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Efficient generation of liver sinusoidal
endothelial-like cells secreting coagulation
factor VIII from human induced pluripotent stem cells
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Liver sinusoidal endothelial cells (LSECs) and LSEC progenitor
cells (LPCs) derived from human pluripotent stem cells (PSCs)
are expected as valuable cell sources for the development of cell
therapy for hemophilia A, a congenital deficiency of coagula-
tion factor VIII (FVIII), as LSECs are responsible for FVIII
production. However, there is room for improvement in the ef-
ficiency of LSEC and LPC differentiation from human PSCs. In
this study, we sought to optimize the method of mesoderm dif-
ferentiation induction, the initial step of LSEC differentiation
from human PSCs, to efficiently induce LSEC-like cells capable
of secreting FVIII from human induced pluripotent stem cells
(iPSCs). Following optimization of the concentration and
stimulation period of CHIR99021 (glycogen synthase kinase
3b inhibitor), bonemorphogenetic protein 4, fibroblast growth
factor 2, and Activin A in the mesoderm induction step,
approximately 65% and 54% of cells differentiated into LPCs
and LSEC-like cells, respectively. Furthermore, we observed
substantial FVIII protein secretion from LSEC-like cells
in vitro. In conclusion, we established an efficient method for
obtaining LPCs and functional LSEC-like cells from human
iPSCs in vitro.
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INTRODUCTION
Hemophilia A is a congenital hemorrhagic disease caused by the defi-
ciency of coagulation factor VIII (FVIII) activity. The development of
curative therapies, including cell therapy, for hemophilia A is highly
anticipated. The main cell type responsible for FVIII production
in vivo is liver sinusoidal endothelial cells (LSECs),1,2 which constitute
the microvessels of the liver. It has been reported that human FVIII
antigen was detected in the blood of mice transplanted with human
LSECs.3 However, the use of human LSECs for hemophilia A cell
therapy is complicated by the worldwide shortage of donor livers
for LSEC isolation.

Recently, Gage et al. reported the therapeutic efficacy of human
pluripotent stem cell-derived LSEC progenitor cells (LPCs) (CD34+

venous endothelial cells) for hemophilia A in a mouse model. In their
study, transplanted LPCs were differentiated into LSEC-like cells with
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FVIII-producing capacity in the host liver, ameliorating the diathesis
of hemophilia A.4 This was the proof-of-concept of human pluripo-
tent stem cells (PSCs) (embryonic stem cell [ESC], and induced
pluripotent stem cell [iPSC])-derived LPCs and LSEC-like cells as
promising cell sources for hemophilia A cell therapy.

Although several differentiation methods for human PSC-LPCs and
PSC-LSECs have been reported,4–6 the differentiation induction effi-
ciency appears to be relatively low, and there is still room for improve-
ment. LPCs and LSECs can be induced from human PSCs via prim-
itive streak and mesodermal cells, which are precursors of LPCs.
Previous reports have suggested that mesoderm marker-positive cells
could be efficiently induced, but the induction efficiency of LPCs and
LSECs from the mesodermal cells seemed to be inefficient. In addi-
tion, there are multiple subtypes of mesodermal cells with regards
to differentiation trajectory, and their phenotypes are determined
through the precise regulation of signaling pathways during differen-
tiation. In the case of LPC differentiation induction from human
PSCs, the bone morphogenetic protein (BMP), fibroblast growth fac-
tor (FGF), and Activin/nodal signaling pathways are pivotal for PSC
differentiation into primitive streak and mesodermal cells.4 On the
other hand, while theWNT/b-catenin signaling pathway has been re-
ported to play an important role in primitive streak and mesodermal
cell differentiation from PSCs,7,8 the importance of the WNT/b-cat-
enin signaling pathway in primitive streak and mesodermal cell in-
duction in terms of LSEC differentiation has not been fully eluci-
dated.4–6 Hence, we hypothesize that modification of the mesoderm
induction method through WNT/b-catenin signaling pathway regu-
lation would be effective in inducing mesodermal cells that can effi-
ciently differentiate into LPCs and LSECs. In previous studies, meso-
derm differentiation was performed under three-dimensional (3D)
ical Development Vol. 32 December 2024 ª 2024 The Author(s).
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Figure 1. Screening of CHIR99021 treatment

condition for the differentiation of LPCs from

human iPSCs

(A) Schematic representation of the protocol of human

iPSCs (Tic) differentiation into LPCs for the evaluation of

the effect of CHIR99021. (B) Details of the CHIR99021

treatment condition. (C) qPCR analysis of CD34 and

PECAM1 expression in human iPSC derivatives on day

6. On the y axis, expression levels are shown as a

relative value to those of undifferentiated human iPSCs.

