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Abstract

The importance of hepatocytes for both the pharmaceutical industry and medicine is undeniable. Drug-induced liver
disease is the main cause of pharmaceuticals retraction from the market, highlighting the need to create a suitable high
throughput screening system for evaluation of drug toxicity in the human liver [1]. Moreover, liver diseases affect 600
Million people worldwide and the lack of donors for transplantation makes hepatocytes a valuable solution for disease
modelling and for the creation of new cellular therapies [2]. Numerous efforts for the in vitro generation of hepatocytes from
pluripotent stem cells (PSCs) have been done, however all existent protocols generate only immature hepatic-like cells. A
solution for this problem may be their co-culture with other liver cells, as neighbour signalling is known to be essential
in in vivo differentiation [3], [4], [5]. In this work we tried to generate one of the non-parenchymal liver cells types, the
liver specific endothelial cells (LSECs), for co-culture with hepatocytes. LSECs are endothelial cells (ECs) with specific
liver characteristics and thus, their generation firstly undergoes PSCs differentiation into ECs and only then, specification
into LSECs. For endothelial cell differentiation, a three step protocol was chosen [6] and to improve it, several cytokines
and growth factors in different concentrations were tested. With these studies, we concluded that high concentrations of
BMP4 together with Activin A play an important role in mesoderm induction and thus, in endothelial differentiation. The
application of Wnt3A and SB-43152 has also shown to be beneficial. For differentiation of ECs into LSECs, an inducible
system containing LSEC transcription factors was created.
Keywords: Co-culture of hepatocytes with non-parenchymal cells, Endothelial cells differentiation, Inducible cell line,
Liver engineering, Liver specific endothelial cells.

Introduction
Nowadays, researchers are able to define cancer, organ fail-
ure or hereditary diseases by a defect or mutation in a cell
or in the DNA [7]. Furthermore, they can generate drugs
that target these specific cellular programs or stabilize and
correct the function of misregulated proteins [8], [9]. Nev-
ertheless, biomedical scientists fail to convert this knowl-
edge into therapies. This is mainly due to their inability to
efficiently predict the occurrence of non-specific effects of
newly synthesized drugs in the liver, since there are no good
testing models [10], [11].

Isolation and subsequential culturing of primary liver
cells, most notably hepatocytes (HCs), has not been able
to replace animal testing, which is inadequate in predicting
human toxicity [12]. This happens because on the one hand,
isolated hepatocytes cells lose very quickly their hepatic
features and functionality when cultured in vitro, and on the
other hand, donor livers are in short supply and are not even
enough for medical applications [13]. For these reasons, the
main hope is to generate liver cells from pluripotent stem
cells (PSCs) [14]. Several research groups have been devel-
oping protocols for this, but the resulting cell populations
remain mixed and immature and thus, the generated cells
are not suitable for high throughput drug screening [2], [14],

[15].
Recent studies have shown that when primary human

hepatocytes are co-cultured with endothelial cells, these ex-
hibit more mature functions, suggesting that neighbour sig-
nalling is important for cell differentiation [2],[16]. Given
the close interactions between hepatocytes and liver spe-
cific endothelial cells (LSECs) in vivo, it is expected that
co-culturing these cells in a 3D structure that resembles the
liver lobule will provide even better results than with the
experiments done using non-specific endothelial cells [4],
[16], [17].

Since there are no protocols for the generation of LSECs,
we aim to differentiate first PSCs into endothelial cells and
then, to induce a hepatic fate by overexpression of key
LSEC-specific transcription factors. If a a renewable source
of LSECs can be establish, it is possible to improve the ma-
turity of generated HCs and to gain insights into the inter-
actions between HCs and LSECs [4], [5].

Background
Need for a renewable source of hepatocytes

Hepatocytes are specialized parenchymal cells that con-
stitute the majority of the liver and have a wide range of
functions. These include the regulation of glucose and

1



lipid metabolism, synthesis of proteins, degradation of hor-
mones and xenobiotic substances and bioconversion of ex-
ogenously added compounds and drugs, spanning in total
over 500 classes of functions [2], [14], [15]. Due to their
bioconversion functions, hepatocytes are of specific inter-
est for toxicologists and the Pharmaceutical industry: in re-
cent years, drug induced liver injury (DILI) has been the
main cause of drug failure in Phase I or II clinical trials
[15], [18]. In addition, more than 600 pharmaceuticals have
been retracted from the market since 1950, due to the same
reason [1]. This happens because all initial drug screens
are performed in animal models, which do not simulate
properly the human physiology and toxicity [2], [19]. A
renewable pool of in vitro cultured hepatocytes could rep-
resent a high throughput system for the evaluation of drug
metabolism (ADEMTox) and toxicity screening [18], [20].
In addition, hepatocytes would be valuable for medical ap-
plications [15]. Liver diseases affect 600 Million people
worldwide, killing 1 Million people every year and the only
available treatment is the allogeneic orthotropic liver trans-
plantation, which has a high mortality rate associated to
surgery complications and too long transplantation lists [2],
[21]. [22]. Thus, mature hepatocytes could help developing
new cellular therapies and modelling diseases.

