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SUMMARY

During liver development, hepatoblasts and liver non-parenchymal cells (NPCs) such as liver sinusoidal endothelial cells (LSECs) and
hepatic stellate cells (HSCs) constitute the liver bud where they proliferate and differentiate. Accordingly, we reasoned that liver NPCs
would support the maturation of hepatocytes derived from human induced pluripotent stem cells (hiPSCs), which usually exhibit limited
functions. We found that the transforming growth factor f and Rho signaling pathways, respectively, regulated the proliferation and
maturation of LSEC and HSC progenitors isolated from mouse fetal livers. Based on these results, we have established culture systems
to generate LSECs and HSCs from hiPSCs. These hiPSC-derived NPCs exhibited distinctive phenotypes and promoted self-renewal of
hiPSC-derived liver progenitor cells (LPCs) over the long term in the two-dimensional culture system without exogenous cytokines
and hepatic maturation of hiPSC-derived LPCs. Thus, a functional human liver model can be constructed in vitro from the LPCs, LSECs,

and HSCs derived from hiPSCs.

INTRODUCTION

As hepatocytes exhibit numerous functions, including
expression of various metabolic enzymes such as a number
of cytochrome P450 oxidases responsible for the biotrans-
formation of various compounds as well as drugs, primary
cultures of human hepatocytes have been used for drug dis-
covery and toxicology. However, primary cultured hepato-
cytes exhibit very limited metabolic activity, and the
supply of human hepatocytes is also limited. To overcome
these problems, researchers have made efforts to generate
functional hepatocytes from human induced pluripotent
stem cells (hiPSCs) (Ogawa et al., 2013; Si-Tayeb et al.,
2010; Takayama et al., 2012). We previously identified
carboxypeptidase M (CPM) as a cell-surface marker for liver
progenitor cells (LPCs) to induce hepatocytes from iPSCs
effectively (Kido et al., 2015; Tanaka et al., 2007). As CPM*
cells derived from hiPSCs exhibit potential to proliferate
and differentiate to both hepatocyte-like and cholangio-
cyte-like cells, hiPSC-derived CPM™* cells are considered
LPCs (Kido et al.,, 2015). While hepatocytes derived
from CPM* LPCs exhibit much higher metabolic activity
compared with those derived from hiPSCs using a conven-
tional protocol, thelevels of some mature hepatic functions
are still not as high as those in primary human hepatocytes.

In mice, liver development starts with the hepatic speci-
fication of the foregut endoderm at embryonic day 8.5-9.0
of gestation (E8.5-E9.0) (Tremblay and Zaret, 2005). Hepa-
toblasts are embryonic LPCs derived from endoderm cells,
which proliferate and migrate into the septum transversum

mesenchyme to form the liver bud. They become mature
hepatocytes and cholangiocytes through interactions
with hepatic non-parenchymal cells (NPCs) such as liver si-
nusoidal endothelial cells (LSECs) and hepatic stellate cells
(HSC:s). Previous studies showed impaired hepatic differen-
tiation in mutant mice lacking LSECs or HSCs (Hentsch
et al., 1996; Matsumoto et al., 2001), revealing important
roles for NPCs in liver development. In the present study,
toward generation of hiPSC-derived mature hepatocytes,
we generated hiPSC-derived LSECs and HSCs capable of
supporting the proliferation and differentiation of LPCs.

RESULTS

Isolation of LSEC Progenitors and HSC Progenitors
from Mouse Fetal Livers

Because LSEC progenitors and HSC progenitors are present
in the liver bud where they proliferate and differentiate
into mature LSECs and HSCs, respectively, it would be use-
ful if such cells could be derived from hiPSCs. To establish
culture systems for LSEC progenitors and HSC progenitors,
we searched for cell-surface molecules that would be useful
for the identification and isolation of these progenitors. We
have previously reported that LSEC progenitors express
endothelial markers such as FLK1, CD31, and CD34 (Non-
aka et al., 2007), and ALCAM™ septum transversum mesen-
chymal cells were shown to give rise to HSCs during fetal
liver development (Asahina et al.,, 2011). As shown in
Figure 1A, flow-cytometric (FCM) analysis showed that
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Figure 1. Identification of Fetal Mouse LSEC/
HSC Progenitors and Efficient Culture Systems
for Each Progenitor

(A) FCM analysis of fetal mouse liver cells at E12.5.
(D45 FLK1* cells, CD45 ALCAM™" cells, and
CD45 ALCAM®" cells were identified (left and
middle). CD457FLK1* cells also expressed (D31
and CD34 (right). Positive gates were defined by
the isotype control. Percentages of each cell
population are shown as the mean + SD of 3 in-
dependent experiments (lower panel).

