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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 α-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 α (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.
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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. 

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 (PECAM1) 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
PECAM1 (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). Immunoreactivity for
VWF 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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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 ∆∆Ct 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 t-test; for glucose consumption and lactate production n = 6, gene expression 
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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 (PECAM1) and the hepatocyte marker hepatocyte nuclear factor 4 α (HNF4A) (D–F), 
staining of the hepatocyte marker cytokeratin 18 (KRT18) and the endothelial cell marker von 
Willebrand factor (VWF) (G–I). Nuclei were counter-stained with Dapi (blue). Scale bars correspond 
to 500 µm for light microscopy and to 100 µm for immunofluorescence. 

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 ∆∆Ct 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 t-test; for glucose consumption
and lactate production n = 6, gene expression analysis n = 3, mean ± standard error of the mean.
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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 (PECAM1) and the hepatocyte marker
hepatocyte nuclear factor 4 α (HNF4A) (D–F), staining of the hepatocyte marker cytokeratin 18 (KRT18)
and the endothelial cell marker von Willebrand factor (VWF) (G–I). Nuclei were counter-stained with
Dapi (blue). Scale bars correspond to 500 µm for light microscopy and to 100 µm for immunofluorescence.



Int. J. Mol. Sci. 2017, 18, 1724 5 of 21

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-I/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/II or HCM-I/II + EGM supplements appeared more homogeneous (Figure 4A,C). In co-culture
experiments, using HCM-I/II + 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).
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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/II + 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 µm.
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2.2.2. Gene Expression of Stage-Specific and Endothelial Cell Markers

To evaluate the state of differentiation, mRNA 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 (POU5F1, 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 α-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 105-fold increase in the cultures differentiated
in HCM-I/II + 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 104-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 PECAM1 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 104-fold
higher PECAM1 expression than undifferentiated hiPSC (Figure 5F).
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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/II), a 1:1 mixture of hepatocyte culture medium
and endothelial cell growth medium, consisting of basal medium and supplements (HCM-I/II + EGM
complete) or HCM enriched with endothelial cell growth supplements (HCM-I/II + 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),
α-fetoprotein (AFP, B), albumin (ALB, C), cytokeratin 18 (KRT18, D), hepatocyte nuclear factor 4 α (HNF4A,
E) and platelet endothelial cell adhesion molecule 1 (PECAM1, F). Fold changes of mRNA expression
were calculated relative to undifferentiated hiPSC with normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression by the ∆∆Ct 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-I/II (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 6I,J,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-I/II +
EGM complete cultures with 28 ± 19% (Figure 6O). All other groups showed 20% or less HNF4A
positive cells (Figure 6P–R). The endothelial cell marker PECAM1 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 6S–V).
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Figure 6. Immunocytochemical 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/II + EGM complete) or HCM
enriched with endothelial cell growth supplements (HCM-I/II + EGM supplements) with or without
HUVEC addition. The pictures show the pluripotency marker POU class 5 homeobox 1 (POU5F1, A–F);
the hepatocyte markers cytokeratin 18 (KRT18, G–L) and hepatocyte nuclear factor 4 α (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 µm.
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2.2.4. Secretion of α-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/II control culture, AFP secretion increased until day 11 reaching a maximum
value of 560 ± 137 ng/h/106 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-I/II + EGM complete or HCM-I/II + 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 ± 0.4 ng/h/106 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
22 ng/h/106 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/II + EGM supplements.
Further, urea secretion was significantly increased in the co-culture with HCM-I/II + 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/II + EGM
complete or in HCM-I/II + EGM supplements maintained with or without HUVEC as compared
with HCM-I/II control cultures. Only for CYP1A2 differentiation with HCM-I/II + EGM complete in
co-culture with HUVEC resulted in product formation rates similar to the HCM-I/II 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-I/II + EGM complete with and without HUVEC and for HCM-I/II + 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-I/II +
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/II), a 1:1 mixture of hepatocyte culture medium and endothelial cell
growth medium, consisting of basal medium and supplements (HCM-I/II + 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 α-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-I/II + 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-I/II + 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-I/II + 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/II.

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/II, 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/II. 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/106 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-I/II + EGM complete and HCM-I/II + 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/II. 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-I/II 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 PECAM1. 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
with hiPSC/hESC

Ratio (hiPSC/hESC-Derived
Cells:Co-Cultured Cell Type(s)) Co-Culture Method Culture Medium Applied Ref.

Murine hepatic stromal cell line
MLSgt20 1:1 Self-aggregation in microwells DMEM + FBS + differentiation factors [58]

Murine embryonic fibroblasts
(3T3-J2) 0.04:1 Seeding of DE cells onto

mitomycin-treated 3T3-J2 feeder cells Hepatocyte culture medium + FBS [60]

Murine embryonic fibroblasts
(swiss 3T3) Not specified Hepatoblast monolayer covered with 3T3

cell sheet L15 medium + differentiation factors [61]

HUVEC and mesenchymal stem
cells 10:7:2 Spontaneous formation of 3D liver buds HCM (without EGF) + EGM, 1:1 [25,67]

hiPSC-derived endothelial cells 2 : 1
Multicomponent hydrogel fibers
containing galactose for HLC and

collagen for endothelial cells
Not specified [55]

Hepatic stellate cell line
TWNT-1 Not specified Cell inserts DMEM-F12 + knockout serum replacer

