete or in HCM-I +
EGM complete (Figure 3G,H), while only 62 £ 12% of the cells cultured in HCM-I + EGM supplements
appeared positive for this marker (Figure 3I).
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[Mg/10° cells*24h]
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n-fold expression of d0
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Figure 2. Effect of different media compositions on mono-cultures of human umbilical vein endothelial
cells (HUVEC). The cells were cultured over 14 days in endothelial cell growth medium, consisting
of basal medium and supplements (EGM complete), in a 1:1 mixture of hepatocyte culture medium
and EGM complete (HCM-I + EGM complete) or in HCM enriched with endothelial cell growth
supplements (HCM-I + EGM supplements). The graphs show time-courses of glucose consumption
(A) and lactate production (B) as well as gene expression analyses of the endothelial cell markers
platelet endothelial cell adhesion molecule 1 (PECAM1) (C) and von Willebrand factor (VWF) (D). Fold
changes of mRNA expression were calculated relative to HUVEC before starting the experiments (d0) with
normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression by the AACt method.
The area under the curve was calculated for time-courses of biochemical parameters and differences
between groups were detected using the unpaired, two-tailed Student’s ¢-test; for glucose consumption
and lactate production 1 = 6, gene expression analysis 1 = 3, mean =+ standard error of the mean.

Light microscopy / HNF4A / VWF

EGM complete

HCM-1 +
EGM complete

HCM-1 + 4
EGM supplements |

Figure 3. Light microscopy and immunocytochemical staining of mono-cultures of human umbilical vein
endothelial cells (HUVEC) after cultivation over 14 days in endothelial cell growth medium, consisting of
basal medium and supplements (EGM complete), hepatocyte culture medium and EGM complete mixed
at a ratio of 1:1 (HCM-I + EGM complete) or HCM enriched with endothelial cell growth supplements
(HCM-I + EGM supplements). The pictures show light microscopic photographs (A—C), staining of the
endothelial cell marker platelet endothelial cell adhesion molecule 1 (PECAMI) and the hepatocyte marker
hepatocyte nuclear factor 4 « (HNF4A) (D-F), staining of the hepatocyte marker cytokeratin 18 (KRT18)
and the endothelial cell marker von Willebrand factor (VWEF) (G-I). Nuclei were counter-stained with
Dapi (blue). Scale bars correspond to 500 um for light microscopy and to 100 um for immunofluorescence.
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2.2. Hepatic Differentiation of hiPSC-Derived Definitive Endoderm (DE) Cells with or without HUVEC
Co-Cultivation Using Different Co-Culture Media

As maintenance and proliferation of endothelial cells might have positive effects on hepatic
differentiation of hiPSC, both, HCM-I/II + EGM complete and HCM-1I/II + EGM supplements,
were tested for their suitability to induce hepatic differentiation in hiPSC-derived DE cells maintained
in mono-culture or in co-culture with HUVEC. The results were compared with pure HCM-I/II, used
as a positive control. HCM-II is based on HCM-I, but is further supplemented with OSM for the last
four days of differentiation.

2.2.1. Morphological Characteristics of hiPSC-Derived Hepatocyte-like Cells (HLC) and
Co-Cultured HUVEC

Light microscopic investigation at the end of hepatic differentiation showed that hiPSC-derived
HLC maintained without HUVEC co-culture displayed a polygonal shape typical for hepatocytes in
all tested media compositions (Figure 4A—-C). Use of HCM-I/II + EGM complete resulted in a rather
heterogeneous morphology showing large areas of overgrowth (Figure 4B), while HLC differentiated in
HCM-I/1I or HCM-1/1I + EGM supplements appeared more homogeneous (Figure 4A,C). In co-culture
experiments, using HCM-I/1I + EGM complete or HCM-I/II + EGM supplements as culture media,
the HUVEC grew in distinct areas between the hiPSC-derived DE cells until day 7 of the differentiation
process (Figure 4D,E). Afterwards, HUVEC progressively infiltrated the hiPSC clusters and at the end
of hepatic differentiation (day 17) they could hardly be discriminated from HLC (Figure 4F,G). In both
medium conditions, HLC co-cultivated with HUVEC were less homogeneous in their morphology and
culture behavior (Figure 4F,G) as compared with the corresponding hiPSC mono-cultures (Figure 4B,C).

Mono-cultures, day 17

HCM-I/11

Co-cultures, day 7 Co-cultures, day 17

HCM-1/11 +
EGM complete

HCM-I/11 + >
EGM supplements

Figure 4. Morphology of human induced pluripotent stem cells (hiPSC) after hepatic differentiation over
17 days in different media and/or in co-culture with human umbilical vein endothelial cells (HUVEC).
The pictures show hiPSC after hepatic differentiation in mono-culture over 17 days in hepatocyte culture
medium (HCM-I/II) (A), in a 1:1 mixture of hepatocyte culture medium and endothelial cell growth
medium EGM, consisting of basal medium and supplements (HCM-I/II + EGM complete) (B) or
in HCM enriched with EGM supplements (HCM-I/II + EGM supplements) (C); hiPSC after hepatic
differentiation in co-culture with HUVEC on day 7 of differentiation using HCM-I/II + EGM complete (D)
or HCM-I/1I + EGM supplements (E); hiPSC after hepatic differentiation in co-culture with HUVEC on
day 17 of differentiation using HCM-I/II + EGM complete (F) or HCM-I/II + EGM supplements (G).
HUVEC were growing in free spaces between the hiPSC (arrows). Scale bars correspond to 300 pm.
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2.2.2. Gene Expression of Stage-Specific and Endothelial Cell Markers