(B) gRT-PCR analysis of LSEC progenitor and HSC
progenitor marker genes in pre-sorted cells (pre-
sorted), CD45~ FLK1*CD317CD34" cells (F'31%34%),
and CD45~ALCAMMI" cells (A"9M), n = 3 in each
group (each experiment contains 2 technical rep-
licates). The results are shown as the mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.001.

(C) (Upper) Schematic representation of the cul-
ture system for mouse LSEC progenitors. (Lower)
Expression levels of the endothelial marker (Cd31)
and LSEC-specific markers (Stab2, F8, and Lyvel) in
(D457 FLK1*CD31"CD34" LSEC progenitors with or
without A83-01 treatment (day 5). CD45 Flk1*
(D31*CD34" LSEC progenitors were used as a con-
trol (day 0). The results are shown as the mean +
SEM of 3 independent experiments (each experi-
ment contains 2 technical replicates). *p < 0.05,
**p <0.01.

(D) Immunofluorescence staining for LSEC markers
in CD45~ FLK1*CD31%CD34"* LSEC progenitors after
5 days of culture with or without A83-01 treat-
ment. STAB2 (green) and (D31 (red). Nuclei were
counterstained with Hoechst 33342 (blue). Scale
bars, 100 um.

(E) Expression levels of the HSC markers in CD45™
ALCAMM" HSC progenitor cells with or without
Y27632 treatment for 5 days. The results are shown
as the mean + SEM of 3 independent experiments
(each experiment contains 2 technical replicates).
*p < 0.05.

See also Figure S1.
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CD45 FLK1* endothelial cells and CD45 ALCAM™s"
mesenchymal cells were clearly detected in the fetal livers
at E12.5, and we found that CD45 FLK1" endothelial cells
also expressed CD31 and CD34. Consistently, gqRT-PCR
analysis showed that CD45 FLK1*CD31*CD34" cells iso-
lated from fetal livers expressed LSEC marker genes such
as Stab2 and Lyvel (Figure 1B), suggesting that they are
LSEC progenitors. On the other hand, CD45~ALCAM"s"
cells expressed HSC marker genes such as Des, Ngfr, Cygb,
and Lrat (Figure 1B), suggesting that they are HSC progen-
itors. FCM analysis of fetal liver cells revealed the presence
of CD45~ALCAM™" cells (Figure 1A). As ALCAM has been
reported to be weakly expressed in hepatoblasts (Asahina
et al., 2009), we examined whether CD45~ALCAM!®" cells
expressed hepatoblast markers and revealed that they ex-
pressed Hnf4a, Afp, and Alb (Figure S1A), indicating that
they are hepatoblasts. These results suggest that a combina-
tion of these specific cell-surface markers could be used to
enrich for LSEC progenitors and HSC progenitors from
differentiating hiPSCs.

Development of Efficient Culture Systems for LSEC
Progenitors and HSC Progenitors