(D) qPCR analysis of NRP2 gene expression in human

iPSC derivatives on day 6. On the y axis, expression

levels are shown as a relative value to that of HUVECs.

All data are presented as mean ± SD (n = 3). Statistical

significance was evaluated by one-way ANOVA followed

by Tukey’s multiple comparison test. Groups that do not

share the same letter above the plots differ significantly

from each other (p < 0.05). The categorized p values

were listed in Table S4. undiff., undifferentiated.
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culture conditions after embryo body (EB) formation. However, het-
erogeneities exist in EBs (e.g., oxygen and nutrient transport, and
cellular metabolism)9 and these heterogeneities in EBs in turn have
the possibility of an effect on cell differentiation. Thus, we also hy-
pothesize that a differentiation method under 2D culture conditions
is more suitable for the homogeneous differentiation of mesodermal
cells compared with the 3D method.

In this study, we attempted to establish an efficient differentiation
protocol for LPC and LSEC induction from human iPSCs in vitro un-
der 2D culture conditions, with a focus on modulating the primitive
streak and mesoderm induction steps. First, we evaluated the effect of
WNT/b-catenin signal activation via treatment with glycogen syn-
thase kinase 3b (GSK3b) inhibitor CHIR99021 in the mesoderm in-
duction step on subsequent LPC differentiation. Second, we opti-
mized the stimulation periods of BMP4, FGF2, and Activin A
treatment in mesoderm induction. Finally, we differentiated LPCs
into LSEC-like cells using the optimized protocol and evaluated their
FVIII secretion capacity. By modifying the combination and concen-
2 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
tration of CHIR99021, BMP4, FGF2, and Acti-
vin A treatment in the primitive streak and
mesoderm induction steps, the efficiency of
induction of LPCs and LSEC-like cells was
significantly improved. Importantly, differenti-
ated LSEC-like cells demonstrated substantial
FVIII secretion capacity.

RESULTS
Modification of the mesoderm induction

method improved venous CD34⁺CD31⁺ cell

differentiation efficiency

To improve the differentiation efficiency of
human iPSCs into LPCs, we optimized the
primitive streak and mesoderm induction steps
under 2D culture condition. We first used a human iPSC line called
Tic. For optimization, we first evaluated the usefulness of
CHIR99021 in the induction of mesodermal cells which could
differentiate into LPCs (days 0–3) (Figures 1A and 1B). In the basic
protocol (protocol no. 9), we used cytokines (12 ng/mL BMP4, 5 ng/
mL FGF2, and 4 ng/mL Activin A) for mesoderm differentiation, as
reported previously,4 by day 3. Based on this protocol, we estab-
lished an additional eight protocols with different concentrations
or stimulation periods of CHIR99021 (protocol nos. 1–8). To induce
LPCs, we used cytokines (10 ng/mL FGF2 and 10 ng/mL VEGF-A)
and 10 mM DAPT, a notch signaling inhibitor (g-secretase inhibi-
tor), based on a previous report,6 on days 3–6 of all differentiation
protocols (protocol nos. 1–9). In this step, we used B27/RPMI me-
dium as a basic medium. Differentiation efficiencies were evaluated
by qPCR analysis of LPC-related gene expression on day 6. Howev-
er, the gene expression in cells differentiated using protocol nos. 1,
2, 3, 6, and 7 was not evaluated because these cells had died or de-
tached from the culture plate by day 6. Consequently, the expression
of endothelial progenitor cell-related genes (CD34 and PECAM1)4,6
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Figure 2. Screening of BMP4, FGF2, and Activin A

treatment conditions for the differentiation of LPCs

from human iPSCs

(A) Schematic representation of the protocol of human

iPSCs differentiation into LPCs for the evaluation of effect

of BMP4, FGF2, and Activin A. (B) Detail of the BMP4,

FGF2, and Activin A treatment conditions. (C) qPCR

analysis of gene (CD34 and PECAM1) expression in

human iPSC derivatives on day 6. On the y axis,

expression levels are shown as a relative value to those

in undifferentiated human iPSCs. (D) qPCR analysis of

NRP2 gene expression in human iPSC derivatives on

day 6. On the y axis, the expression levels are shown

as a relative value to that of HUVECs. All data are

presented as mean ± SD (n = 3). Statistical significance

was evaluated by one-way ANOVA followed by Tukey’s

multiple comparison test. Groups that do not share the

same letter above the plots differ significantly from each

other (p < 0.05). The categorized p values are listed in

Table S5. undiff., undifferentiated.