+ DMSO [56]

Murine embryonic fibroblasts
(3T3-J2) 2:1 or 2.5:1 for cryopreserved HLC Micropatterned co-culture containing

collagen coating and matrigel overlay
RPMI + B27 supplement +

differentiation factors [57]

Murine embryonic fibroblasts
(3T3-J2) 2:1 Self-aggregation in microwells RPMI + B27 supplement +

differentiation factors [59]

Primary rat hepatocytes 1:2 Microfluidic co-culture
DMEM + FBS + maintenance factors

and IMDM + FBS + DMSO +
differentiation factors

[66]

HUVEC and adipose derived
stem cells 1:1:0.02 3D bioprinting of in vivo like liver lobule

structures HCM (without EGF) + EGM-2, 1:1 [52]

HUVEC 2:1 HUVEC grow in free spaces of
hiPSC-derived DE cell monolayers

HCM + EGM complete, 1:1 and HCM +
EGM Supplements

Present
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%
CO2 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 NunclonTM six-well cell culture plates (ThermoScientific NuncTM, Schwerte,
Germany) coated with 8.68 µg/cm2 Matrigel (growth factor reduced, Corning, NY, USA). Cells
were expanded with mTeSRTM1 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 µM 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 × 103 cells/cm2 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-I/II + EGM complete or in HCM-I/II + EGM supplements
with HUVEC added to the DE cells at a ratio of 1:2 (5 × 105 HUVEC + 1 × 106 DE cells). In parallel, DE
cells were differentiated in HCM-I/II + EGM complete or in HCM-I/II + 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-I/II + EGM
Complete

HCM-I/II + EGM
Supplements

Hepatocyte culture
medium (HCM) Bullet Kit - 100% (v/v) 50% (v/v) 97.5% (v/v)

Endothelial cell growth
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,
recombinant - - 10 ng/mL 10 ng/mL 1 10 ng/mL 1

Gentamycin 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL 0.05 mg/mL
1 only added to media containing HCM-II.

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
PureLinkTM 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 (TaqMan GeneExpression Assay system, Life
Technologies, Table 3). Quantitative real-time PCR (qRT-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 ∆∆Ct method [71].

Table 3. Applied Biosystems TaqMan Gene Expression Assays®.

Gene Symbol Gene Name Assay ID

AFP α fetoprotein HS00173490_m1
ALB albumin HS00910225_m1

GAPDH glyceraldehyde-3-phosphate
dehydrogenase HS03929097_g1

HNF4A Hepatocyte nuclear factor 4, α Hs00230853_m1
KRT18 Keratin 18 Hs02827483_g1

PECAM1 platelet and endothelial cell
adhesion molecule 1 Hs00169777_m1

POU5F1 POU domain, class 5, transcription
factor 1 HS00999632_g1

VWF von Willebrand factor Hs00169795_m1
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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, Nümbrecht-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.

Antibody Type and Specifity Protein
Symbol Species Manufacturer Article-No. Final Conc.

(µg/mL)

Primary Antibody
Cytokeratin 18 CK18 mouse Santa Cruz Sc-6259 2

Hepatocyte nuclear factor 4 α HNF4A rabbit Santa Cruz Sc-8987 4
Platelet endothelial cell

adhesion molecule 1 PECAM1 mouse Abcam ab24590 5

POU domain, class 5,
transcription factor 1 OCT3 rabbit Santa Cruz Sc-9081 2

Von Willebrand factor VWF 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 ImageJ 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 t-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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AFP α-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 α

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

References

1. Yi, F.; Liu, G.H.; Izpisua Belmonte, J.C. Human induced pluripotent stem cells derived hepatocytes: Rising
promise for disease modeling, drug development and cell therapy. Protein Cell 2012, 4, 246–250. [CrossRef]
[PubMed]

2. Passier, R.; Orlova, V.; Mummery, C. Complex tissue and disease modeling using hiPSCs. Cell Stem Cell 2016,
18, 309–321. [CrossRef] [PubMed]

3. Suter-Dick, L.; Alves, P.M.; Blaauboer, B.J.; Bremm, K.D.; Brito, C.; Coecke, S.; Flick, B.; Fowler, P.; Hescheler, J.;
Ingelman-Sundberg, M.; et al. Stem cell-derived systems in toxicology assessment. Stem Cells Dev. 2015, 24,
1284–1296. [CrossRef] [PubMed]

4. Larrey, D. Epidemiology and individual susceptibility to adverse drug reactions affecting the liver.
Semin. Liver Dis. 2002, 22, 145–155. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s13238-012-2918-4
http://www.ncbi.nlm.nih.gov/pubmed/22441839
http://dx.doi.org/10.1016/j.stem.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26942851
http://dx.doi.org/10.1089/scd.2014.0540
http://www.ncbi.nlm.nih.gov/pubmed/25675366
http://dx.doi.org/10.1055/s-2002-30101
http://www.ncbi.nlm.nih.gov/pubmed/12016546


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

5. Sgro, C.; Clinard, F.; Ouazir, K.; Chanay, H.; Allard, C.; Guilleminet, C.; Lenoir, C.; Lemoine, A.; Hillon, P.
Incidence of drug-induced hepatic injuries: A French population-based study. Hepatology 2002, 36, 451–455.
[CrossRef] [PubMed]