To produce large quantities of mature LSECs and HSCs,
we sought to establish culture systems that allow the
expansion and maturation of CD45 FLK1*CD31*CD34"*
LSEC progenitors and CD45 ALCAM™&" HSC progeni-
tors, which were isolated from mouse fetal livers. Impoz-
tantly, CD45 FLK1*CD31*CD34" LSEC progenitors were
highly proliferative (Figure S1B), and maintained their
characteristics after expansion in vitro (data not shown).
Because our previous study revealed that transforming
growth factor B (TGFB) signaling inhibits maturation of
LSECs from mouse embryonic stem cells (Nonaka et al.,
2008), we then evaluated the differentiation potential
of expanded CD45 FLK1*CD31"CD34* LSEC progeni-
tors. After induction of LSEC maturation by inhibiting
TGEFpB signaling using A83-01, a TGFBRI inhibitor, in
the hypoxic culture (Figure 1C), mature LSEC-specific
markers such as Stab2, F8, and Lyvel were highly upregu-
lated compared with the control (without A83-01) (Fig-
ures 1C and 1D). On the other hand, signals for survival
and differentiation of HSC progenitors have not been
elucidated. Although the Rho signaling pathway was re-
ported to play a role in the activation of mature HSCs
(Murata et al., 2001), its effect on HSC progenitors was
unknown. We assessed the role of the Rho signaling
pathway in CD45~ALCAM"" HSC progenitors by inhib-
iting ROCK, an effecter of Rho, and found that they
proliferated in the presence of Y27632, a potent ROCK
inhibitor (Figure S1C). Moreover, after cultivation in
the presence of Y27632, the cells highly expressed
mature HSC marker genes such as Hgf, Cygb, and Lrat
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(Figure 1E). These results suggested that the Rho
signaling pathway regulates the proliferation and matu-
ration of HSC progenitors. Taken together, these data
demonstrated that FLK1*CD31*CD34" LSEC progenitors
and ALCAMM#M HSC progenitors could be expanded
in vitro while maintaining their potential to become
mature cells.

Generation of hiPSC-Derived LSEC Progenitors

To develop an efficient culture system for producing
mature LSECs from hiPSCs, we attempted to generate
LSEC progenitors capable of proliferating and differenti-
ating into mature LSECs in vitro. It is well established
that endothelial cells arise from mesodermal cells during
embryogenesis. Likewise, LSEC progenitors are considered
to have arisen from mesodermal cells. Therefore, we devel-
oped a differentiation system for LSEC progenitors after
the induction of hiPSCs into mesodermal cells according
to the published protocol with some modifications (Katt-
man et al.,, 2011; White et al., 2013) (Figure 2A). We as-
sessed the differentiation of hiPSCs by qRT-PCR analysis.
The expression of the pluripotency marker gene, OCT4,
was decreased, whereas the expression of the mesodermal
marker, MESP1, was increased along with mesodermal dif-
ferentiation (Figure S2A). The endothelial marker genes,
CD31 and CDHS5 (VE-cadherin), were highly expressed in
hiPSC-derived cells at the endothelial progenitor stage
(Figure S2A). Surprisingly, the LSEC marker genes STAB2
and LYVE] were also upregulated at this stage (Figure S2A).
We therefore tested whether FLK1*CD31*CD34" LSEC
progenitors were generated in the culture. Interestingly,
FCM analysis showed that FLK1'CD31'CD34" and
FLK1"CD31*CD34" cells were already present in the dif-
ferentiation stage by this culture system (Figure 2B). To
further characterize these cells, we isolated CD34* and
CD34~ fractions and analyzed their gene expression
patterns. Sorted FLK1"CD31*CD34" cells highly expressed
LSEC-specific genes such as STAB2, LYVE1, and FLT4
compared with pre-sorted cells and FLK1"CD31"CD34~
cells (Figure 2C). On the other hand, the FLK1*CD31*
CD34" cell population highly expressed pluripotent
marker and mesenchymal markers compared with the
FLK1"CD31*CD34" cell population (data not shown).
These results suggested that FLK1*CD31°CD34* cells
derived from hiPSCs exhibit characteristics of LSEC pro-
genitors in the mouse fetal liver. FLK1*CD31"CD34*
LSEC progenitor cells derived from hiPSCs proliferated
and exhibited morphology similar to that of endothelial
cells (stage 3) (Figures 2A and S2B). These cells were highly
proliferative (Figure S2C) and could be expanded for
several passages (Figure S2D). Furthermore, serially
cultured cells maintained high expression levels of the
LSEC progenitor markers FLKI1, CD34, CD31, CDHS,
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STAB2, and LYVE] (Figure S2E). Additionally they could be
cryopreserved without phenotypic changes (Figure S2F).
Collectively these data indicated that FLK1*CD31*CD34"*
cells derived from hiPSCs are LSEC progenitors.