www.moleculartherapy.org
in cells induced using protocol no. 4 (treatment with 10 and 5 mM
of CHIR99021 on days 0–1 and 1–2, respectively) was higher than
that in cells induced using all other protocols (Figure 1C). CD34 and
PECAM1 gene expression levels in cells induced using protocol no.
4 were approximately 93- and 34-fold higher, respectively, than
those induced using protocol no. 9. Moreover, we analyzed the
expression of neuropilin2 (NRP2),10 a venous endothelial cell
marker, in human iPSC derivatives, undifferentiated human iPSCs,
and human umbilical vein endothelial cells (HUVECs, as a venous
endothelial cell control). NRP2 expression in cells induced using
protocol no. 4 was higher than that in cells induced using protocol
no. 9, undifferentiated human iPSCs, and HUVECs (Figure 1D).

Next, we evaluated the requirement for BMP4, FGF2, and Activin A
in the mesoderm induction step. Based on protocol no. 4, we set addi-
tional protocols with different stimulation periods of these additives
(protocol nos. 10–12) (Figures 2A and 2B). In this step, we also
used B27/RPMI medium as a basic medium. Differentiation effi-
ciencies were evaluated by qPCR analysis of LPC-related gene expres-
sion levels on day 6. The gene expression of CD34, PECAM1, and
NRP2 in cells induced using protocol no. 10 (stimulation with addi-
tives during days 1–3) was higher than in cells induced using all other
protocols (Figures 2C and 2D). The expression levels of the CD34 and
PECAM1 genes in cells induced using protocol no. 10 were approxi-
Molecular Therapy: Methods & C
mately 1.4- and 1.6-fold higher, respectively,
than those induced using protocol no. 4. These
results indicated that protocol no. 10 was
suitable for the induction of LPCs. Finally, to
evaluate the effect of basic medium on differen-
tiation, we performed the differentiation induc-
tion using three different base medium condi-
tions (Figure S1A). The expression of CD34
and PECAM1 genes in cells induced using pro-
tocol no. 10 with B27/RPMI medium was higher than that in cells
induced using other conditions (Figure S1B).

In the following, the condition of protocol no. 10 with B27/RPMI me-
dium is referred to as the “modified protocol” (Figure 3A). The per-
centage of CD34⁺CD31⁺ cells in differentiated cells obtained using the
basic and modified protocols was measured using flow cytometry
analysis on day 6. Consequently, the percentage of CD34⁺CD31⁺ cells
in cells induced using the modified protocol was higher than the basic
protocol (approximately 65% vs. 2%) (Figure 3B). In addition, the to-
tal number of CD34+CD31+ cells induced using themodified protocol
at day 6 was approximately 4.8-fold greater than the initial cell num-
ber at day 0 (Figure 3C).

To examine the characteristics of human iPSC-derived LPCs in detail,
we performed magnetic cell sorting (MACS) to isolate CD34+ cells
from cells induced using the modified protocol (Figure 3D). Approx-
imately 68% of cells were labeled by CD34 microbeads and they were
mostly CD34+ cells (Figures 3E and 3F). Therefore, in the following,
cells collected using MACS with CD34 microbeads are referred to as
CD34+ cells.

We sought to determine whether cells differentiated using the modi-
fied protocol had a venous endothelial phenotype. The gene
linical Development Vol. 32 December 2024 3

http://www.moleculartherapy.org


A

B C

D E F

G H

Figure 3. Characterization of human iPSC-derived

cells after LPC differentiation induction

(A) Schematic representation of the protocol of human

iPSCs (Tic) into LPCs. The basic protocol and our modified

protocol are shown. (B) The percentages of CD34+

and CD31+ cells in human iPSC derivatives from the

basic and the modified differentiation protocols were

measured using flow cytometry analysis. Data are

presented as mean ± SEM (n = 3, three independent

experiments). Statistically significant differences were

evaluated using an unpaired two-tailed Student’s t test

(***p < 0.001). (C) The number of CD34+CD31+ cells

induced using the modified protocol relative to the total

cell number at day 0. The number of CD34+CD31+ cells

was calculated from the total cell number and the

percentage of CD34+CD31+ cells measured using flow

cytometry on day 6. On the y axis, the total cell number

at day 0 taken as 1. Data are presented as mean ± SD

(n = 3). (D) Schematic representation of CD34+ cell

purification from human iPSC-derived cells. (E) The

population of labeled cells and unlabeled cells after

MACS. Data are presented as mean �SD (n = 3).