6. Takayama, K.; Kawabata, K.; Nagamoto, Y.; Kishimoto, K.; Tashiro, K.; Sakurai, F.; Tachibana, M.; Kanda, K.;
Hayakawa, T.; Furue, M.K.; et al. 3D spheroid culture of hESC/hiPSC-derived hepatocyte-like cells for drug
toxicity testing. Biomaterials 2013, 34, 1781–1789. [CrossRef] [PubMed]

7. Ware, B.R.; Berger, D.R.; Khetani, S.R. Prediction of drug-induced liver injury in Micropatterned Co-cultures
Containing iPSC-Derived Human Hepatocytes. Toxicol. Sci. 2015, 145, 252–262. [CrossRef] [PubMed]

8. Yu, Y.; Liu, H.; Ikeda, Y.; Amiot, B.P.; Rinaldo, P.; Duncan, S.A.; Nyberg, S.L. Hepatocyte-like cells
differentiated from human induced pluripotent stem cells: Relevance to cellular therapies. Stem Cell Res.
2012, 9, 196–207. [CrossRef] [PubMed]

9. Song, Z.; Cai, J.; Liu, Y.; Zhao, D.; Yong, J.; Duo, S.; Song, X.; Guo, Y.; Zhao, Y.; Qin, H.; et al. Efficient
generation of hepatocyte-like cells from human induced pluripotent stem cells. Cell Res. 2009, 19, 1233–1242.
[CrossRef] [PubMed]

10. Si-Tayeb, K.; Noto, F.K.; Nagaoka, M.; Li, J.; Battle, M.A.; Duris, C.; North, P.E.; Dalton, S.; Duncan, S.A.
Highly efficient generation of human hepatocyte-like cells from induced pluripotent stem cells. Hepatology
2010, 51, 297–305. [CrossRef] [PubMed]

11. Baxter, M.; Withey, S.; Harrison, S.; Segeritz, C.P.; Zhang, F.; Atkinson-Dell, R.; Rowe, C.; Gerrard, D.T.;
Sison-Young, R.; Jenkins, R.; et al. Phenotypic and functional analyses show stem cell-derived hepatocyte-like
cells better mimic fetal rather than adult hepatocytes. J. Hepatol. 2015, 62, 581–589. [CrossRef] [PubMed]

12. Takayama, K.; Mizuguchi, H. Generation of human pluripotent stem cell-derived hepatocyte-like cells for
drug toxicity screening. Drug Metab. Pharmacokinet. 2017, 32, 12–20. [CrossRef] [PubMed]

13. Sullivan, G.J.; Hay, D.C.; Park, I.H.; Fletcher, J.; Hannoun, Z.; Payne, C.M.; Dalgetty, D.; Black, J.R.; Ross, J.A.;
Samuel, K.; et al. Generation of functional human hepatic endoderm from human induced pluripotent stem
cells. Hepatology 2010, 51, 329–335. [CrossRef] [PubMed]

14. Vosough, M.; Omidinia, E.; Kadivar, M.; Shokrgozar, M.A.; Pournasr, B.; Aghdami, N.; Baharvand, H.
Generation of functional hepatocyte-like cells from human pluripotent stem cells in a scalable suspension
culture. Stem Cells Dev. 2013, 22, 2693–2705. [CrossRef] [PubMed]

15. Hay, D.C.; Fletcher, J.; Payne, C.; Terrace, J.D.; Gallagher, R.C.; Snoeys, J.; Black, J.R.; Wojtacha, D.; Samuel, K.;
Hannoun, Z.; et al. Highly efficient differentiation of hESCs to functional hepatic endoderm requires
ActivinA and Wnt3a signaling. Proc. Natl. Acad. Sci. USA 2008, 105, 12301–12306. [CrossRef] [PubMed]

16. Cai, J.; Zhao, Y.; Liu, Y.; Ye, F.; Song, Z.; Qin, H.; Meng, S.; Chen, Y.; Zhou, R.; Song, X.; et al. Directed
differentiation of human embryonic stem cells into functional hepatic cells. Hepatology 2007, 45, 1229–1239.
[CrossRef] [PubMed]

17. Brolén, G.; Sivertsson, L.; Björquist, P.; Eriksson, G.; Ek, M.; Semb, H.; Johansson, I.; Andersson, T.B.;
Ingelman-Sundberg, M.; Heins, N. Hepatocyte-like cells derived from human embryonic stem cells
specifically via definitive endoderm and a progenitor stage. J. Biotechnol. 2010, 145, 284–294. [CrossRef]
[PubMed]

18. Hay, D.C.; Zhao, D.; Fletcher, J.; Hewitt, Z.A.; McLean, D.; Urruticoechea-Uriguen, A.; Black, J.R.; Elcombe, C.;
Ross, J.A.; Wolf, R.; et al. Efficient differentiation of hepatocytes from human embryonic stem cells exhibiting
markers recapitulating liver development in vivo. Stem Cells 2008, 26, 894–902. [CrossRef] [PubMed]

19. Takayama, K.; Inamura, M.; Kawabata, K.; Katayama, K.; Higuchi, M.; Tashiro, K.; Nonaka, A.; Sakurai, F.;
Hayakawa, T.; Furue, M.K.; et al. Efficient generation of functional hepatocytes from human embryonic stem
cells and induced pluripotent stem cells by HNF4α transduction. Mol. Ther. 2012, 20, 127–137. [CrossRef]
[PubMed]