Maturation of LSECs from hiPSC-Derived LSEC
Progenitors

As FLK1*CD31"CD34" LSEC progenitors from fetal mouse
livers differentiated into mature LSECs by inhibiting
TGFB signaling in hypoxic culture conditions (Figures
1C and 1D), we investigated whether hiPSC-derived
LSEC progenitors undergo functional maturation in our
culture system (Figure 2A). After culturing in the presence
of A83-01 under hypoxic conditions for 14 days, the
expression levels of the mature LSEC markers, FCGR2B,
STAB2, F8 (Factor VIII), and LYVEI, were highly upregu-
lated (Figure S2G). Because FCGR2 was detected only in

cells (CD34™) compared with FLK1*CD31"
(D34~ cells (CD347) and pre-sorted cells
(pre-sorted). The results are shown as the
mean + SEM of 3 independent experiments
(each experiment contains 2 technical rep-
licates). *p < 0.05, ***p < 0.001.

(D) FCM analysis of CD31 and FCGR2 in
hiPSCs-derived LSECs.

* (E) Expression levels of the mature LSEC-
specific marker genes (FCGR2B, STAB2, and
F8) in HUVECs (n = 3), primary human LSECs
(2 different lots, n = 1, 1), hiPSC-derived
CD31"FCGR2™ cells (FCGR2™, n = 10), and
CD31*FCGR2™ mature LSECs (FCGR2*, n =
10). The results shown are mean + SEM of
independent experiments (each experiment
contains 2 technical replicates). *p < 0.05,
**p<0.01, ***p <0.001. ND, not detected.
(F) Phase-contrast image of CD31"FCGR2*
mature LSECs. Scale bar, 100 um.

(G) Immunofluorescence staining for F8
(red) in mature LSECs. Nuclei were coun-
terstained with Hoechst 33342 (blue). Scale
bar, 100 um.

See also Figure S2.

mature LSECs from adult mouse livers (Nonaka et al.,
2007), we enriched the CD31*FCGR2" population by us-
ing a cell sorter and defined them as hiPSC-derived
mature LSECs (Figure 2D). qRT-PCR analysis showed
that the LSEC-specific marker genes FCGR2B, STAB2,
and F8 were highly expressed in CD31*FCGR2* LSECs
compared with CD31*FCGR2™ cells and human umbilical
vein endothelial cells (HUVECs) (Figure 2E). In addition,
these expression levels were comparable with or much
higher than those in primary human LSECs. Isolated
CD31*FCGR2" mature LSECs could also be cultured after
several passages and exhibited typical mature endothelial
morphology (Figure 2F). Immunohistochemical and FCM
analysis showed strong expression of F8, a specific marker
of mature LSECs (Figures 2G and S2H). These results
demonstrated that inhibition of the TGFp signaling
pathway in hypoxic culture promotes the functional
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maturation of hiPSC-derived LSECs as well as mouse
LSECs.

Generation of hiPSC-Derived HSC Progenitors

To produce a large amount of mature HSCs from hiPSCs,
we also aimed to generate HSC progenitors capable of
proliferation in vitro. We demonstrated that ALCAM is a
useful cell-surface marker for the isolation of mouse
HSC progenitors (Figures 1A and 1B). Therefore, we eval-
uated the expression of ALCAM in differentiating hiPSCs
by FCM analysis. We developed a two-step protocol
to generate mature HSCs from hiPSCs (Figure 3A). As
ALCAMM#" cells developed after mesoderm differentia-
tion, ALCAM™8" and ALCAM ™ cells were sorted by using
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a cell sorter for further analysis (Figure 3B). ALCAMM8P
cells strongly expressed HSC marker genes such as DES,
NGFR, CYGB, and LRAT compared with ALCAM™ cells
(Figure 3C). These results suggested that hiPSC-derived
ALCAMM8" HSC progenitors could be used for the pro-
duction of mature HSCs.

Maturation of HSCs from hiPSC-Derived ALCAM™&"
HSC Progenitors

As we had shown that ALCAM"&" HSC progenitors isolated
from mouse fetal livers were proliferative and differentiated
following inhibition of the Rho signaling pathway (Figures
1E and S1C), we sought to compare this result with our
hiPSC-derived ALCAMM&" HSC progenitors, which were