(F) The percentage of CD34+ and CD31+ cells before and

after MACS was measured using flow cytometry. Data are

presented as mean �SD (n = 3). (G) qPCR analysis of

CXCR4, EFNB2, NRP2, and EPHB4 expression in

CD34+ cells collected from human iPSC derivatives

induced by the modified protocol. For CXCR4 and

EFNB2, on the y axis, expression levels are shown as a

relative value to those in HUAECs. For NRP2 and

EPHB4, on the y axis, expression levels are shown as a

relative value to those in HUVECs. Data are presented

as mean ± SD (n = 3). Statistically significant differences

were evaluated using one-way ANOVA followed by

Tukey’s multiple comparison test. Groups that do not

share the same letter above the plots differ significantly

from each other (p < 0.05). The categorized p values

are listed in Table S6. (H) NRP2 protein levels in CD34+

cells were measured using flow cytometry. Data are

presented as the mean of technical triplicates. undiff.,

undifferentiated.
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expression of arterial markers (C-X-C motif chemokine receptor 4
[CXCR4] and ephrin B2 [EFNB2]) as well as of venous markers
(neuropilin2 [NRP2] and EPH receptor B4 [EPHB4])10–12 was evalu-
ated by qPCR on day 6. Human umbilical artery endothelial cells
(HUAECs) and HUVECs were used as arterial and venous control
cells. As shown in Figure 3G, the expression of arterial markers
(CXCR4 and EFNB2) was lower in CD34+ cells than in HUAECs.
The expression of EFNB2 in CD34+ cells was similar to that in
HUVECs, whereas the expression of CXCR4 in CD34+ cells was
significantly higher than that in HUVECs. Regarding venous markers
4 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
(NRP2 and EFNB2), their expression in CD34+

cells was higher than that in HUAECs,
HUVECs, and undifferentiated human iPSCs.
Next, we determined the protein levels of
NRP2 in CD34+ cells using flow cytometry anal-
ysis and found that approximately 52% of cells were NRP2+ cells
(Figure 3H). These results indicate that CD34+CD31+ cells with
venous-like characteristics could be efficiently induced using our
modified protocol.

Differentiation of human iPSC-derived LSEC-like cells secreting

coagulation factor VIII

We further attempted to differentiate obtained human iPSC-derived
LPCs into LSEC-like cells by treatment with 1.5 mM A-83-01 (trans-
forming growth factor b [TGF-b] signal inhibitor) and 1 mM cyclic
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AMP (cAMP) with reference to previous reports.5,6,13,14 As hypoxia
promotes LSEC differentiation in vitro,6 we used IOX2, a hypoxia-
inducible factor prolyl-hydroxylase inhibitor, to mimic hypoxic cul-
ture conditions (Figure S2A). When we differentiated CD34+ cells
sorted usingMACS into LSECs, IOX2 treatment significantly upregu-
lated some LSEC-associated gene expressions (Fc gamma receptor IIb
[FCGR2B], coagulation factor 8 [F8], etc.) (Figure S2B). However,
when we differentiated cells induced using the modified protocols
without cell sorting and replating, cells were mostly dead following
treatment with 25, 50, and 100 mM IOX2 (data not shown). Hence,
in the case of LSEC differentiation induction without cell sorting
and replating, we opted for normoxia culture conditions without
IOX2 treatment. To evaluate the effect of basic medium on LSEC dif-
ferentiation, differentiated cells induced using the modified protocol
were differentiated into LSEC-like cells using EGM2 medium
(an endothelial cell culture medium), B27/RPMI medium (a basic
medium used for differentiation until LPCs), and their combination
(Figure S3A). After differentiation, the percentages of LSEC-related
marker-positive (CD32+ and CD31+) cells in the differentiated cells
(day 14) were evaluated using flow cytometry analysis. Consequently,
the percentage of CD32- and CD31-double positive cells in differen-
tiated cells induced using EGM2 medium was higher than that using
B27/RPMI medium alone (Figure S3B). The expression of LSEC-
related genes (FCGR2B, lymphatic vessel endothelial hyaluronan re-
ceptor 1 [LYVE1], F8, CD36) in human iPSC-derived cells induced us-
ing EGM2 medium was higher than that in cells induced using B27/
RPMI medium alone (Figure S3C). Based on these results, we used
EGM2 medium for LSEC differentiation in subsequent experiment
(Figure 4A). To compare the efficiency of LSEC differentiation be-
tween the basic and modified protocols, we evaluated the percentage
of LSEC-related marker-positive (CD32+ and CD31+) cells in differ-
entiated cells (day 14) using flow cytometry (Figure 4B). The percent-
age of CD32+CD31+ cells in cells induced using the modified protocol
was higher than that in cells induced using the basic protocol
(approximately 54% vs. 0.5%). In addition, the total number of
Figure 4. Characterization of human iPSC-derived cells after LSEC differentiat