Unfortunately, mature functions are rapidly lost when
primary hepatocytes are isolated and cultured in vitro;
within five days in culture, these cells completely lose their
drug metabolizing capability [13], [19]. Furthermore, pri-
mary hepatocytes are not expandable and their isolation
process is very difficult to isolate, since liver biopsies are
very invasive and donors are scarce [15],[23]. A solu-
tion for this is their differentiation from pluripotent stem
cells (PSCs), which have been proposed as an ideal source
of cells, as they possess the unlimited capacity of self-
renewal [24]. Furthermore, they are able to differenti-
ate into all cell types of the human body, including intra-
hepatic stem/progenitor cells and extra-hepatic stem cells
[25]. Several protocols have described the differentiation
of PSCs into hepatocyte-like cells, but all fail in obtaining
fully functional primary hepatocytes [2], [19]. In fact, their
progeny contains only 15% mature hepatocyte-like cells
with 10-20% of functional activity in the range of normal
hepatocytes [15]. This may be due to the fact that not all
signals involved in hepatic differentiation are known, and
because the liver is not only composed of hepatocytes, but
also of non-parenchymal cells (the hepatic stellate cells,
liver specific endothelial cells (LSECs) and hepatic Kupffer
cells), and neighbour cell signalling is recognized by be-
ing very important for cellular differentiation [3], [4], [15],
[26].

Since several studies have shown that the co-culture of
primary human hepatocytes with endothelial cells helps
maintaining their functions, the co-culture with LSECs
must have an even better effect [16], [17]. LSECs represent
almost 20% of the liver cells and although similar to
endothelial cells, they exhibit specific morphologic and
functional characteristics: they participate in metabolic
activities, possess specific markers (for example, Lsing,

FGCRB, Lsectin and MRC1), and exhibit fenestrae, being
often the initial target of hepatic toxicants, sugars and other
substances [5], [15], [27], [28]. As hepatocytes, LSECs
cannot be obtained from human liver due to the lack of
donors. Thus, their in vitro generation is necessary and for
that, PSCs are ideal.

Generation of endothelial cells
The in vitro generation of LSECs comprises firstly EC

differentiation from PSC and then, specification of ECs into
LSECs. EC differentiation from PSCs includes mesoderm
differentiation, angioblast/endothelial specification and en-
dothelial maturation [29], [30]. Most of the differentiation
protocols are 2D cultures (with or without feeders) and give
raise to a mixed population differentiation (Figure 1 sum-
marizes some of the most used 2D protocols) [31], [32]
[33]. As LSEC differentiation requires a pure population of
ECs, it is necessary to improve the EC differentiation pro-
cess. Gain and loss of function studies in mice show that
some growth-signalling molecules and their receptors, as is
the case of the vascular endothelial growth factors (VEGF),
the transforming growth factors (TGFs) and the angiopoi-
etins (Tie1, 2 and 3), play an important role in the in vivo
differentiation of ECs as their manipulation may help im-
proving the in vitro differentiation process [34], [35], [36].

Transforming growth factor beta (TGF-β) pathway
comprises two main signalling pathways: the TGF-
β/Activin/Nodal group and the bone morphogenetic pro-
tein/growth and differentiation factor (BMP/GDF) group.
Both pathways play an important role in mesoderm differ-
entiation [36], [37]. High levels of Nodal/Activin A are
essential for endoderm specification, whereas low levels of
this signal lead to mesoderm specification [38], [39]. More-
over, BMP signalling is essential for mesoderm differen-
tiation, and its absence causes embryos death [40]. TGF-
β pathway is also important for further differentiation into
endothelial lineages: TGF-β/ALK5 pathway acts as an in-
hibitor of EC generation by promoting differentiation of
mesoderm into fibroblasts [36], [39]. Thus, the addition
of a ALK5 pathway inhibitor (e.g. SB-43152) promotes
endothelial differentiation. Figure 2 summarizes the neces-
sary conditions for in vitro endothelial cells generation from
hESCs.