cultured in the presence of Y27632 (Figure 3A). We found
that these cells proliferated (Figure S3A) and exhibited
typical mature HSC morphology with projections after
5 days of culture, compared with cells cultured in the
absence of Y27632 (Figure 3D). Furthermore, although no
significant differences were observed in mRNA expression
levels due to variability between experiments, HSC marker
genes such as NGFR, LRAT, and NES were markedly
increased after treatment with Y27632 (Figure 3E), and
the expression levels in hiPSC-derived HSCs treated with
Y27632 were much higher than those in human mesen-
chymal stem cells (MSCs) and primary human HSCs
(Figure S3B). Conversely, pluripotency and mesodermal
marker genes were reduced to undetectable levels after dif-
ferentiation (Figure S3C). hiPSC-derived HSCs also ex-
pressed high levels of hepatocyte growth factor (HGF)
RNA and protein (Figures 3E and 3F), indicating that they
may be useful for the generation of functional hepatocytes
from hiPSCs. Moreover, because mature HSCs are known to
be vitamin A-storing cells, we analyzed this activity in
hiPSC-derived HSCs. Vitamin A droplets were observed in
hiPSC-derived HSCs (Figure 3G), and FCM analysis of auto-
fluorescence from vitamin A by UV irradiation showed that
as much as 35% of hiPSC-derived HSCs stored vitamin A
(Figure 3H). However, these vitamin A droplets were not
detected in human MSCs (Figures S3D and S3E). As
expected, those vitamin A-storing hiPSC-derived HSCs
highly expressed HSC marker genes (Figure S3F). These
results demonstrated that the Rho signaling pathway
plays a critical role in the expansion and differentiation
of hiPSC-derived ALCAMM&" HSC progenitors as well as
mouse HSCs.

Expansion and Maintenance of LPCs in a Co-culture
System with hiPSC-Derived NPCs

Next, we evaluated the ability of hiPSC-derived NPCs to
support the maintenance of LPCs. hiPSC-derived CPM”*
LPCs were prepared according to our previous protocol
(Kido et al., 2015) and cultured on hiPSC-derived NPC
feeder cells for 14 days (Figure 4A). CPM* LPCs formed
many compact colonies on hiPSC-derived NPC feeder
cells, whereas very few colonies were formed on collagen
I-coated plates (data not shown) and HUVEC/MSC feeder
cells, which we used as a control (Figure 4B). Growth rate
of CPM* LPCs on each feeder cell revealed that CPM*
LPCs were highly proliferative on hiPSC-derived NPC
feeder cells (Figure 4C). These data indicated that hiPSC-
derived NPCs could support proliferation of LPCs. In addi-
tion, expression of LPC markers such as HNF4A, AFP, and
ALB in CPM* LPCs was dramatically increased by 14 days
of culture on hiPSC-derived NPCs (Figure 4D). In this
hiPSC-derived liver co-culture system, AFP was also abun-
dantly detected in the culture medium (Figure S4A). More-

over, we investigated whether the expanded CPM* LPCs,
simply by co-culture with hiPSC-derived NPCs, main-
tained their potential for differentiation into hepatocytes.
After the induction of hepatic maturation by oncostatin M
stimulation, hepatocytes from CPM* LPCs showed typical
human hepatocyte morphology (Figure 4E) and were pos-
itive for ALB and HNF4A (Figure 4F). In addition, these
cells produced a large amount of ALB in the culture me-
dium (Figure S4B). Furthermore, they started to express
various metabolic enzyme genes such as PCKI, TAT,
CPS1, and G6PC (Figure S4C). In sharp contrast, the
expression of these liver enzymes was not induced in
CPM™" LPCs cultured on HUVECs/MSCs. These data indi-
cated that expanded LPCs maintained their potential for
differentiation into hepatocytes. To induce fully func-
tional hepatocytes from hiPSC-derived LPCs, we also es-
tablished a high-density co-culture system (Figure 4G).
hiPSC-derived liver cells expressed some hepatic meta-
bolic enzyme genes at levels comparable with cultured
primary human hepatocytes (Figure 4H). We then per-
formed RNA sequencing (RNA-seq) analysis of hiPSC-
derived LPCs, hiPSC-derived liver model, and primary hu-
man hepatocytes for a more in-depth analysis. Expression
of 60 hepatic metabolic enzyme genes was dramatically
increased in the hiPSC-derived liver model compared
with hiPSC-derived LPCs (Figure 4I). Immature hepato-
cytes or hepatoblasts marker genes such as AFP, EPCAM,
CD133, and DLK1 were still expressed in the hiPSC-
derived liver model (data not shown), indicating that
there is still room for improvement on this two-dimen-
sional liver model. Collectively, these results suggest that
hiPSC-derived NPCs are able to support proliferation and
differentiation of hiPSC-derived LPCs.