20. Doddapaneni, R.; Chawla, Y.K.; Das, A.; Kalra, J.K.; Ghosh, S.; Chakraborti, A. Overexpression of
microRNA-122 enhances in vitro hepatic differentiation of fetal liver-derived stem/progenitor cells.
J. Cell Biochem. 2013, 114, 1575–1583. [CrossRef] [PubMed]

21. Deng, X.G.; Qiu, R.L.; Wu, Y.H.; Li, Z.X.; Xie, P.; Zhang, J.; Zhou, J.J.; Zeng, L.X.; Tang, J.; Maharjan, A.; et al.
Overexpression of miR-122 promotes the hepatic differentiation and maturation of mouse ESCs through a
miR-122/FoxA1/HNF4a-positive feedback loop. Liver Int. 2014, 34, 281–295. [CrossRef] [PubMed]

http://dx.doi.org/10.1053/jhep.2002.34857
http://www.ncbi.nlm.nih.gov/pubmed/12143055
http://dx.doi.org/10.1016/j.biomaterials.2012.11.029
http://www.ncbi.nlm.nih.gov/pubmed/23228427
http://dx.doi.org/10.1093/toxsci/kfv048
http://www.ncbi.nlm.nih.gov/pubmed/25716675
http://dx.doi.org/10.1016/j.scr.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22885101
http://dx.doi.org/10.1038/cr.2009.107
http://www.ncbi.nlm.nih.gov/pubmed/19736565
http://dx.doi.org/10.1002/hep.23354
http://www.ncbi.nlm.nih.gov/pubmed/19998274
http://dx.doi.org/10.1016/j.jhep.2014.10.016
http://www.ncbi.nlm.nih.gov/pubmed/25457200
http://dx.doi.org/10.1016/j.dmpk.2016.10.408
http://www.ncbi.nlm.nih.gov/pubmed/28012798
http://dx.doi.org/10.1002/hep.23335
http://www.ncbi.nlm.nih.gov/pubmed/19877180
http://dx.doi.org/10.1089/scd.2013.0088
http://www.ncbi.nlm.nih.gov/pubmed/23731381
http://dx.doi.org/10.1073/pnas.0806522105
http://www.ncbi.nlm.nih.gov/pubmed/18719101
http://dx.doi.org/10.1002/hep.21582
http://www.ncbi.nlm.nih.gov/pubmed/17464996
http://dx.doi.org/10.1016/j.jbiotec.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19932139
http://dx.doi.org/10.1634/stemcells.2007-0718
http://www.ncbi.nlm.nih.gov/pubmed/18238852
http://dx.doi.org/10.1038/mt.2011.234
http://www.ncbi.nlm.nih.gov/pubmed/28160628
http://dx.doi.org/10.1002/jcb.24499
http://www.ncbi.nlm.nih.gov/pubmed/23334867
http://dx.doi.org/10.1111/liv.12239
http://www.ncbi.nlm.nih.gov/pubmed/23834235


Int. J. Mol. Sci. 2017, 18, 1724 19 of 21

22. Gieseck, R.L., III; Hannan, N.R.; Bort, R.; Hanley, N.A.; Drake, R.A.; Cameron, G.W.; Wynn, T.A.; Vallier, L.
Maturation of induced pluripotent stem cell derived hepatocytes by 3D-culture. PLoS ONE 2014, 9, e86372.
[CrossRef] [PubMed]

23. Freyer, N.; Knöspel, F.; Strahl, N.; Amini, L.; Schrade, P.; Bachmann, S.; Damm, G.; Seehofer, D.; Jacobs, F.;
Monshouwer, M.; et al. Hepatic differentiation of human induced pluripotent stem cells in a perfused
three-dimensional multicompartment bioreactor. BioRes. Open Access 2016, 5, 235–248. [CrossRef] [PubMed]

24. Matsumoto, K.; Yoshitomi, H.; Rossant, J.; Zaret, K.S. Liver organogenesis promoted by endothelial cells
prior to vascular function. Science 2001, 294, 559–563. [CrossRef] [PubMed]

25. Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T.; Zhang, R.R.; Ueno, Y.; Zheng, Y.W.;
Koike, N.; et al. Vascularized and functional human liver from an iPSC-derived organ bud transplant. Nature
2013, 499, 481–484. [CrossRef] [PubMed]

26. Godoy, P.; Schmidt-Heck, W.; Natarajan, K.; Lucendo-Villarin, B.; Szkolnicka, D.; Asplund, A.; Björquist, P.;
Widera, A.; Stöber, R.; Campos, G.; et al. Gene networks and transcription factor motifs defining the
differentiation of stem cells into hepatocyte-like cells. J. Hepatol. 2015, 63, 934–942. [CrossRef] [PubMed]

27. Maciag, T.; Cerundolo, J.; Ilsley, S.; Kelley, P.R.; Forand, R. An endothelial cell growth factor from bovine
hypothalamus: Identification and partial characterization. Proc. Natl. Acad. Sci. USA 1979, 76, 5674–5678.
[CrossRef] [PubMed]

28. Thornton, S.C.; Mueller, S.N.; Levine, E.M. Human endothelial cells: Use of heparin in cloning and long-term
serial cultivation. Science 1983, 222, 623–625. [CrossRef] [PubMed]