FGF signalling is also known to be crucial for meso-
derm formation in some animal species, especially FGF4
and FGF8 [41], [42]. The disruption of this signalling in the
embryo causes gastrulation defects and later loss of trunk
and tail tissues [42]. Although this has not yet been proven
for humans, in many different organisms the pathways in-
volved in early development work in the same way and thus,
these cytokines may be helpful for human endothelial cell
differentiation.

VEGF is a signal protein that induces vasculogenesis and
angiogenesis by regulating several endothelial functions.
[35], [43], [44]. Its activity is mediated through three
tyrosine kinases receptors: VEGFR-1 (Flt-1), VEGFR-2
(KDR/Flk-1) and VEGFR-3 (Flt-4) [43], [45]. VEGFR-2
is widely known to be a major receptor in transducing
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Figure 1: Generation of endothelial cells from PSCs via three stepwise protocols. Schematic outlining the differentiation kinetics and growth factors
utilized in four commonly used protocols established by [6], [31], [32] and [33].

the effects of VEGF into endothelial cells, being the most
important factor in VEGF-induced mitogenesis and prolif-
eration [43], [44]. VGFR-1 is important for the growth of
blood vessels at early stages of vascular development, as

Figure 2: Role of TGF-β pathway in endothelial cells differentiation
from hESCs and involved cytokines. Initial hESC differentiation requires
the presence of Activin A. This will lead to a mesendoderm lineage that
can be further differentiated in endoderm or mesoderm lineages. Endo-
derm lineage can be obtained by applying high concentrations of Activin
A, whereas mesoderm lineage can be generated by applying low concen-
trations of Activin A. For this last lineage, the presence of BMP4 is also
required. Endothelial differentiation is achieved by blocking TGF-β/ALK5
pathway, which can be done using a synthetic inhibitor, SB-431542.

well as for the emergence of the liver primodium at early
stages of liver development [34], [45]. VEGFR-3 is only
found in ECs in early embryonic stages, becoming then
confined to lymphatic endothelial cells [34], [43]. Thus, it
is essential for both EC and further LSEC differentiation.

Generation of LSECs
Although little is known about the transcription factors

involved in LSEC differentiation, and almost nothing re-
garding the respective signalling pathways, it is possible to
create a cell line that induces the overexpression of LSEC
transcription factors that promote their in vitro differenti-
ation from ECs, when wanted [34], [46]. This system is
called inducible system, and has already been done and
proven to be successful for other cell types [47], [48].

In the Verfaillie Lab there is already an engineered cell
line containing an FRT-flanked cassette in a safe gene lo-
cus (the AAVS1 locus), created with the zinc-finger nucle-
ase technology. When a FRT-flanked cassette is contained
in a cell, it can be specifically recognized by the enzyme
flippase and exchanged with another FRT-flanked cassette
containing genetic information of interest [49]. This sec-
ond cassette can be inserted for example, in a vector, which
is easy to deliver to the cell nucleus.

The second cassette has to contain a universal promoter,
a drug selectable cassette (to allow isolation of pure PSC)
and a lineage specific promoter with a fluorochrome or a
drug resistance gene. Random integration of the vector cas-
sette in the genome is ensured by the tyrosine kinase (TK)
contained in the original cell line cassette. The cassette also
encloses a tetracycline-controlled transcriptional activation
system, which is activated in the presence of doxycycline
(DOX) [50]. This kind of systems is known as Tet-On and
is based on a reverse tetracycline-controlled transactivator
protein (rtTA) that regulates the expression of a certain gene
under transcriptional control of a tetracycline responsive el-
ement (TRE) [51]. rtTA can only recognize tetO sequences
in TRE of the target gene in the presence of DOX, leading
then to the expression of the genes downstream from that
site (in the MCS) by activating a CMV minimal promoter
[50], [51]. By simple steps of cloning, such as digestions

3



Figure 3: Exchange of a FRT-flanked cassette contained in the AAVS1 locus of a modified cell line by another FRT-flanked cassette. This process
is mediated by the enzyme flippase, which recognizes and exchanges the FRT-flanked cassettes. The cassette to be inserted in the modified cell line is
an inducible cassette, containing a Tet-On system with a reverse tetracycline-controlled transactivator protein (rtTA). In the presence of doxycycline,
the rtTa protein recognized the tetO sequence contained in TRE, which leads to the activation of a CMV min promoter and transcription of the genes
contained in the MCS. The cassette also contains a puromycin drug resistance gene for selection and a splice acceptor site (SA) to allow its transcription.

and ligations, a set of TF genes can be inserted in this MCS.
Figure 3 illustrates the cell line and cassette to be used.