To evaluate the state of differentiation, mRINA expression of stage specific markers in HLC
was analyzed relative to undifferentiated hiPSC. HUVEC cultured in EGM complete were used as
a positive control for endothelial cell markers (Figure 5). The expression of the pluripotency gene
POU domain, class 5, transcription factor 1 (POUSF1, Figure 5A) fell to less than 1% relative to
undifferentiated hiPSC in all investigated conditions and was lowest in HUVEC mono-cultures.
The fetal hepatocyte marker «-fetoprotein (AFP) had distinctly increased in all cultures except
for the HUVEC. In particular, cultures differentiated in HCM-I/II + EGM supplements showed
a distinct up-regulation of AFP, amounting to more than 107-fold in both, HLC mono-cultures or
co-cultures with HUVEC (Figure 5B). A similar expression pattern was observed for albumin (ALB)
as a marker for mature hepatocytes, with a more than 10°-fold increase in the cultures differentiated
in HCM-1/1I + EGM supplements with or without HUVEC co-culture (Figure 5C). However, due to
large variances in AFP and ALB expression, the differences between the investigated conditions were
not significant (Figure 5B,C). As additional markers for mature hepatocytes, KRT18 as well as HNF4A
were investigated (Figure 5D,E). The expression levels of KRT18 increased by around 10-fold for all
tested conditions except for HUVEC mono-cultures which showed a comparable KRT18 expression as
undifferentiated hiPSC. A more pronounced increase by more than 10*-fold was observed for HNF4A
gene expression in the presence of the different test media, which was significantly higher as compared
with pure HCM-I/II (p < 0.05; Figure 5E). The expression of the endothelial cell marker PECAMI1 was
minimally induced in HLC mono-cultures, whereas a more than 200-fold increase in expression was
observed in HLC co-cultured with HUVEC, and HUVEC mono-cultures showed a more than 10*-fold
higher PECAM1 expression than undifferentiated hiPSC (Figure 5F).

A POUSF1 B AFP c ALB

- 8007 8.08°
40407

20407

F PECAM1

n-fold expression of undiff. hiPSC

EE HCM-A B HUVEC
BN HCM-Ul + EGM complete EE HCM-AM + EGM complete + HUVEC
Bl HCOM-Al+ EGM supplements EE HCH-Ul + EGM supplements + HUVEC

Figure 5. Effect of different media compositions and/or co-culture with human umbilical vein endothelial
cells (HUVEC) on mRNA expression of stage-specific markers after hepatic differentiation of human
induced pluripotent stem cells (hiPSC). Differentiation of definitive endodermal cells was performed
over 14 days using hepatocyte culture medium (HCM-I/1I), a 1:1 mixture of hepatocyte culture medium
and endothelial cell growth medium, consisting of basal medium and supplements (HCM-I/1I + EGM
complete) or HCM enriched with endothelial cell growth supplements (HCM-I/1I + EGM supplements)
with or without HUVEC addition. In addition mRNA expression analysis was performed with HUVEC
mono-cultures cultured in EGM complete as control. Graphs show POU class 5 homeobox 1 (POU5F1, A),
a-fetoprotein (AFP, B), albumin (ALB, C), cytokeratin 18 (KRT18, D), hepatocyte nuclear factor 4 o« (HNF4A,
E) and platelet endothelial cell adhesion molecule 1 (PECAM], F). Fold changes of mRNA expression
were calculated relative to undifferentiated hiPSC with normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression by the AACt method. Differences between HCM and all other groups
and differences between test media and their corresponding co-cultures were detected with the unpaired,
two-tailed Student’s t-test, n = 8; Co-cultures: n = 3; mean =+ standard error of the mean.
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2.2.3. Immunocytochemical Analysis of Stage-Specific and Endothelial Cell Markers

In order to confirm the results of the mRNA analysis, the protein expression of corresponding
stage-specific markers in hiPSC-derived HLC was analyzed using immunocytochemical staining
(Figure 6). Relative percentages of stained cells are provided in Table S2. In undifferentiated hiPSC
cultures, almost all cells (99 £ 3%) were positive for the pluripotency marker POU5F1 (Figure 6A),
whereas markers of differentiation (KRT18, HNF4A, PECAM1) were not detectable (Figure 6G,M,S).
In contrast, the differentiated cultures showed no immunoreactivity for POU5F1 (Figure 6B-F).
The hepatocyte marker KRT18 was clearly expressed in all differentiated cultures (Figure 6H-L).
However, the percentage of KRT18 positive cells was 80 £ 6% in cultures incubated with pure
HCM-1/1I (Figure 6H), whereas in the other experimental groups the proportion of stained cells was
distinctly lower, amounting to 60 & 17% in HCM-I/II + EGM complete + HUVEC (Figure 6K) and
less than 50% in the other groups resulting in a heterogeneous appearance (Figure 61,],L). Expression
of the hepatocyte marker HNF4A was observed in all differentiated cell cultures with the highest
percentage of positive cells (60 = 30%) in HCM-I/II cultures (Figure 6N), followed by HCM-1/1I +
EGM complete cultures with 28 £ 19% (Figure 60). All other groups showed 20% or less HNF4A
positive cells (Figure 6P-R). The endothelial cell marker PECAMI1 was only expressed in HLC cultures
differentiated in co-culture with HUVEC (Figure 6W-X), showing a percentage of more than 20%
positive cells, while mono-cultures of hiPSC were devoid of PECAM1 (Figure 65-V).