(A) The schematic representation of the protocol for the differentiation of human iPSCs

derivatives from the basic and themodified protocols wasmeasured using flow cytometr

Statistically significant differences were evaluated using an unpaired two-tailed Stude

modified protocol relative to the total cell number at day 0. The number of CD32+CD31+

cells measured using flow cytometry on day 14. On the y axis, the total cell number at

FCGR2B, LYVE1, F8, CD36,MRC1, CLEC1B, CD14, PECAM1, GATA4, and MAF expr
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significantly from each other (p < 0.05). The categorized p values were listed in Table S7.
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CD32- and CD31-double positive cells induced using the modified
protocol at day 14 were approximately 3.0-fold greater than the initial
number of cells at day 0 (Figure 4C).

The expression of LSEC-related genes (FCGR2B, LYVE1, F8, CD36,
mannose receptor C-type 1 [MRC1], C-type lectin domain family 1
member B [CLEC1B], also known as CLEC2, CD14, PECAM1,
GATA binding protein 4 [GATA4], andMAF bZIP transcription factor
[MAF])1,2,14–18 in human iPSC-derived cells induced using the modi-
fied protocol (day 14) were significantly higher than that in undifferen-
tiated human iPSCs, human iPSC-derived cells induced using the basic
protocol, and HUVECs (a non-liver-specific EC) (Figure 4D). Immu-
nocytochemical analysis revealed CD32b+ cells in human iPSC-derived
cells induced using the modified protocol (day 14) (Figure 4E). To
examine the functions of human iPSC-derived cells (day 14), we eval-
uated their tube formation and low-density lipoprotein (LDL) uptake
capacity. Differentiated cells induced using the modified protocol
demonstrated tube-like structures onMatrigel in vitro 6 h after seeding
(Figure 4F). In addition, their LDL uptake was observed after culturing
with medium containing Alexa Fluor 488-labeled acetylated LDL for
15min (Figure 4G). To examine the FVIII secretion potency of human
iPSC-derived cells, we analyzed the amount of FVIII antigen in the cul-
ture supernatant using enzyme-linked immunosorbent assay (ELISA).
Substantial levels of human FVIII antigen were detected in the super-
natant of human iPSC-derived cells induced using the modified proto-
col, but not in the supernatant of human iPSC-derived cells induced
using the basic protocol, and HUVECs (Figure 4H). Furthermore,
we examined the expression of MCFD2 and LMAN1, which play an
important role in intracellular trafficking and efficient secretion of
FVIII.19–21 Their expression in human iPSC-derived cells induced
using the modified protocol were significantly higher than those in
undifferentiated human iPSCs, human iPSC-derived cells induced us-
ing the basic protocol, and HUVECs (Figure 4I). These data suggest
that our modified protocol efficiently induced FVIII-secreting
LSEC-like cells from human iPSCs.
ion induction

(Tic) into LSEC-like cells. (B) The percentage of CD32+CD31+ cells in human iPSC

y analysis. Data are presented asmean ±SEM (n = 4, four independent experiments).