Materials and Methods
Human embryonic stem cell line used was a H9 (WA09)
from WiCell Research Institute). The cells were maintained
undifferentiated on a mouse fibroblasts feeder layer treated
with mitomycin C, using a medium prepared in the lab-
oratory (500 mL of medium is composed of 285 mL of
DMEM-F12+Hepes (Invitrogen), 100 mL of KOS (Invitro-
gen), 2.5 mL of L-glutamine (Sigma), 3.5 µL of β-Mercapto
500 mM (Sigma), 5 mL of NEAA 100x (Invitrogen) and 0.5
mL of Penincilin/Streptomycin 100x (Peptrotech)). Cells
were incubated at 37◦C and 5% of CO2. Once per week,
cells were passaged with a ratio of 1:6, using Collagenase
IV (Gibcor).

hESC differentiation began after cells were passaged
into Matrigel coated-plates in the absence of feeder cells,
using feeder-free medium, mTeSRT M (Stem Cell Technolo-
gies). For passaging, cells were detached with Trypsin
0,05% (Gibcor). For differentiation, Liver Differentia-
tion Media (LDM) was used, together with the growth
factors cocktail specific to each protocol. 500 mL of
medium is composed of 285 mL of DMEM LG (Invit-
rogen), 200 mL of MCDB pH=7.2 (Sigma), 5 mL of
Penincilin/Streptomycin 100x (Invitrogen), 5 mL of L-
Ascorbic Acid 2.9 g/L (Sigma), 1.25 mL of ITS (Invit-
rogen), 1.25 mL of LA-BSA 100x (Sigma), 0.5 mL of
β-Mercapto 500 mM (Invitrogen) and 2 mL of Dexam-
etasone 250 µM. All growth factors used were provided
from Peprotech. The RNA extraction and cDNA syn-
thesis were done with GenEluteT M Mammalian Total RNA
Miniprep Kit (Sigma) kit and First-strand synthesis Super-
mix for qRT-PCR kit (Invitrogen), respectively. The Quan-
titative Polymerase Chain Reaction (qPCR) was carried
out in an Applied Biosystems ViiAT M 7 Real Time PCR
System (Life Technologies) with dsDNA-binding reporter
Platinumr SYBRr Green (Invitrogen). The primers used
are listed in Table 1 of Supplementary information. The

Fluorescence-activated cell sorting (FACS) analysis was
carried out on a BD FACSCantoT M using FACSDiva soft-
ware (BD Biosciences). The primary antibodies and isotope
controls used are described in Table 2 of Supplementary in-
formation.

The PCR reactions were performed with Phusion High-
Fidelity DNA Polymerase (New England BioLabs). Di-
gestions were performed using enzymes from Fermentas
(Thermo Scientific). The PCR products and digestions were
cleaned using a Quick PCR purify kit (Invitrogen). The lig-
ations were performed using a T4 DNA Ligase (New Eng-
land BioLabs). The transformations were done with heat-
shock 5α competent Escherichia coli cells (New England
Biolabs) and the rescue, with SOC outgrowth medium (New
England BioLabs). The plasmids isolation was done with
a Quick plasmid miniprep kit (Invitrogen). For Sanger se-
quencing, samples were prepared using a Big-dye sequenc-
ing kit (Applied Biosystems) and a X-terminator purifica-
tion kit (Applied Biosystems). The gel electrophoresis was
done with 1% Agarose (Sigma) gel in buffer Tris-Acetate-
EDTA (TAE) 1x (prepared from buffer TAE 10X (Bioland
Scientific)), stained with Syber Safe DNA Gel Stain (Invit-
rogen) in the ratio of 1:30000.

Results
Improvement of EC generation protocol

To improve EC differentiation, some of the cytokines in-
volved in TGF-β pathway were used: Activin A to promote
mesoderm differentiation and SB-43152 to block TGF-
β/ALK5 pathway and promote EC differentiation. Thus,
based on the Verfaillie protocol (see Figure 1), four new
protocols were created, all including SB-43152 from D4-
D10: P1 (control), P2 with Activin 5ng/mL (D0-D2), P3
with Activin 10 ng/mL (D0-D2) and P4 with SB-43152
(D2-D10). Detailed concentrations of these and other proto-
cols can be found in Supplementary information. The effect
of these cytokines was measured through qPCR gene ex-
pression analysis of pluripotency (Nanog and Oct4), meso-
derm (Brachyury, PDGFR-α, PDGFR-β and KDR), en-
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doderm (Sox17 and Cxcr4) and endothelial genes (KDR,
CD31 and VE Cadh). Gene expression of endoderm genes
was measured because the usage of Activin and LDM can
lead differentiation towards endoderm/hepatic lineages.