POUSF1 HNF4A

Undiff. hiPSC

HCM-I/1I

HCM-1/Il + EGM complete

HCM-1/Il + EGM supplements

HCM-1/Il + EGM complete +
HUVEC

HCM-I/Il + EGM supplements +
HUVEC

Figure 6. Inmunocytochemical staining of human induced pluripotent stem cells (hiPSC) after hepatic
differentiation in different media compositions and /or in co-culture with human umbilical vein endothelial
cells (HUVEC). Differentiation of definitive endodermal cells was performed over 14 days using
hepatocyte culture medium (HCM-I/II), a 1:1 mixture of hepatocyte culture medium and endothelial cell
growth medium, consisting of basal medium and supplements (HCM-I/1II + EGM complete) or HCM
enriched with endothelial cell growth supplements (HCM-I/1I + EGM supplements) with or without
HUVEC addition. The pictures show the pluripotency marker POU class 5 homeobox 1 (POU5SF1, A-F);
the hepatocyte markers cytokeratin 18 (KRT18, G-L) and hepatocyte nuclear factor 4 o (HNF4A, M—-R)
and the endothelial cell marker platelet endothelial cell adhesion molecule 1 (PECAM1, S—X). Nuclei were
counter-stained with Dapi (blue). Scale bars correspond to 100 um.
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2.2.4. Secretion of a-Fetoprotein (AFP), Albumin and Urea

The capacity of the cells for synthesis of liver-specific proteins was evaluated by measuring the
secretion of the fetal albumin precursor protein AFP and of albumin into the culture supernatant
(Figure 7). Secretion of AFP was detectable in all culture conditions from differentiation day 7 onwards
(Figure 7A). In the HCM-I/1I control culture, AFP secretion increased until day 11 reaching a maximum
value of 560 &+ 137 ng/h/ 10° initial cells and remained stable afterwards. In contrast, a continuous
increase of AFP secretion until the end of the differentiation process on day 17 was observed in
both, mono-cultures and co-cultures, treated with HCM-1/1I + EGM complete or HCM-1/1I + EGM
supplements. AFP secretion rates over time, as calculated by the area under the curve, significantly
(p < 0.05) exceeded the release of this protein in HCM-I/II control cultures, amounting to the 6-
to 10-fold on day 17 as compared with HCM-I/II. Mean values of the two co-cultures showed a
tendency towards higher rates than the corresponding mono-cultures, though there was no significant
difference between both groups. Albumin production was detected in all experimental groups
from day 9 onwards (Figure 7B). In HCM-I/II control cultures, secretion rates slowly increased
up to 2.0 = 0.4ng/h/10° initial cells on day 17, while cultures maintained using the test media
clearly showed a steeper increase, attaining 6- to 10-fold higher values as compared with the control.
The highest levels of albumin secretion were detected in the co-culture groups with maximal values of
22ng/h/ 10° initial cells on day 17. Cells co-cultured with HUVEC in the presence of HCM-I/II + EGM
complete produced significantly more albumin than cells in HCM-I/II control cultures (p = 0.0058).
As a further parameter to assess the functionality of the differentiated cells, urea secretion was
measured over time (Figure 7C). Relatively high values were detected at the beginning of differentiation,
which decreased until day 9 and then increased again in all experimental groups until day 17.
The highest values of urea secretion were detected in co-cultures with HCM-I/1I + EGM supplements.
Further, urea secretion was significantly increased in the co-culture with HCM-I/1I + EGM complete
as compared to the corresponding medium control (p = 0.0467).