nt’s t test (***p < 0.001). (C) The number of CD32+CD31+ cells induced using the

cells was calculated from the total cell number and the percentage of CD32+CD31+

day 0 taken as 1. Data are presented as mean ± SD (n = 5). (D) qPCR analysis of

ession in the undifferentiated human iPSCs, human iPSC derivatives from the basic

ression levels are shown as a relative value to those of the adult human liver tissue

e evaluated using one-way ANOVA followed by Tukey’s multiple comparison test for

up comparison. Groups that do not share the same letter above the plots differ

(E) Immunocytochemical analysis of CD32b (green) and CD31 (red) in human iPSC-

ounterstained with DAPI (blue). Scale bars, 50 mm. (F) Analysis of tube formation on

otocols on day 14. Scale bars, 500 mm. (G) Analysis of LDL uptake capacity of iPSC-

ars, 50 mm. (H) Amounts of FVIII antigen in the culture supernatant of human iPSC-

ta are presented as mean ± SEM (n = 3, three independent experiments). (I) qPCR

an iPSC derivatives from the basic and the modified differentiation protocols on day

e of the adult human liver tissue sample. Data are presented as mean ± SD (n = 3).

key’s multiple comparison test. Groups that do not share the same letter above the

d in Table S7. undiff., undifferentiated; N.D., not detected; sup., supernatant.

er 2024



A B

C

Figure 5. Evaluation of the modified differentiation protocol for the induction of KDR+ mesoderm

(A) The percentage of KDR+ cells in human iPSC derivatives was measured using flow cytometry analysis on day 3. Data are presented as mean ± SEM (n = 3, three in-

dependent experiments). Statistically significant differences were evaluated using an unpaired two-tailed Student’s t test (***p < 0.001). (B) The number of KDR+ cells induced

using the modified protocol relative to the total cell number at day 0. The number of KDR+ cells were calculated from the total cell number and the percentage of KDR+ cells

measured using flow cytometry on day 3. On the y axis, the total cell number at day 0 taken as 1. Data are presented as mean ± SD (n = 3). (C) qPCR analysis of OCT3/4,

NANOG, T, MIXL, KDR, FOXF1, HAND1, and HAND2 in human iPSC derivatives from the basic and the modified differentiation protocols (days 1–3). On the y axis, the

expression levels are shown as a relative value to those of undifferentiated human iPSCs. Data are presented as mean ± SD (n = 3). Statistically significant differences were

evaluated by two-way ANOVA followed by Bonferroni post-test (***p < 0.001).
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Modified mesoderm induction method promoted KDR⁺

mesoderm differentiation

We successfully established a mesoderm induction method to effi-
ciently induce LPCs and LSEC-like cells. As kinase insert domain
receptor (KDR, also known as VEGFR2, FLK1) positive mesoderm
is one origin of endothelial-lineage cells,22–24 we evaluated whether
our modified protocol induced KDR+ mesodermal cells from
Molecular T
human iPSCs. The KDR+ cell ratio in differentiated cells was exam-
ined using flow cytometry on day 3. Consequently, the percentage
of KDR+ cells in human iPSC-derived cells induced using the
modified protocol was higher than that in cells induced using
the basic protocol (approximately 94% vs. 26%) (Figure 5A). In
addition, the total number of KDR+ cells induced using the modi-
fied protocol at day 3 was approximately 2.7-fold greater than the
herapy: Methods & Clinical Development Vol. 32 December 2024 7
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initial number of cells at day 0 (Figure 5B). Furthermore, we inves-
tigated the gene expression of pluripotent stem cell, primitive
streak, and mesoderm markers in cells over time, up to differenti-
ation day 3 (Figure 5C). For cells induced using the modified pro-
tocol, the expression of primitive streak markers (T-box transcrip-
tion factor T [T, also known as TBXT], Mix paired-like homeobox
[MIXL1])25,26 peaked on day 1, whereafter the expression of meso-
derm, especially the lateral plate mesoderm, related markers (fork-
head box F1 [FOXF1], heart and neural crest derivatives expressed 1
[HAND1], and heart and neural crest derivatives expressed 2
[HAND2])24 peaked on days 2 and 3. The expression of most prim-
itive streak and mesoderm markers in cells induced using the
modified protocol was higher than in cells induced using the basic
protocol. On the other hand, the gene expression of pluripotent
stem cell markers (OCT3/4, also known as POU class 5 homeobox
1 [POU5F1], and NANOG) in cells induced using the modified
protocol was lower than that in cells induced using the basic pro-
tocol. These results indicate that our modified protocol could
induce KDR⁺ mesodermal cells more efficiently than the basic
protocol.
LPCs and LSEC-like cells could be differentiated from different