Taking a look at Figure 4, it can be seen that there is
mesoderm and endothelial gene expression, because the ex-
pression levels at the peak of mesoderm (day 4) and en-
dothelial (day 10) differentiation are higher than at the be-
ginning (day 10). However, there is no difference between
protocols. KDR gene expression (which is both present in
mesoderm and endothelial cells) decreases by day 6 instead
of being kept constant, which means that there is loss of dif-
ferentiation towards other lineages. In addition, the increase
in endoderm gene expression shows that there is also some
endoderm differentiation. Thus, although differentiation to-
wards an endothelial fate is obtained, it is not exclusive for
this lineage.

Since no significant improvements were observed, new
conditions had to be tested. As endothelial differentiation
first undergoes mesoderm commitment, improving the lat-
ter may help improving the former. Moreover, the presence
of endoderm cells also supports the need to direct differen-
tiation towards mesoderm. As BMP4 is the most important
signal for mesodermal commitment, the effect of a higher
concentration of this cytokine (50 ng/mL) was tested in the
conditions of the four previous protocols, generating four
new protocols (P5, P6, P7 and P8). Observing Figure 5, it
is possible to conclude that a higher concentration of BMP4
has no effect neither in mesoderm nor in endoderm gene
expression, as no changes are detected. In fact, PDGFR-β
expression levels seem to increase at the end of differentia-
tion, suggesting that there is more cells differentiating into
mesenchymal lineages, as PDGFR-β KDR is also present
in mesenchymal cells in later days. This happens because
BMP4 promotes mesoderm differentiation, which can then
go to endothelial or mesenchymal lineages. As no effort
is done to promote the increased differentiation towards
ECs, cells differentiate naturally towards mesenchymal cell
types. Nevertheless, when analysing and comparing the en-
dothelial gene expression levels, a small improvement can
be detected by day 10, especially when higher concentra-
tions of BMP4 are combined with higher Activin A (P7).

With the previous conditions, minor improvements were
achieved, but without statistical significance. The main is-
sue remains the fact that a significant part of the cells dif-
ferentiate towards other lineages. In addition, no improve-
ments in mesoderm differentiation were attained and thus,
it is still necessary to improve it. For that, Wnt3A, FGF4
and FGF8 were used. Wnt3A is known to induce mesoderm
generation in cardiomyocytes differentiation protocols [52],
and FGF4 and FGF8 are fundamental for the development
of mesoderm and endothelial lineages in some animal mod-
els [41]. As Activin A also directs differentiation towards
mesoderm, its effect when applied for a longer period was
also tested. Thus, four protocols with the concentrations of
P7 (high BMP4 and Activin A) were defined: P9 as control,
P10 with Activin A (D0-D4), P11 with Wnt3A (D0-D2),
and P12 with Wnt3A (D0-D2) and FGF4 and FGF8 (D0-

D4).
Figure 6 shows the obtained gene expression levels.

Analysing this Figure, small improvements in the meso-
derm gene expression are detected. In fact, looking at
Brachuyry, PDGRF-α and KDR expressions and compar-
ing with the previous protocols, it is possible to conclude
that expression levels at day 4 take values as high as the
ones for day 2 with the previous protocols. In addition,
KDR expression does not decrease by day 10 but its kept
constant, which suggests that there is a smaller loss of dif-
ferentiation towards other lineages. Once again, although
there is no statistical difference, these improvements seem
higher for the protocols with higher concentrations BMP4
and Activin A together (P11). The increase in mesoderm
expression is however followed by an increase in endoderm
gene expression levels, suggesting that although differenti-
ation is improved, it is improved towards both cell lineages
(mesoderm and endoderm). Furthermore, no changes are
verified in endothelial gene expression levels and thus, the
improvements in mesoderm differentiation are not transmit-
ted to endothelial differentiation. Therefore the improve-
ments achieved in mesoderm differentiation must be com-
plemented with improvements in directing mesoderm cells
towards endothelial lineages.

As seen before, a higher concentration of Activin A helps
directing the differentiation towards endothelial cells. Thus,
and taking into account the limit concentration from which
differentiation is endorsed towards endoderm (50 ng/mL),
a higher concentration of Activin A (25 ng/mL) was tested
in the conditions of the previous protocols, generating four
new: P13, P14, P15 and P16. This allowed keeping the
improvements verified in mesoderm commitment, as it can
be seen in Figure 7, since the same conditions were main-
tained. In addition, no changes are verified in terms of en-
doderm gene expression. Nevertheless, endothelial gene
expression levels are improved, especially for KDR and
CD31. In fact, KDR expression increases until day 10,
showing that more endothelial differentiation is gained. The
referred improvements are especially high for protocol P14
and P15, when comparing to the control protocol P1. This
shows once more that these cytokines together play an im-
portant role in mesoderm and endothelial differentiation.