2.2.5. Functional Analysis of Different Cytochrome P450 (CYP) Isoenzymes

To determine the effect of different culture media and/or co-culture with HUVEC on the
functionality of hiPSC-derived HLC, the activity of different pharmacologically relevant CYP
isoenzymes was investigated by analyzing isoenzyme-specific product formation rates after application
of a substrate cocktail (Figure 8). All measured CYP activities were clearly higher in HCM-I/1I + EGM
complete or in HCM-I/II + EGM supplements maintained with or without HUVEC as compared
with HCM-I/1I control cultures. Only for CYP1A2 differentiation with HCM-I/1I + EGM complete in
co-culture with HUVEC resulted in product formation rates similar to the HCM-I/1I control (Figure 8A).
And differentiation using HCM-I/II + EGM supplements maintained with or without HUVEC showed
higher activities than HCM-I/II + EGM complete. CYP2B6 showed significantly higher activities for
HCM-1/1I + EGM complete with and without HUVEC and for HCM-1/1I + EGM supplements when
compared with HCM-I/II control (p < 0.05; Figure 8B). Activity patterns for CYP3A4 were similar
showing significantly higher activities for both co-cultures and for mono-cultures using HCM-1/1I +
EGM supplements (p < 0.05; Figure 8C).
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Figure 7. Effect of different media compositions and/or co-culture with human umbilical vein endothelial
cells (HUVEC) on secretion of stage-specific markers during differentiation of human induced pluripotent
stem cells (hiPSC). Differentiation of definitive endodermal cells was performed over 14 days using
hepatocyte culture medium (HCM-I/1I), a 1:1 mixture of hepatocyte culture medium and endothelial cell
growth medium, consisting of basal medium and supplements (HCM-I/1I + EGM complete) or HCM
enriched with endothelial cell growth supplements (HCM-I/II + EGM supplements) with or without
HUVEC addition. Graphs show the secretion of x-fetoprotein (AFP, A), secretion of albumin (B) and
secretion of urea (C). The area under the curve was calculated and differences between HCM and all other
groups as well as differences between test media and their corresponding co-cultures were detected using
the unpaired, two-tailed Student’s t-test, n = 8; Co-cultures: n = 3; mean =+ standard error of the mean.
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Figure 8. Effect of different media compositions and/or co-culture with human umbilical vein
endothelial cells (HUVEC) on activities of cytochrome P450 (CYP) isoenzymes after hepatic
differentiation of human induced pluripotent stem cells (hiPSC). Differentiation of definitive
endodermal cells was performed over 14 days using hepatocyte culture medium (HCM-I/II), a 1:1
mixture of hepatocyte culture medium and endothelial cell growth medium, consisting of basal
medium and supplements (HCM-1/1I + EGM complete) or HCM enriched with endothelial cell growth
supplements (HCM-I/II + EGM supplements) with or without HUVEC addition. The graphs show
activities of CYP1A2 determined by measuring the conversion rates of phenacetin to acetaminophen (A),
activities of CYP2B6 determined by measuring the conversion rates of bupropion to 4-OH-bupropion
(B) and activities of CYP3A4 determined by measuring the conversion rates of midazolam to
1-OH-midazolam (C) over 6 h. Differences between HCM and all other groups and differences
between test media and their corresponding co-cultures were detected using the unpaired, two-tailed
Student’s t-test, HCM: n = 8; HCM-I/II + EGM complete and HCM-1/1I + EGM Supplements: n =7;
co-cultures: n = 3; mean = standard error of the mean.
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3. Discussion

To date, the use of hiPSC-derived HLC in pharmacological drug screening and toxicity testing is
limited by their low hepatic functionality due to a heterogeneous phenotype of HLC [26] resembling
rather fetal than adult primary human hepatocytes [11]. To improve the differentiation outcome of
hiPSC/hESC, several approaches have been focusing on co-culture with non-parenchymal cell types
during the differentiation process, using various cell types and culture systems. A major precondition
to a functional co-culture system is the use of a suitable culture medium, which meets the requirements
of hiPSC as well as those of co-cultured cell types. In the present study, the influence of different
culture medium compositions on HUVEC and hiPSC-derived DE cells maintained separately or in
co-culture with each other was investigated. Culture media tested included media in use for hiPSC
differentiation (HCM), media for HUVEC culture (ECM) and different mixtures of both.

The results from testing different media compositions in HUVEC mono-cultures showed that
HUVEC did not survive using pure HCM-I, whereas use of HCM-I + EGM complete resulted in a
similar growth behavior as EGM complete, and use of HCM-I + EGM supplements also supported
HUVEC growth, although at a reduced level. These findings are in accordance with studies by Takebe
et al. [25], who successfully employed HCM and EGM (both from Lonza) for co-culture of hiPSC with
HUVEC and mesenchymal stem cells. The observation that HUVEC did not grow in HCM-I can be
explained by the fact that this medium lacks some of the ingredients of EGM complete (Table S3), e.g.,
bovine hypothalamic extract containing the potent endothelial mitogen endothelial cell growth factor
(ECGF) [27]. ECGF is even more efficient in combination with heparin [28] also being part of EGM
complete, but not being present in HCM. Furthermore, HCM does not contain basic fibroblast growth
factor (bFGF), which binds to heparin leading to dimerisation of bFGF receptors [29] and selective
induction of endothelial cell proliferation [30]. Insulin, which is included in HCM, but not in EGM
complete, is also reported to increase mitosis in endothelial cells [31], but this effect maybe counteracted
by other factors. For example, transferrin, which is also part of HCM, was shown to have no influence
on endothelial cell proliferation [32], but may play a role in promoting oxidant-induced apoptosis [33].
Furthermore, HCM contains ascorbic acid, which was reported to anticipate oxidative stress-induced
apoptosis in endothelial cells [34]. In addition, the reduced proliferation of HUVEC cultivated in
HCM-I + EGM supplements compared with cultivation in EGM complete might be associated with
the higher glucose concentration of HCM-I + EGM supplements medium (10 mM), as high glucose
concentrations have been shown to increase apoptosis and oxidative stress in endothelial cells [35].
In particular constant exposure to glucose levels above 7 mM, which is defined as hyperglycemia in
the blood, is not physiological and may harm the endothelium [36].