29. Spivak-Kroizman, T.; Lemmon, M.A.; Dikic, I.; Ladbury, J.E.; Pinchasi, D.; Huang, J.; Jaye, M.; Crumley, G.;
Schlessinger, J.; Lax, I. Heparin-induced oligomerization of FGF molecules is responsible for FGF receptor
dimerization, activation, and cell proliferation. Cell 1994, 79, 1015–1024. [CrossRef]

30. Kang, S.S.; Gosselin, C.; Ren, D.; Greisler, H.P. Selective stimulation of endothelial cell proliferation with
inhibition of smooth muscle cell proliferation by fibroblast growth factor-1 plus heparin delivered from
fibrin glue suspensions. Surgery 1995, 118, 280–286. [CrossRef]

31. Montagnani, M.; Golovchenko, I.; Kim, I.; Koh, G.Y.; Goalstone, M.L.; Mundhekar, A.N.; Johansen, M.;
Kucik, D.F.; Quon, M.J.; Draznin, B. Inhibition of phosphatidylinositol 3-kinase enhances mitogenic actions
of insulin in endothelial cells. J. Biol. Chem. 2002, 277, 1794–1799. [CrossRef] [PubMed]

32. Carlevaro, M.F.; Albini, A.; Ribatti, D.; Gentili, C.; Benelli, R.; Cermelli, S.; Cancedda, R.; Cancedda, F.D.
Transferrin promotes endothelial cell migration and invasion: implication in cartilage neovascularization.
J. Cell. Biol. 1997, 136, 1375–1384. [CrossRef] [PubMed]

33. Kotamraju, S.; Chitambar, C.R.; Kalivendi, S.V.; Joseph, J.; Kalyanaraman, B. Transferrin receptor-dependent
iron uptake is responsible for doxorubicin-mediated apoptosis in endothelial cells: Role of oxidant-induced
iron signaling in apoptosis. J. Biol. Chem. 2002, 277, 17179–17187. [CrossRef] [PubMed]

34. Dhar-Mascareño, M.; Cárcamo, J.M.; Golde, D.W. Hypoxia-reoxygenation-induced mitochondrial damage
and apoptosis in human endothelial cells are inhibited by vitamin C. Free Radic. Biol. Med. 2005, 38, 1311–1322.
[CrossRef] [PubMed]

35. Piconi, L.; Quagliaro, L.; Assaloni, R.; Da Ros, R.; Maier, A.; Zuodar, G.; Ceriello, A. Constant and intermittent
high glucose enhances endothelial cell apoptosis through mitochondrial superoxide overproduction.
Diabetes Metab. Res. Rev. 2006, 22, 198–203. [CrossRef] [PubMed]

36. Tanaka, M.; Gong, J.; Zhang, J.; Yamada, Y.; Borgeld, H.J.; Yagi, K. Mitochondrial genotype associated with
longevity and its inhibitory effect on mutagenesis. Mech. Ageing Dev. 2000, 116, 65–76. [CrossRef]

37. Ameri, J.; Ståhlberg, A.; Pedersen, J.; Johansson, J.K.; Johannesson, M.M.; Artner, I.; Semb, H. FGF2 specifies
hESC-derived definitive endoderm into foregut/midgut cell lineages in a concentration-dependent manner.
Stem Cells 2010, 28, 45–56. [CrossRef] [PubMed]

38. Touboul, T.; Hannan, N.R.; Corbineau, S.; Martinez, A.; Martinet, C.; Branchereau, S.; Mainot, S.;
Strick-Marchand, H.; Pedersen, R.; Di Santo, J.; et al. Generation of functional hepatocytes from human
embryonic stem cells under chemically defined conditions that recapitulate liver development. Hepatology
2010, 51, 1754–1765. [CrossRef] [PubMed]

39. Kim, J.H.; Jang, Y.J.; An, S.Y.; Son, J.; Lee, J.; Lee, G.; Park, J.Y.; Park, H.J.; Hwang, D.Y.; Kim, J.H.; et al.
Enhanced Metabolizing Activity of Human ES Cell-Derived Hepatocytes Using a 3D Culture System with
Repeated Exposures to Xenobiotics. Toxicol. Sci. 2015, 147, 190–206. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0086372
http://www.ncbi.nlm.nih.gov/pubmed/24466060
http://dx.doi.org/10.1089/biores.2016.0027
http://www.ncbi.nlm.nih.gov/pubmed/27610270
http://dx.doi.org/10.1126/science.1063889
http://www.ncbi.nlm.nih.gov/pubmed/11577199
http://dx.doi.org/10.1038/nature12271
http://www.ncbi.nlm.nih.gov/pubmed/23823721
http://dx.doi.org/10.1016/j.jhep.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26022688
http://dx.doi.org/10.1073/pnas.76.11.5674
http://www.ncbi.nlm.nih.gov/pubmed/293671
http://dx.doi.org/10.1126/science.6635659
http://www.ncbi.nlm.nih.gov/pubmed/6635659
http://dx.doi.org/10.1016/0092-8674(94)90032-9
http://dx.doi.org/10.1016/S0039-6060(05)80335-6
http://dx.doi.org/10.1074/jbc.M103728200
http://www.ncbi.nlm.nih.gov/pubmed/11707433
http://dx.doi.org/10.1083/jcb.136.6.1375
http://www.ncbi.nlm.nih.gov/pubmed/9087450
http://dx.doi.org/10.1074/jbc.M111604200
http://www.ncbi.nlm.nih.gov/pubmed/11856741
http://dx.doi.org/10.1016/j.freeradbiomed.2005.01.017
http://www.ncbi.nlm.nih.gov/pubmed/15855049
http://dx.doi.org/10.1002/dmrr.613
http://www.ncbi.nlm.nih.gov/pubmed/16453381
http://dx.doi.org/10.1016/S0047-6374(00)00149-4
http://dx.doi.org/10.1002/stem.249
http://www.ncbi.nlm.nih.gov/pubmed/19890880
http://dx.doi.org/10.1002/hep.23506
http://www.ncbi.nlm.nih.gov/pubmed/20301097
http://dx.doi.org/10.1093/toxsci/kfv121
http://www.ncbi.nlm.nih.gov/pubmed/26089346