human iPSC lines using modified protocol

As it is known that there are variations between iPSC lines in terms of
differentiation characteristics, we examined whether our modified
protocol could induce LPCs and LSEC-like cells from different hu-
man iPSC lines. Another cell line of human iPSCs, called Dotcom,
was differentiated into LPCs using the basic protocol and modified
protocol, and then the percentage of their marker-positive cells was
analyzed using flow cytometry analysis. Consequently, the percentage
of CD34⁺CD31⁺ cells in cells induced using the modified protocol was
higher than that in cells induced using the basic protocol at differen-
tiation day 6 (Figure S4A). Next, we attempted to induce LSEC-like
cells from the obtained differentiated cells (day 6) using the modified
protocol. However, cell detachment was observed after medium
change to EGM2 medium at differentiation day 6 (data not shown).
To avoid this phenomenon, we used B27/RPMI medium as a basic
medium between day 6 and 7 (Figure S4B). At differentiation day
14, the percentage of CD32⁺CD31⁺ cells in cells induced using the
modified protocol was also significantly higher than that in cells
induced using the basic protocol (Figure S4C). Furthermore, most
of the LSEC-related gene expression in human iPSC-derived cells
induced using the modified protocol was significantly higher than
that in undifferentiated human iPSCs, human iPSC-derived cells
induced using the basic protocol, and HUVECs (Figure S4D). These
results indicated that LPCs and LSEC-like cells could be efficiently
induced from different human iPSCs lines using the modified
protocol.
DISCUSSION
In this study, we successfully developed an efficient method for the
induction of LPCs and LSEC-like cells capable of secreting coagula-
tion factor VIII in vitro from human iPSCs. This was achieved
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
by optimizing the differentiation conditions of the mesoderm
induction step.

At the optimal concentration and stimulation period with
CHIR99021, BMP4, FGF2, and Activin A during the mesoderm in-
duction step, on average approximately 65% and 54% of cells differ-
entiated into LPCs and LSEC-like cells, respectively (Figures 3 and 4).
One origin of endothelial cells is the KDR⁺mesoderm.22–24 Ourmodi-
fied protocol efficiently induced KDR+ mesoderm from human iPSCs
through primitive streak differentiation. Meanwhile, cells subjected to
the basic protocol potentially failed to exit from the pluripotent state
during the mesoderm induction step (Figure 5). WNT/b-catenin
signaling plays an important role in primitive streak formation.27

Furthermore, there are multiple subtypes of mesoderm that are differ-
entiated and characterized by the precise regulation of signaling path-
ways, such as WNT/b-catenin, BMP, and Activin/nodal signaling,
in vivo and in vitro.28–30 Although various differentiation methods
for mesodermal cell induction have been reported, it is important
to consider the specifics of in vitro differentiation induction protocols
depending on the final cell type. Our results show that appropriate
activation of WNT/b-catenin signaling via gradient treatment with
CHIR99021 in the primitive streak and mesoderm induction step
might be needed to efficiently promote the differentiation of human
iPSCs into mesoderm which could subsequently differentiate into
LPCs. However, although KDR+ cells could be efficiently generated,
the CD34+CD31+ cell ratio after LPC differentiation was relatively
low. Thus, it is possible that heterogeneity may exist in the obtained
KDR+ cells in terms of their differentiation trajectories. Another pos-
sibility is that the method for LPC differentiation induction from
mesoderm may require further improvement.