Based on the results from media testing in HUVEC mono-cultures both, HCM-1/1I + EGM
complete and HCM-I/II + EGM supplements were tested for their suitability to induce hepatic
differentiation in hiPSC-derived DE cells in presence or absence of HUVEC. The results were compared
with those from using pure HCM-I/IL

As indicated by stage-specific marker expression and CYP activities, both test media improved the
hepatic differentiation of hiPSC as compared with pure HCM-I/1I, regardless whether HUVEC were
present or not. The favorable effects of EGM complete or EGM supplements on hepatic differentiation
of hiPSC may be due to some of the factors contained in those media (Table S3). In particular,
the growth factor bFGF contained in EGM supplements has been shown to support the differentiation
of DE cells into hepatoblasts in a concentration-dependent manner [37] and has been employed in
some studies [17,38]. This may explain the distinctly increased gene expression of the hepatoblast
marker AFP in cultures treated with HCM-I/II + EGM supplements, since this medium contains
the highest amount of bFGF. The secretion of AFP was significantly higher in all test groups as
compared with the control cultures maintained in pure HCM-I/IL. A higher grade of hepatoblast
differentiation may consequently lead to an increased hepatic maturation, as indicated by distinctly
increased albumin secretion rates in all test groups. The albumin secretion detected in the test groups,
when calculated for the same time interval (days), was more than twice as high compared to other
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studies [9,16,39,40], while Baxter et al. and Gieseck et al. reported even higher albumin secretion
rates of up to 1.5 g/day/10° cells [11,22]. However, it has to be considered that the authors of these
studies have been using different cell lines and culture protocols, which might have influenced the
differentiation outcome and albumin secretion.

Potential reasons for the observed variability in the present data sets can be seen in influencing
factors showing some variations among the experiments, e.g., passage number and seeding efficiency
of different cell batches. In addition the usage of different batches of medium compounds may cause
some variances. For example, B27 supplement used for the definitive endodermal differentiation step
showed substantial variation between specific lots of B27 supplements in neuronal cell cultures [41]
and also in hepatic differentiation experiments [42].

The gene expression of the epithelial marker KRT18 was only slightly increased in differentiated
HLC compared with undifferentiated hiPSC; however, immunoreactivity for KRT18 was clearly
observed in hiPSC-derived HLC cultures. Both, gene and protein expression of KRT18, were barely
influenced by the medium composition or addition of HUVEC. In contrast, the gene expression of
the hepatic transcription factor HNF4A was distinctly increased in all groups compared with the
use of pure HCM-I/II This observation might again be explained by the effect of bFGF contained
in HCM-1/1I + EGM complete and HCM-1/1I + EGM supplements since gene expression of HNF4A
was shown to be induced by BMP4/bFGF supplemented media [10,43]. In addition, there are data
indicating that the expression of HNF4A can be influenced by exposure to glucocorticoids [44],
which are contained at a higher level in both test media as compared with pure HCM-I/IL. Interestingly
there was a discrepancy between protein expression of HNF4A as analyzed by immune fluorescence
staining and gene expression of that factor. This could be explained by post-translational modifications
of the protein that may reduce the sensitivity of the antibody used for immune fluorescence staining.
Yokoyama et al. reported eight different post-translational modifications sites and observed that one
of these sites is even changing in response to varying glucose levels [45], as occurring in different
culture medium compositions used in this study. The nuclear receptor HNF4A is also responsible
for the transcriptional activation of several CYP isoenzymes such as CYP1A2 [46] and CYP3A4 [47].
Both, the significantly increased HNF4A expression and the higher hydrocortisone concentration in
both test media can explain the significant increase in CYP activities observed in the present study.
Glucocorticoids are known to induce CYP2B, CYP2C and CYP3A in humans [48]. CYP activities were
significantly increased in cultures differentiated in the optimized co-culture media as compared to
the HCM-1/1I control group. Maximal activities reached up to 10% of the activities of primary human
hepatocytes cultured for 24 h, which were determined in a previous study of the authors [23].

The presence of HUVEC in hiPSC co-cultures could be confirmed by light-microscopy. In addition,
HUVEC were detected at the end of hepatic differentiation by gene and protein expression of the
endothelial cell marker PECAML. It was reported that heparin, which is included in EGM supplements,
enhances HGF production at a post-transcriptional level in HUVEC [49]. This may promote hepatic
maturation [50] and proliferation [10,51] in co-cultures. However, in the present study, no supportive
effect of HUVEC on the hepatic differentiation of hiPSC was observed.

An overview of current in vitro co-culture approaches for hepatic differentiation of human
pluripotent stem cells is provided in Table 1. So far, the use of HUVEC to support hepatic
differentiation of hiPSC was reported only in co-cultures together with either human mesenchymal
stem cells [25] or adipose derived stem cells [52]. Takebe and colleagues created highly functional
liver buds, which were able to rescue drug-induced lethal liver failure in immunodeficient mice.
Additionally they observed that culturing hiPSC-derived HLC with endothelial cells alone failed to
form three-dimensional transplantable tissues. Ma and coworkers observed significantly increased
ALB, HNF4A and transthyretin gene expression in their co-culture model compared with hiPSC
mono-cultures [52]. Interestingly, in contrast to the present study, both studies [25,52] omitted the
epidermal growth factor (EGF) in the HCM used for differentiation. Since EGF was shown to stimulate
cell proliferation in HUVEC in a dose-dependent manner [53,54], EGF should not have a negative
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effect on HUVEC during co-culture experiments. Another study applied hiPSC-derived endothelial
cells for co-culture during hepatic differentiation of hiPSC and was able to show significantly increased
albumin secretion [55].