Int. J. Mol. Sci. 2017, 18, 1724 20 of 21

40. Tasnim, F.; Phan, D.; Toh, Y.C.; Yu, H. Cost-effective differentiation of hepatocyte-like cells from human
pluripotent stem cells using small molecules. Biomaterials 2015, 70, 115–125. [CrossRef] [PubMed]

41. Chen, Y.; Stevens, B.; Chang, J.; Milbrandt, J.; Barres, B.A.; Hell, J.W. NS21: Re-defined and modified
supplement B27 for neuronal cultures. J. Neurosci. Methods. 2008, 171, 239–247. [CrossRef] [PubMed]

42. Cai, J.; DeLaForest, A.; Fisher, J.; Urick, A.; Wagner, T.; Twaroski, K.; Cayo, M.; Nagaoka, M.;
Duncan, S.A. Protocol for Directed Differentiation of Human Pluripotent Stem Cells toward a Hepatocyte Fate.
StemBook. 2012. Available online: http://www.ncbi.nlm.nih.gov/books/NBK133278/PubMed (accessed on
2 August 2017).

43. DeLaForest, A.; Nagaoka, M.; Si-Tayeb, K.; Noto, F.K.; Konopka, G.; Battle, M.A.; Duncan, S.A. HNF4A is
essential for specification of hepatic progenitors from human pluripotent stem cells. Development 2011, 138,
4143–4153. [CrossRef] [PubMed]

44. Dean, S.; Tang, J.I.; Seckl, J.R.; Nyirenda, M.J. Developmental and tissue-specific regulation of hepatocyte
nuclear factor 4-alpha (HNF4-alpha) isoforms in rodents. Gene Expr. 2010, 14, 337–344. [CrossRef] [PubMed]

45. Yokoyama, A.; Katsura, S.; Ito, R.; Hashiba, W.; Sekine, H.; Fujiki, R.; Kato, S. Multiple post-translational
modifications in hepatocyte nuclear factor 4α. Biochem. Biophys. Res. Commun. 2011, 410, 749–753. [CrossRef]
[PubMed]

46. Martínez-Jiménez, C.P.; Castell, J.V.; Gómez-Lechón, M.J.; Jover, R. Transcriptional activation of CYP2C9,
CYP1A1, and CYP1A2 by hepatocyte nuclear factor 4alpha requires coactivators peroxisomal proliferator
activated receptor-gamma coactivator 1alpha and steroid receptor coactivator 1. Mol. Pharmacol. 2006, 70,
1681–1692. [CrossRef] [PubMed]

47. Tirona, R.G.; Lee, W.; Leake, B.F.; Lan, L.B.; Cline, C.B.; Lamba, V.; Parviz, F.; Duncan, S.A.; Inoue, Y.;
Gonzalez, F.J.; et al. The orphan nuclear receptor HNF4alpha determines PXR- and CAR-mediated xenobiotic
induction of CYP3A4. Nat. Med. 2003, 9, 220–224. [CrossRef] [PubMed]

48. Pascussi, J.M.; Gerbal-Chaloin, S.; Drocourt, L.; Maurel, P.; Vilarem, M.J. The expression of CYP2B6, CYP2C9
and CYP3A4 genes: A tangle of networks of nuclear and steroid receptors. Biochim. Biophys. Acta 2003, 1619,
243–253. [CrossRef]

49. Matsumoto, K.; Nakamura, T. Heparin functions as a hepatotrophic factor by inducing production of
hepatocyte growth factor. Biochem. Biophys. Res. Commun. 1996, 227, 455–461. [CrossRef] [PubMed]

50. Behbahan, I.S.; Duan, Y.; Lam, A.; Khoobyari, S.; Ma, X.; Ahuja, T.P.; Zern, M.A. New approaches in the
differentiation of human embryonic stem cells and induced pluripotent stem cells toward hepatocytes.
Stem Cell Rev. 2011, 7, 748–759. [CrossRef] [PubMed]

51. Kang, L.I.; Mars, W.M.; Michalopoulos, G.K. Signals and cells involved in regulating liver regeneration. Cells
2012, 1, 1261–1292. [CrossRef] [PubMed]