Mechanism of hiPSC-Derived NPCs in Supporting
Liver Development In Vitro

Finally, we performed microarray analysis to understand
how hiPSC-derived NPCs regulate LPC maintenance/differ-
entiation. Among the signaling molecules involved in liver
development, we identified 31 genes that showed over
2-fold increase in RNA expression in hiPSC-derived
LSECs/HSCs compared with HUVECs/MSCs (Figure S4D).
These genes include hepatocyte growth and/or differentia-
tion factors such as HGEF, fibroblast growth factors, bone
morphogenetic proteins, and midkine as well as extracel-
lular matrices (ECMs) such as collagens and laminins.
Microarray results were confirmed by qRT-PCR of the
three-independent samples (Figure S4E). Although the
contribution of NPCs in human liver development is not
completely understood, hiPSC-derived NPCs, especially
hiPSC-derived HSCs, might have promoted hepatic matu-
ration of hiPSC-derived LPCs in a high-density co-culture
system by secreting these hepatic mitogens and ECMs.
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Figure 4. Expansion and Maintenance of
LPCs in Co-culture with hiPSC-Derived
Liver Cells

(A) Schematic representation of a co-cul-
ture system of hiPSC-derived liver cells.
(B) Phase-contrast image of hiPSC-derived
CPM* LPCs on HUVEC/MSC feeder cells
(left) or hiPSC-derived NPC feeder cells
(right) at day 14. White dashed lines
outline colonies of CPM* hepatoblasts.
Scale bars, 100 um.

(C) Growth rate of CPM™ LPCs in culture for
14 days. The number of feeder cells was
subtracted from total cell number in each
well. The results are shown as the mean +
SEM of 3 independent experiments. *p <
0.05.

(D) Expression levels of the LPC marker
genes at day 1 and day 14 in CPM* LPCs
cultured on HUVEC/MSC feeder cells or
hiPSC-derived NPC feeder cells (LSEC/HSC).
The results are shown as the mean + SEM of
9 independent experiments (each experi-
ment contains 2 technical replicates). *p <
0.05. ND, not detected.

(E) Phase-contrast image of hiPSC-derived
hepatocytes on hiPSC-derived NPC feeder
cells after induction of hepatic maturation.
Scale bars, 100 pm.

(F) Immunofluorescence staining for ALB
(green) and HNF4A (red) in hiPSC-derived
hepatocytes on HUVEC/MSC feeder cells or
hiPSC-derived NPC feeder cells after induc-
tion of hepatic maturation. Nuclei were
counterstained with Hoechst 33342 (blue).
Scale bars, 100 pm.

(G) Schematic representation of a high-
density co-culture system of hiPSC-derived
liver cells.

(H) Expression levels of mature hepatocyte
marker genes after induction of terminal
hepatic differentiation in hiPSC-derived
liver cells (iPS-liver) (n=3). Human primary
cultured hepatocytes were used as control
(3 different lots). The results are shown as
the mean + SEM (each experiment contains
2 technical replicates).

(I) Comparison of gene expression levels of hepatic metabolic enzyme genes in hiPSC-derived LPCs (iPS-LPC), hiPSC-derived liver model
(iPS-liver), and primary human hepatocytes (PHH) by RNA-seq. Results of RNA-seq are depicted by color (n =2, 2, 2).

See also Figure S4.

Because the interactions between LSECs and HSCs have
been considered to contribute to vasculogenesis during
liver development in vivo, we explored this possibility by
microarray and qRT-PCR analysis and showed that hiPSC-
derived LSECs and HSCs expressed platelet-derived growth
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factors (PDGFs)/PDGF receptors and C-X-C chemokine
receptor 4 (CXCR4)/CXCL12, which are key molecules
for vasculogenesis during liver development (Figures
S4F and S4G). Under the three-dimensional co-culture
system, hiPSC-derived LSECs formed tube-like structures



(Figure S4H). Thus, hiPSC-derived NPCs play important
roles for constituting the LPC niche as well as in vivo liver
development.