To increase the effect of HUVEC co-culture on hepatic maturation of hiPSC in the here described
model, influencing factors such as the number of HUVEC in relation to hiPSC-derived DE cells, and the
culture technique should be optimized. For example, Transwells [56] or niches separated by different
extracellular matrices [55,57] can be used to provide a larger growth area for HUVEC, in a separate
compartment from hiPSC (Table 1). Another approach would be the detachment of hiPSC-derived DE
cells, which can then be mixed with HUVEC and reseeded [25,58,59]. These approaches would also
enable to add the HUVEC at a later stage of differentiation, namely the hepatic endoderm stage as
described in vitro by Takebe et al. [25] and in vivo by Matsumoto et al. [24]. Since in the present study
HUVEC were expected to adhere in free spaces between the DE cells, the co-culture was initiated
before spreading of DE cells resulting in a decrease of the available adhesion area for HUVEC.

As becomes apparent in Table 1, the most frequently used cell type in current co-culture
approaches for hepatic differentiation of human pluripotent stem cells are murine embryonic
fibroblasts [57,59-61], which increased hepatic gene expression and functionality. In the present study
HUVEC were chosen as a well-established and standardized cell source for parenchymal-endothelial
cell co-cultures. Furthermore, the umbilical vein is the major afferent vessel in the fetal liver [62,63]
and HUVEC might thereby be important for the embryonic liver development. In this context,
HUVEC were already successfully applied as early supporters of hepatic differentiation in previous
studies [25,52]. Another interesting approach would be the usage of tissue-specific endothelial cells
for support of hepatic differentiation through the secretion of tissue-specific factors. It was shown
for several organs that tissue-specific endothelial cells orchestrate organ development as well as
regeneration after injury before building a functional vasculature [64]. Ding et al. could show that liver
sinusoidal endothelial cells release factors, which initiate and sustain liver regeneration induced by
partial hepatectomy in mice [65]. Furthermore, there is evidence that adult hepatocytes also play a role
in stem cell fate decision during liver regeneration by releasing growth factors such as HGF, Wnt and
FGFs [66]. Hence, another strategy would be the co-cultivation with primary adult hepatocytes during
hepatic differentiation.

In future studies the present findings should be verified using additional hiPSC lines to identify
a potential dependency on donor-specific and epigenetic characteristics of individual hiPSC lines.
In addition, a closer investigation of individual factors and compounds in the culture media mixtures
would be helpful to create well-defined culture media formulations and to facilitate the further
improvement of co-culture media.
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Table 1. Studies on hepatic differentiation of human induced pluripotent stem cells (hiPSC) or human embryonic stem cells (hESC) in co-culture with different

cell types.

Cell Type Used for Co-Culture

Ratio (hiPSC/hESC-Derived

‘with hiPSC/hESC Cells:Co-Cultured Cell Type(s)) Co-Culture Method Culture Medium Applied Ref.
Murine hep;ﬁfsz[:;én al cell line 1:1 Self-aggregation in microwells DMEM + FBS + differentiation factors [58]
Murine embryonic fibroblasts ) Seeding of DE cells onto .
(3T32) 0.04:1 mitomycin-treated 3T3-J2 feeder cells Hepatocyte culture medium + FBS [60]
Murine embr'yomc fibroblasts Not specified Hepatoblast monolayer covered with 3T3 L15 medium + differentiation factors [61]
(swiss 3T3) cell sheet
HUVECand rzleelslznchymal stem 10:7:2 Spontaneous formation of 3D liver buds HCM (without EGF) + EGM, 1:1 [25,67]
Multicomponent hydrogel fibers
hiPSC-derived endothelial cells 2:1 containing galactose for HLC and Not specified [55]
collagen for endothelial cells
Hepatic stellate cell line . . DMEM-F12 + knockout serum replacer
TWNT-1 Not specified Cell inserts + DMSO [56]
Murine embryonic fibroblasts . ) Micropatterned co-culture containing RPMI + B27 supplement +
(3T3-J2) 21 or2.5:1 for eryopreserved HLC collagen coating and matrigel overlay differentiation factors 571
Murine embryonic fibroblasts . S RPMI + B27 supplement +
(3T3-2) 2:1 Self-aggregation in microwells differentiation factors [59]
DMEM + FBS + maintenance factors
Primary rat hepatocytes 1:2 Microfluidic co-culture and IMDM + FBS + DMSO + [66]
differentiation factors
HUVEC and adipose derived 1:1:0.02 3D bioprinting of in vivo like liver lobule HCM (without EGF) + EGM-2, 1:1 [52]
stem cells structures
HUVEC 21 HUVEC grow in free spaces of HCM + EGM complete, 1:1 and HCM +  Present

hiPSC-derived DE cell monolayers

EGM Supplements

study
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4. Materials and Methods

4.1. Culture of HUVEC

Cryopreserved HUVEC (PromoCell GmbH, Heidelberg, Germany) were thawed as recommended
by the manufacturer and were cultivated in endothelial cell growth medium (PromoCell GmbH),
consisting of basal medium and supplements (EGM complete) and 0.05 mg/mL gentamycin (Merck,
Darmstadt, Germany) on cell culture dishes (ThermoScientific, Waltham, MA, USA) at 37 °C in a 5%
CO;, atmosphere. The cells were passaged according to the manufacturer’s instructions when they
reached around 95% confluence. The composition of EGM complete as provided by the manufacturer
is shown in Table S3.