52. Ma, X.; Qu, X.; Zhu, W.; Li, Y.S.; Yuan, S.; Zhang, H.; Liu, J.; Wang, P.; Lai, C.S.; Zanella, F.; et al.
Deterministically patterned biomimetic human iPSC-derived hepatic model via rapid 3D bioprinting.
Proc. Natl. Acad. Sci. USA 2016, 113, 2206–2211. [CrossRef] [PubMed]

53. Nakamura, M.; Nishida, T. Differential effects of epidermal growth factor and interleukin 6 on corneal
epithelial cells and vascular endothelial cells. Cornea 1999, 18, 452–458. [CrossRef] [PubMed]

54. Gentilini, G.; Kirschbaum, N.E.; Augustine, J.A.; Aster, R.H.; Visentin, G.P. Inhibition of human umbilical
vein endothelial cell proliferation by the CXC chemokine, platelet factor 4 (PF4), is associated with impaired
downregulation of p21(Cip1/WAF1). Blood 1999, 93, 25–33. [PubMed]

55. Du, C.; Narayanan, K.; Leong, M.F.; Wan, A.C. Induced pluripotent stem cell-derived hepatocytes and
endothelial cells in multi-component hydrogel fibers for liver tissue engineering. Biomaterials 2014, 35,
6006–6014. [CrossRef] [PubMed]

56. Javed, M.S.; Yaqoob, N.; Iwamuro, M.; Kobayashi, N.; Fujiwara, T. Generation of hepatocyte-like cells from
human induced pluripotent stem (iPS) cells by co-culturing embryoid body cells with liver non-parenchymal
cell line TWNT-1. J. Coll. Physicians Surg. Pak. 2014, 24, 91–96. [PubMed]

57. Berger, D.R.; Ware, B.R.; Davidson, M.D.; Allsup, S.R.; Khetani, S.R. Enhancing the functional maturity of
induced pluripotent stem cell-derived human hepatocytes by controlled presentation of cell-cell interactions
in vitro. Hepatology 2015, 61, 1370–1381. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26310107
http://dx.doi.org/10.1016/j.jneumeth.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18471889
http://www.ncbi.nlm.nih.gov/books/NBK133278/PubMed
http://dx.doi.org/10.1242/dev.062547
http://www.ncbi.nlm.nih.gov/pubmed/21852396
http://dx.doi.org/10.3727/105221610X12717040569901
http://www.ncbi.nlm.nih.gov/pubmed/20635575
http://dx.doi.org/10.1016/j.bbrc.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21708125
http://dx.doi.org/10.1124/mol.106.025403
http://www.ncbi.nlm.nih.gov/pubmed/16882880
http://dx.doi.org/10.1038/nm815
http://www.ncbi.nlm.nih.gov/pubmed/12514743
http://dx.doi.org/10.1016/S0304-4165(02)00483-X
http://dx.doi.org/10.1006/bbrc.1996.1528
http://www.ncbi.nlm.nih.gov/pubmed/8878536
http://dx.doi.org/10.1007/s12015-010-9216-4
http://www.ncbi.nlm.nih.gov/pubmed/21336836
http://dx.doi.org/10.3390/cells1041261
http://www.ncbi.nlm.nih.gov/pubmed/24710554
http://dx.doi.org/10.1073/pnas.1524510113
http://www.ncbi.nlm.nih.gov/pubmed/26858399
http://dx.doi.org/10.1097/00003226-199907000-00011
http://www.ncbi.nlm.nih.gov/pubmed/10422859
http://www.ncbi.nlm.nih.gov/pubmed/9864142
http://dx.doi.org/10.1016/j.biomaterials.2014.04.011
http://www.ncbi.nlm.nih.gov/pubmed/24780169
http://www.ncbi.nlm.nih.gov/pubmed/24491001
http://dx.doi.org/10.1002/hep.27621
http://www.ncbi.nlm.nih.gov/pubmed/25421237


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

58. Ishii, T.; Yasuchika, K.; Fukumitsu, K.; Kawamoto, T.; Kawamura-Saitoh, M.; Amagai, Y.; Ikai, I.; Uemoto, S.;
Kawase, E.; Suemori, H.; et al. In vitro hepatic maturation of human embryonic stem cells by using a
mesenchymal cell line derived from murine fetal livers. Cell Tissue Res. 2010, 339, 505–512. [CrossRef]
[PubMed]

59. Song, W.; Lu, Y.C.; Frankel, A.S.; An, D.; Schwartz, R.E.; Ma, M. Engraftment of human induced pluripotent
stem cell-derived hepatocytes in immunocompetent mice via 3D co-aggregation and encapsulation. Sci. Rep.
2015, 5, 16884. [CrossRef] [PubMed]

60. Yu, Y.D.; Kim, K.H.; Lee, S.G.; Choi, S.Y.; Kim, Y.C.; Byun, K.S.; Cha, I.H.; Park, K.Y.; Cho, C.H.; Choi, D.H.
Hepatic differentiation from human embryonic stem cells using stromal cells. J. Surg. Res. 2011, 170, 253–261.
[CrossRef] [PubMed]

61. Nagamoto, Y.; Tashiro, K.; Takayama, K.; Ohashi, K.; Kawabata, K.; Sakurai, F.; Tachibana, M.; Hayakawa, T.;
Furue, M.K.; Mizuguchi, H. The promotion of hepatic maturation of human pluripotent stem cells in 3D
co-culture using type I collagen and Swiss 3T3 cell sheets. Biomaterials 2012, 33, 4526–4534. [CrossRef]
[PubMed]