To validate this, the amount of differentiated cells was
measured though flow cytometry. For that, cells were sorted
at days 4 and 6 cells for mesoderm markers KDR, PDGFR-
α and PDGFR-β (see Figure 8). By day 4, about 70-80 % of
the cells are KDR positive, and 40-50 % are PDGFR-α and
PDGFR-β positive. This represents a higher amount than
generated with the original protocol, especially for KDR.
By day 6, the amount of mesoderm cells decreases, as dif-
ferentiation goes towards endothelial cells. This should be
verified for all markers except KDR, which is also present
in endothelial cells and thus, must remain constant. How-
ever, the number of KDR positive cells also decreases, sug-
gesting that some differentiation is lost towards other lin-
eages, most probably towards mesenchymal, as it is natural
of mesoderm differentiation. This is also supported by the
fact that PDGFR-β positive cells increase in the same pro-
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Figure 4: Temporal gene expression analysis of mesoderm (Brachyury, PDGFR-α, PDGFR-β), endoderm (Sox17 and Cxcr4) and endothelial (KDR,
CD31 and VE Cadh) genes for cells differentiated using protocols P1 (black bar), P2 (grey bar), P3 (dark grey bar) and P4 (light grey bar) through
quantitative RT-PCR. Bars are means ± standard deviation, n=3. Expression level of the differentiated cells was calculated relative to the housekeeping
gene, GAPDH. Expression levels were measured at days D4, D6 and D10 of differentiation. D0 is represented in white with grey strips as comparison.

Figure 5: Temporal gene expression analysis of mesoderm (Brachyury and PDGFR-α), endoderm (Sox17) and endothelial (KDR, CD31 and VE
Cadh) genes for cells differentiated using protocols P5 (black bar), P6 (grey bar), P7 (dark grey bar) and P8 (light grey bar) through quantitative RT-
PCR. Bars are means ± standard deviation, n=3. Expression level of the differentiated cells was calculated relative to the housekeeping gene, GAPDH.
Expression levels were measured at days D4, D6 and D10 of differentiation. D0 is represented in white with grey strips as comparison.

portion as the KDR decrease. When comparing the amount
of cells obtained with each protocols, P15 seems to be the
best protocol because not only a higher amount of meso-
derm/endothelial cells is obtained (PDGFR-α, PDGFR-β
and KDR positive cells), but also the decrease in the number
of KDR positive cells by day 6 is smaller. In addition, the
increase on PDGFR-β expression by day 6 is the less sig-
nificant than for the other protocols. This data supports the
observations made with the gene expression profiles for this

protocol, although no statistically significant improvements
were obtained from the control protocol P1.

FACS sorting of P15 at day 10 showed that 20-25 %
of CD31 positive (endothelial) cells are generated. This
represents 10-15 % more cells than with the original proto-
col, which is a relative improvement of 200 % in the final
number of cells. With this amount of ECs, the replating of
the sorted cells can bring forth a pure population of cells
for further differentiation into LSECs. FACS plots are
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Figure 6: Temporal gene expression analysis of mesoderm (Brachyury and PDGFR-α), endoderm (Sox17) and endothelial (KDR, CD31 and VE
Cadh) genes for cells differentiated using protocols P9 (black bar), P10 (grey bar), P11 (dark grey bar) and P12 (light grey bar) through quantitative RT-
PCR. Bars are means ± standard deviation, n=3. Expression level of the differentiated cells was calculated relative to the housekeeping gene, GAPDH.
Expression levels were measured at days D4, D6 and D10 of differentiation. D0 is represented in white with grey strips as comparison.

Figure 7: Temporal gene expression analysis of mesoderm (Brachyury, PDGFR-α, PDGFR-β), endoderm (Sox17 and Cxcr4) and endothelial (KDR,
CD31 and VE Cadh) genes for cells differentiated using protocols P13 (black bar), P14 (grey bar), P15 (dark grey bar) and P16 (light grey bar) through
quantitative RT-PCR. Bars are means ± standard deviation, n=3. Expression level of the differentiated cells was calculated relative to the housekeeping
gene, GAPDH. Expression levels were measured at days D4, D6 and D10 of differentiation. D0 is represented in white with grey strips as comparison.

presented in Supplementary information.