4.2. Culture and Hepatic Differentiation of hiPSC

The hiPSC line DF6-9-9T [68] (WiCell Research Institute, Madison, WI, USA) was cultured under
feeder-free conditions on Nunclon™ six-well cell culture plates (ThermoScientific NuncTM, Schwerte,
Germany) coated with 8.68 ug/ cm? Matrigel (growth factor reduced, Corning, NY, USA). Cells
were expanded with mTeSR™1 medium (Stemcell Technologies, Vancouver, BC, Canada) containing
0.05 mg/mL gentamycin (Merck, Darmstadt, Germany).

Hepatic differentiation of hiPSC was performed according to protocols from Hay et al. [15,18,69]
with some modifications, as described previously [23]. Briefly, when hiPSC reached a confluence of
approximately 70%, differentiation into DE cells was induced with Roswell Park Memorial Institute
(RPMI) 1640 culture medium (Merck) supplemented with 100 ng/mL activin A (Peprotech, London,
UK), 50 ng/mL Wnt3a (R&D Systems, Minneapolis, MN, USA), 1 uM sodium butyrate (Sigma-Aldrich,
St. Louis, MO, USA) and 2% (v/v) B27 supplements without insulin (Life Technologies, Carlsbad,
CA, USA) for three days. Subsequently DE cells were differentiated into hepatoblasts over 13 days
with hepatocyte culture medium consisting of basal medium and single quots (Lonza, Walkersville,
MD, USA) and 10 ng/mL HGF (Peprotech, Rocky Hill, NJ, USA). For further maturation to
hepatocyte-like cells 10 ng/mL OSM (Peprotech) were added during the last four days of differentiation.
The hepatoblast differentiation medium is referred to as HCM-I and the maturation medium is referred
to as HCM-II throughout the whole manuscript. The composition of HCM as provided by the
manufacturer is shown in Table S3.

4.3. Culture Medium Testing in Mono-Cultures of HUVEC

For testing of different culture media, HUVEC were seeded at a density of 4 x 103 cells/cm? and
cultured over 14 days in the presence of 100% EGM complete (positive control), 100% HCM-I, HCM-I
and EGM complete at a ratio of 1:1 (HCM-I + EGM complete) or HCM-I enriched with endothelial cell
growth supplements (HCM-I + EGM supplements).

4.4. Co-Culture of hiPSC-Derived DE cells with HUVEC

For co-culture experiments, hiPSC were differentiated into DE cells as described above. Further
differentiation was carried out in HCM-1/1I + EGM complete or in HCM-1/1I + EGM supplements
with HUVEC added to the DE cells at a ratio of 1:2 (5 x 10° HUVEC + 1 x 10° DE cells). In parallel, DE
cells were differentiated in HCM-1/1I + EGM complete or in HCM-I/1II + EGM supplements without
HUVEC. An overview of culture media and culture medium combinations used for testing in HUVEC
or hiPSC cultures is provided in Table 2.
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Table 2. Culture media and culture medium combinations used for testing in cultures of human
umbilical vein endothelial cells (HUVEC) or human induced pluripotent stem cells (hiPSC).

Component EGM complete HCM-I HCM-II HCM-IIL+ EGM HCM-I/IL + EGM

Complete Supplements
Hepatocyte culture o o o
medium (HCM) Bullet Kit 100% (v/v) 50% (v/v) 97.5% (v/v)
Endothelial cell growth o o
medium (EGM) 97.5% (v/v) - 48.75% (v/v) -
EGM Supplements 2.5% (v/v) - 1.25% (v/v) 2.5% (v/v)
Human hepatocyte growth
factor, recombinant - 10 ng/mL 10 ng/mL 10 ng/mL 10 ng/mL
Human oncostatin M, 1 1
recombinant - - 10 ng/mL 10 ng/mL 10 ng/mL
Gentamycin 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL

! only added to media containing HCM-IL.

4.5. Analyses of Biochemical Parameters

The metabolic activity of HUVEC was assessed by daily measurement of glucose and lactate
concentrations with a blood gas analyzer (ABL 700, Radiometer, Copenhagen, Denmark). Potential cell
damage was detected by analyzing the release of LDH using an automated clinical chemistry analyzer
(Cobas® 8000; Roche Diagnostics, Mannheim, Germany). The secretion of the albumin precursor
protein AFP and urea during hiPSC differentiation was detected also using an automated clinical
chemistry analyzer (Cobas® 8000, Roche Diagnostics). Albumin secretion, as a marker for mature
hepatocytes, was quantified using an ELISA Quantitation kit and 3',5,5'-tetramethylbenzidine substrate
(both from Bethyl Laboratories, Montgomery, TX, USA) according to the manufacturer’s instructions.