DISCUSSION

Studies on liver development have focused mostly on hepa-
tocytes and biliary cells, whereas molecular details of LSEC/
HSC differentiation have remained largely unexplored. In
this study, we have identified and isolated LSEC progenitors
and HSC progenitors in mouse fetal livers and developed
culture systems to expand and differentiate these cells. We
found that the TGFB and Rho signaling pathways, respec-
tively, regulate the proliferation and maturation of LSECs
and HSCs. Based on these results, we have developed effi-
cient and reproducible culture systems to generate LSEC
and HSC from hiPSC. These hiPSC-derived LSEC progeni-
tors and HSC progenitors could be expanded in vitro and ex-
hibited distinct cell-specific characteristics upon induction
of maturation. Primary non-parenchyma cells appear to
rapidly lose their functions because the expression levels
of LSEC- and HSC-specific markers in commercially avail-
able primary cells were variable and much lower than
hiPSC-derived LSECs and HSCs. Thus, our culture systems
provide a means to make LSECs and HSCs with much better
functions. Additionally we applied these differentiation
systems to two other hiPSC lines. Although the expression
levels of various LSEC and HSC marker genes were variable
in hiPSC lines, hiPSC-derived cells highly expressed these
marker genes compared with HUVECs and human MSCs
(Figures S2I and S3G).

Furthermore, these hiPSC-derived NPCs highly expressed
several hepatic mitogens and ECMs and supported self-
renewal of hiPSC-derived LPCs in the two-dimensional cul-
ture system without the need for exogenous cytokines.
CPM" LPCs expanded on hiPSC-derived NPCs can be
induced to express various hepatic genes. Takebe et al.
(2013) described “organ bud technology” that co-cultures
hiPSC-derived endodermal cells with HUVECs and MSCs,
which were derived from umbilical cord and bone marrow,
respectively. They showed that hiPSC-derived liver buds do
not exhibit liver functions but become functional after
transplantation in mice. We examined whether HUVECs
and MSC:s are able to support either proliferation or differen-
tiation of hiPSC-derived CPM* LPCs and revealed that
neither proliferation nor differentiation of LPCs was sup-
ported by HUVECs and MSCs, indicating that tissue-specific
endothelial cells and mesenchymal cells are necessary for
the generation of functional tissue in vitro. hiPSC-derived
NPCs are ideal cells for generating mature liver tissue
in vitro, and the hiPSC-derived human liver model will be
useful for disease modeling, drug screening, and cell therapy.

EXPERIMENTAL PROCEDURES

Cell Culture

The hiPSC line 454E2 and 409B2 were provided by RIKEN Cell
Bank (Okita et al., 2011), and TkDN4-M was provided by the Uni-
versity of Tokyo (Takayama et al., 2010). hiPSCs were maintained
on mitomycin C-treated (Wako Pure Chemicals Industries, Osaka,
Japan) mouse embryonic fibroblast (MEF) feeder cells. hiPSC-
derived NPCs were induced from 454E2, 409B2, and TkKDN4-M
lines. hiPSC-derived LPCs were prepared from TkDN4-M line ac-
cording to our previous protocol (Kido et al., 2015).

Co-culture of hiPSC-Derived LPCs and NPCs

To expand hiPSC-derived LPCs, we cultured the cells on mito-
mycin C-treated (Wako) HUVEC/MSC or hiPSC-derived NPC
feeder cells (50,000 cells/cm?) in DMEM/F12 (Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (JRH Biosciences), peni-
cillin-streptomycin-glutamine, insulin-transferrin-selenium, N2
supplement, MEM non-essential amino acids solution, L-gluta-
mine (Life Technologies), ascorbic acid (1 mM), nicotinamide
(10 mM), N-acetylcysteine (0.2 mM) (Sigma-Aldrich), dexametha-
sone (1 x 1077 M), Y27632 (5 uM) (Wako), and A83-01 (2.5 uM)
(Tocris) for 14 days. To induce hepatic maturation of hiPSC-derived
LPCs, we cultured cells in HBM (Lonza) supplemented with
HCM SingleQuots (excluding epidermal growth factor) and oncos-
tatin M (20 ng/mL) (PeproTech) for 5 days.

Data Analysis
The F test was performed to evaluate equal variance in the data. Sig-
nificant differences were determined by Student’s two-tailed t test
or Welch’s two-tailed t test depending on scedasticity. One-way
ANOVA followed by Tukey’s test was used to determine significant
differences between more than two groups.

Further experimental details provided in Supplemental Experi-
mental Procedures.
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