62. Collardeau-Frachon, S.; Scoazec, J.Y. Vascular development and differentiation during human liver
organogenesis. Anat. Rec. 2008, 291, 614–627. [CrossRef] [PubMed]

63. Si-Tayeb, K.; Lemaigre, F.P.; Duncan, S.A. Organogenesis and development of the liver. Dev. Cell 2010, 18,
175–189. [CrossRef] [PubMed]

64. Rafii, S.; Butler, J.M.; Ding, B.S. Angiocrine functions of organ-specific endothelial cells. Nature 2016, 529,
316–325. [CrossRef] [PubMed]

65. Ding, B.S.; Nolan, D.J.; Butler, J.M.; James, D.; Babazadeh, A.O.; Rosenwaks, Z.; Mittal, V.; Kobayashi, H.;
Shido, K.; Lyden, D.; et al. Inductive angiocrine signals from sinusoidal endothelium are required for liver
regeneration. Nature 2010, 468, 310–315. [CrossRef] [PubMed]

66. Haque, A.; Gheibi, P.; Stybayeva, G.; Gao, Y.; Torok, N.; Revzin, A. Ductular reaction-on-a-chip: Microfluidic
co-cultures to study stem cell fate selection during liver injury. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

67. Takebe, T.; Zhang, R.R.; Koike, H.; Kimura, M.; Yoshizawa, E.; Enomura, M.; Koike, N.; Sekine, K.;
Taniguchi, H. Generation of a vascularized and functional human liver from an iPSC-derived organ bud
transplant. Nat. Protoc. 2014, 9, 396–409. [CrossRef] [PubMed]

68. Yu, J.; Hu, K.; Smuga-Otto, K.; Tian, S.; Stewart, R.; Slukvin, I.I.; Thomson, J.A. Human induced pluripotent
stem cells free of vector and transgene sequences. Science 2009, 324, 797–801. [CrossRef] [PubMed]

69. Hay, D.C.; Zhao, D.; Ross, A.; Mandalam, R.; Lebkowski, J.; Cui, W. Direct differentiation of human
embryonic stem cells to hepatocyte-like cells exhibiting functional activities. Cloning Stem Cells 2007, 9, 51–62.
[CrossRef] [PubMed]

70. Knöspel, F.; Freyer, N.; Stecklum, M.; Gerlach, J.C.; Zeilinger, K. Periodic harvesting of embryonic stem
cells from a hollow-fiber membrane based four-compartment bioreactor. Biotechnol. Prog. 2016, 32, 141–151.
[CrossRef] [PubMed]

71. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00441-009-0906-7
http://www.ncbi.nlm.nih.gov/pubmed/20041263
http://dx.doi.org/10.1038/srep16884
http://www.ncbi.nlm.nih.gov/pubmed/26592180
http://dx.doi.org/10.1016/j.jss.2011.06.032
http://www.ncbi.nlm.nih.gov/pubmed/21816427
http://dx.doi.org/10.1016/j.biomaterials.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22445253
http://dx.doi.org/10.1002/ar.20679
http://www.ncbi.nlm.nih.gov/pubmed/18484606
http://dx.doi.org/10.1016/j.devcel.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20159590
http://dx.doi.org/10.1038/nature17040
http://www.ncbi.nlm.nih.gov/pubmed/26791722
http://dx.doi.org/10.1038/nature09493
http://www.ncbi.nlm.nih.gov/pubmed/21068842
http://dx.doi.org/10.1038/srep36077
http://www.ncbi.nlm.nih.gov/pubmed/27796316
http://dx.doi.org/10.1038/nprot.2014.020
http://www.ncbi.nlm.nih.gov/pubmed/24457331
http://dx.doi.org/10.1126/science.1172482
http://www.ncbi.nlm.nih.gov/pubmed/19325077
http://dx.doi.org/10.1089/clo.2006.0045
http://www.ncbi.nlm.nih.gov/pubmed/17386014
http://dx.doi.org/10.1002/btpr.2182
http://www.ncbi.nlm.nih.gov/pubmed/26486457
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Culture Media Variations on Mono-Cultures of Human Umbilical Vein Endothelial Cells (HUVEC) 
	Hepatic Differentiation of hiPSC-Derived Definitive Endoderm (DE) Cells with or without HUVEC Co-Cultivation Using Different Co-Culture Media 
	Morphological Characteristics of hiPSC-Derived Hepatocyte-like Cells (HLC) and Co-Cultured HUVEC 
	Gene Expression of Stage-Specific and Endothelial Cell Markers 
	Immunocytochemical Analysis of Stage-Specific and Endothelial Cell Markers 
	Secretion of -Fetoprotein (AFP), Albumin and Urea 
	Functional Analysis of Different Cytochrome P450 (CYP) Isoenzymes 


	Discussion 
	Materials and Methods 
	Culture of HUVEC 
	Culture and Hepatic Differentiation of hiPSC 
	Culture Medium Testing in Mono-Cultures of HUVEC 
	Co-Culture of hiPSC-Derived DE cells with HUVEC 
	Analyses of Biochemical Parameters 
	Gene Expression Analysis 
	Immunocytochemical Staining 
	Measurement of Cytochrome P450 (CYP) Isoenzyme Activities 
	Statistical Evaluation 

	Conclusions 