4.6. Gene Expression Analysis

RNA was isolated from undifferentiated hiPSC, HLC, HUVEC, or HLC-HUVEC co-cultures.
Isolation of RNA and subsequent cDNA synthesis were performed as described elsewhere [70], using
PureLink™ RNA Mini Kit (Life Technologies) and High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). Each cDNA template was mixed with PCR Master mix (Applied
Biosystems) and human-specific primers and probes (TagMan GeneExpression Assay system, Life
Technologies, Table 3). Quantitative real-time PCR (qQRT-PCR) was performed using a Realtime cycler
(Mastercycler ep Realplex 2, Eppendorf, Hamburg, Germany). The expression of specific genes was
normalized to that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and fold changes of expression levels were calculated with the AACt method [71].

Table 3. Applied Biosystems TagMan Gene Expression Assays®.

Gene Symbol Gene Name Assay ID
AFP « fetoprotein HS00173490_m1
ALB albumin HS00910225_m1

GAPDH glyceraldehyde-3-phosphate FHS03929097_g1
dehydrogenase

HNF4A Hepatocyte nuclear factor 4, « Hs00230853_m1

KRT18 Keratin 18 Hs02827483_g1

platelet and endothelial cell
adhesion molecule 1
POUSF1 POU domain, class 5, transcription HS00999632_g1
factor 1

VWF von Willebrand factor Hs00169795_m1

PECAM1 Hs00169777_m1




Int. J. Mol. Sci. 2017, 18,1724 16 of 21

4.7. Immunocytochemical Staining

Immunofluorescence staining was performed as described elsewhere [70]. Antibodies used
are listed in Table 4. Staining of hiPSC-derived cultures was performed in 24-well plates (lumox®,
Sarstedt, Niimbrecht-Rommelsdorf, Germany), while HUVEC were cultured and subsequently
fixed on chamber slides (Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber Slide™ System) for

immunocytochemical analysis.

Table 4. Primary and secondary antibodies used for immunofluorescence staining.

. i Protein . . Final Conc.
Antibody Type and Specifity Symbol Species Manufacturer Article-No. (ug/mL)
Primary Antibody
Cytokeratin 18 CK18 mouse Santa Cruz Sc-6259 2
Hepatocyte nuclear factor 4 « ~ HNF4A rabbit Santa Cruz Sc-8987 4
Platelet. endothelial cell PECAM1  mouse Abcam ab24590 5
adhesion molecule 1
POU d.om.am’ class 5, OCT3 rabbit Santa Cruz Sc-9081 2
transcription factor 1
Von Willebrand factor VWEF rabbit Abcam ab6994 35.5
Secondary antibody
Alexa Fluor®488 anti-mouse goat Life Technologies A-11029 2
Alexa Fluor®594 anti-rabbit goat Life Technologies A-11037 2

Fluorescence microscopic pictures were analysed by means of the open source image processing
program Image] recording at least 5 visual fields for each group.

4.8. Measurement of Cytochrome P450 (CYP) Isoenzyme Activities

Activities of the pharmacologically relevant CYP isoenzymes CYP1A2, CYP2B6 and CYP3A4 were
measured in hiPSC after completion of hepatic differentiation as described previously [23]. Briefly,
a cocktail containing the CYP substrates phenacetin (CYP1A2), bupropion (CYP2B6) and midazolam
(CYP3A4) was added to the cultures and the formation of the corresponding isoenzyme specific
products was analyzed by LC-MS as described previously [23].

4.9. Statistical Evaluation

Experiments were performed in three to eight repeats, as indicated in the figure legends, and
results are presented as mean = standard error of the mean. The area under the curve was calculated
for time-courses of biochemical parameters and differences between culture media and/or co-cultures
were detected with a subsequent unpaired, two-tailed Student’s ¢-test. Differences were judged as
significant, if the p-value was less than 0.05.

5. Conclusions

In summary, the application of co-cultures to generate functional hiPSC-derived HLC is a relatively
new and complex research field. Our study shows that the establishment of a functional co-culture
model requires an intense study of surrounding aspects influencing the cell maintenance. Particular
attention should be given to the composition of the applied media, as our results show that the effect
of the co-culture medium outweighed the effect of the co-culture itself.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1724/s1.
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Abbreviations

AFP a-fetoprotein

ALB Albumin

bFGF Basic fibroblast growth factor
BMP Bone morphogenetic proteins
cyp Cytochrome P450

DE Definitive endoderm

DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulfoxide

ECGF Endothelial cell growth factor

EGF Epidermal growth factor

EGM Endothelial cell growth medium

FBS Fetal bovine serum

FGF Fibroblast growth factor

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
HCM Hepatocyte culture medium

hESC Human embryonic stem cells

HGF hepatocyte growth factor

hiPSC Human induced pluripotent stem cells
HLC Hepatocyte-like cells

HNF4A Hepatocyte nuclear factor 4 o
HUVEC Human umbilical vein endothelial cells
KRT18 Cytokeratin 18

L15 Leibovitz’s
LDH Lactate dehydrogenase
OSM Oncostatin M

PECAM1 Platelet and endothelial cell adhesion molecule 1
POU5F1 POU domain, class 5, transcription factor 1

RPMI Roswell Park Memorial Institute
VWF Von Willebrand factor
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