Creation of an inducible cell line with LSEC genes

For the creation of an inducible cell line with LSEC tran-
scription factors (TF) genes, the stem cell line and plasmid
used were already available in the Verfaillie Lab. Thus,
only the multiple cloning site (MCS) containing the LSEC
TFs had to be created. Based on the available space and
available TF gene templates, three TFs were chosen (TF1,
TF2 and TF3). Figure 9 shows the designed MCS, which
contains also a KOZAK sequence to promote genes tran-

scription and two P2A sequences for cleavage of the pro-
teins. The KOZAK sequence was inserted in the primer of
the first gene in the MCS, whereas the P2As were cloned
as the genes (through digestion, ligation and transformation
steps). The first steps the MCS construction were P2A and
TF genes amplification, confirmation of the correct ampli-
fied pieces (using agarose gel electrophoresis) and their di-
gestion for insertion in the MCS. It is important to note that
the primers used to amplify the P2As and TFs contained
the restriction sites necessary for their insertion in the MCS.
The Vector was also digested, first to take in the P2As, and
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Figure 8: Representation of the flow cytometric isolation values for KDR-expressing (right), PDGFR-α-expressing (middle) and PDGFR-β-expressing
(left) hES cell-derived endothelial cells at day 4, for protocols P13 (black bars), P14 (grey bars), P15 (dark grey bars) and P16 (black striped bars) at
days 4 (top) and 6 (down). Cells were digested with trypsin. N=1.

then sequentially for each TF gene. At each step, the di-
gested products were ligated, transformed into bacteria and
one of the correctly ligated plasmids was selected. These
steps were repeated until all TF genes were inserted in the
MCS.

Figure 9: Structure of the MCS containing LSEC transcription factors
genes. The MCS is composed of three LSEC genes: TF1 (blue), TF2
(yellow) and TF3 (red), with two P2A sequences (grey) in between genes
for separation of the proteins after translation and a KOZAK sequence
(orange).

Although ligation has been successfully for all other se-
quences, it failed for TF2 gene. This may be related with
the fact that TF2 has a high GC content, requiring high melt-
ing temperature PCR and appropriate primers. Several high
melting temperature PCRs with different annealing temper-
atures, elongation times and number of cycles were tried,
but none result. The sequence of TF2 gene was finally ob-
tained by digesting a plasmid containing the gene template,
but still ligation was not successful. Further efforts to am-
plify TF2 from its template must be done. In conclusion,
the Vector containing the MCS was created, with already
two of the three TFs inside. The cloning of the third TF
gene is ongoing and the ligated plasmids at each step are
being confirmed with Sanger sequencing.

Conclusions
With this work, endothelial cells were generated from
hESCs and the protocol for that was successfully improved.
Moreover, the improvements developed represent an in-
crease of 10-15 % in the final number of endothelial cells

obtained when comparing with the original protocol (and a
relative improvement of 200 %). BMP4 has shown to have
an essential role in mesoderm differentiation, which lead
to an improvement in the generation of endothelial cells.
Nonetheless, this improvement is only significant when Ac-
tivin A is also present in the medium. Furthermore, Wnt3A
showed to have a remarkable effect on mesoderm differen-
tiation, improving significantly gene expression levels and
the amount of generated mesoderm cells when applied. In
addition, although no direct comparison between the Ver-
faillie protocol and P1 was done, the presence of SB-43152
has proven to be beneficial for endothelial cell generation
[32].

Generation of endothelial cells is important not only for
the generation of LSECs and of mature hepatocytes (as en-
dothelial cells can be used by themselves for co-cultures
with hepatocytes to improve their maturation [17]), but also
for other fields. As for liver, endothelial cells can be of used
for the generation of mature cells in other organs, providing
the appropriate neighbour signals. Moreover, the circula-
tory system is one of the most important organs in the hu-
man body and it is related with all organs. Thus, endothe-
lial cells can be of used for the generation of mature cells
in other organs, and disease modeling for the study of car-
diac diseases, which are responsible for more that 30 % of
deaths worldwide. [53].

For LSECs generation, an inducible cell line containing
LSEC TFs was created. For that, an inducible cassette con-
taining a MCS with the TF genes had to be made. The in-
ducible cassette was already available at the Verfaillie lab
and only the MCS had to be created. Considering the avail-
able space in the vector, three TF genes were selected. Two
of these are already cloned and the third one is ongoing.
After cloning and confirmation of the third TF, the plas-
mid containing the inducible system and the MCS will be
transformed. For this, a cell line with a cassette that can be

8



switched with the plasmid cassette will be used. After gen-
eration of the inducible cell line, LSEC differentiation can
be induced and with LSEC generation, the co-cultures with
hepatocytes can be performed. This can be done by using
monolayer systems, which it is already done with endothe-
lial cell sheets, or by creating a 3D co-culture structure that
resembles the liver lobule, mimicking the in vivo situation
of liver development.
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Supplementary information

Table 1: List of primers used for qPCR.
Gene Sense Sequence

GAPDH
Forward TCAAGAAGGTGGTGAAGCAGG
Reverse ACCAGGAAATGAGCTTGACAAA

Oct4
Forward TCGAGAAGGATGTGGTCCGA
Reverse GCCTCAAAATCCTCTCGTTG

Nanog
Forward CCTGTGATTTGTGGGCCTG
Reverse GACAGTCTCCGTGTGAGGCAT

Brachyury
Forward ACCCAGTTCATAGCGGTGAC
Reverse AAGCTTTTGCAAATGGATTG

PDGFR-α
Forward AACCCTGCTGATGAAAGCAC
Reverse TCCTTTCTAGCATGGGGACA

PDGFR-β
Forward CCCTTATCATCCTCATCATGC
Reverse CCTTCCATCGGATCTCGTAA

Sox17
Forward CGCTTTCATGGTGTGGGCTAAGGACG
Reverse TAGTTGGGGTGGTCCTGCATGTGCTG

Crcx4
Forward CACCGCATCTGGAGAACCA
Reverse GCCCATTTCCTCGGTGTAGTT

Gata6
Forward CCCTACTCGCCCTACGTG
Reverse GGACAGGTCCTCCAGCAG

KDR
Forward ACAACCAGACGGACAGTGGT
Reverse AGCCTTCAGATGCCACAGAC

CD31
Forward TCTGCACTG CAGGTATTGACAA
Reverse CTGATCGATTCGCAACGGA

Tie2
Forward TGCCCAGATATTGGTGTCCT
Reverse CTCATAAAGCGTGGTATTCACGTA

VE Cadherin
Forward GTTCACGCATCGGTTGTTC
Reverse TCTGCATCCACTGCTGTCA

CD105
Forward AAGACCAGGAAGTCCATAGG
Reverse TGCGAGTAGATGTACCAGAG

Id1
Forward TTGGAGCTGAACTCGGAATC
Reverse CAGGCTGGATGCAGTTAAGG

ENFB1
Forward GTTCTCGACCCCAACGTGTT
Reverse CAGGCTTCCATTGGATGTTGA

Lsectin
Forward CTTCCTCACTCGGAACACG
Reverse GGTCAGCAGTTGTGCCTTTT

FCGRB
Forward CAAAGTTGGGGCTGAGAACA
Reverse CCCTGTCCTCCCCAAGGGGAA

MRC1
Forward TCCTGTCCATCAGGAGAAGG
Reverse ATTTCTGTGATTCGGCATCC

Lsign
Forward CTGTCCCAAGGACTGGACAT
Reverse CGTGCCTTCCTGATTTAGGT

Table 2: List of antibodies and isotypes used for FACS from BD Biosciences.
Antibody Color Catalogue Nr Stock Conc. Incubation (100 µL) Isotype
KDR (Flk1) PE 560494 25 µg/ml 5 µl Mouse IgG1, k
CD140a (PDGFR-α) PE 556002 12.5 µg/ml 8 µl Mouse IgG2a, k
CD140b (PDGFR-β) PE 558821 50 µg/ml 2 µl Mouse IgG2a, k
CD31 PE 555446 6.25 µg/ml 16 µl Mouse IgG1, k
Mouse IgG1, k PE 555749 50 µg/ml 2 µl -
Mouse IgG2a, k PE 555574 50 µg/ml 2 µl -



Table 3: Concentrations of the cytokines used in the improved protocols. ∗ For P4 and P8, SB-43152 A was added from D2-D10. + For P10 and
P14, Activin A was added from D0-D4.

Act A
(D0-D2)+

BMP4
(D0-D6)

Wnt3A
(D0-D2)

FGF4, FGF8
(D0-D4)

SB-43152
(D4-D10)∗

VEGF
(D4-D10)

bFGF
(D4-D10)

P1 -

20 ng/mL

- -

2 uL/mL 50 ng/mL 20 ng/mL

P2 5 ng/mL - -
P3 10 ng/mL - -
P4∗ - - -
P5 -

50 ng/mL

- -
P6 5 ng/mL - -
P7 10 ng/mL - -
P8∗ - - -
P9

10 ng/mL 50 ng/mL

- -
P10+ - -
P11 50ng/mL -
P12 20 ng/mL
P13

25ng/mL 50 ng/mL

- -
P14+ - -
P15 50ng/mL -
P16 20 ng/mL

Figure 10: Flow cytometric isolation of CD31-expressing hES cell-derived endothelial cells with protocol P15 at day
10, for n=3.