LPCs induced from mesoderm cells using our modified protocol
could further differentiate into LSEC-like cells capable of secreting
the FVIII protein in vitro. On average, the efficiency of LSEC-like
cell induction was up to approximately 54% without cell purification
throughout the entire differentiation induction process. Previous
reports have indicated that hypoxia can promote LSEC differentiation
from LPCs. Herein, when MACS-sorted CD34+ cells were differenti-
ated into LSECs, IOX2 treatment partially promoted LSEC differen-
tiation (Figure S2). However, when we performed LSEC differentia-
tion without cell sorting and replating, IOX2 treatment induced cell
death (data not shown), whereas cells could differentiate into
LSEC-like cells under normoxia culture conditions without IOX2
treatment. In the case of LSEC differentiation without cell purifica-
tion, owing to the high cell density, an extreme hypoxic environment
after IOX2 treatment might induce cell death. Transcription factor
networks are central to cell differentiation and identity. The expres-
sion of GATA4 and MAF, key transcription factors involved in
LSEC differentiation,15,18 is believed to promote LSEC differentiation.
The gene expression of GATA4 andMAF in cells differentiated using
our modified protocol was significantly higher than that in undiffer-
entiated human iPSCs, cells differentiated using the basic protocol,
and non-liver specific EC (HUVECs) (Figure 4D). Furthermore,
MCFD2 and LMAN1 play important roles in the intracellular
er 2024
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trafficking of FVIII protein, and subjects with a defect in these genes
exhibit decreased plasma FVIII levels, leading to a bleeding ten-
dency.19–21 In our experiment, the expression of MCFD2, LMAN1,
and F8 in human iPSC-derived cells induced using our modified pro-
tocol was significantly upregulated (Figures 4D and 4I). The expres-
sion of these factors might contribute to the acquisition of the
LSEC-like phenotype and FVIII secretion capacity of differentiated
cells. On the other hand, although IOX2 treatment upregulated
some LSEC-related maker gene expression, GATA4 and MAF were
not upregulated (Figure S2B). This result indicates that other factors
are also engaged in the LSEC differentiation process.

In this study, we designed the basic protocol for the induction of
mesoderm and LPCs using a combination of cytokines as described
previously.4,6 However, the differentiation efficiency of KDR+ cells
(mesoderm) and CD34+CD31+ cells (LPCs) by the basic protocol
were lower than expected. This phenomenon might be caused by dif-
ferences other than the combination of cytokines, such as the cell cul-
ture dimensions. Mesoderm differentiation was performed under 3D
culture conditions after EB formation in previous studies, whereas
mesoderm differentiation was performed under 2D culture condi-
tions in our study. In the case of our basic protocol, failure to differ-
entiate into mesodermal cells caused subsequent LPC differentiation
failure. Although the 3D culture condition (EB formation) might be
essential to mesoderm induction in the published method,4,6 we
were able to significantly improve the differentiation induction effi-
ciencies for CD34+ and CD31+ cells by modifying the mesoderm in-
duction method in our study. This suggests that 3D culture is not
required for the induction of mesoderm, a precursor of LPCs, from
human iPSCs by using our established protocol. In addition, human
iPSCs used in this study was maintained using StemFit AK02N and
iMatrix-511-coated plate, and this method is different from that in
previous reports.4 The difference of undifferentiated human iPSC
maintenance method affects their hepatic differentiation potency.31

Since it is possible that the difference of human iPSC maintenance
method also affect the mesoderm differentiation.

Through our method, approximately 4.8 CD34+CD31+ cells were
generated from one human iPSC and this yield is higher than that re-
ported previously (one input PSC generated 0.9 CD34+ cells).4 With
respect to EB formation method, as cell proliferation was suppressed
in the inner cells of EBs,9 it is possible the total number of cells gener-
ated from one PSC in the published 3D method would be lower than
that generated through our 2D method. The high yield of LPCs is
particularly advantageous in the preparation of cell sources for hemo-
philia A cell therapy.

Our established protocol was considered adaptable to human iPSC
lines other than those used herein, as multiple different human
iPSC lines were differentiated into LPCs and LSEC-like cells
more efficiently using the modified protocol than the basic protocol
(Figures 3, 4, and S4). When we differentiated one human iPSC
line (Dotcom) into LSEC-like cells, we observed partial cell detach-
ment after medium change to EGM2. This phenomenon was not
Molecular T
observed in the other human iPSC line (Tic). While the reason for
this difference is unclear, this phenomenon could be avoided using
B27/RPMI medium as the basic medium between differentiation
day 6 and day 7, which gave rise to LSEC-like cells. Hence, no critical
difference would exist in the characteristics of LPCs derived from
different cell lines.

FVIII antigen was detected in the supernatant of human iPSC-derived
LSEC-like cells, but we cannot ignore the potential contribution of
FVIII released from dead cells. As notable cell death was not observed
during differentiation days 14–16, we determined that human iPSC-
derived LSEC-like cells could secrete FVIII. Although functional
human iPSC-derived LSEC-like cells could be induced through our
method, most of the LSEC-specific genes including F8 were expressed
at lower levels than in adult liver tissue containing LSECs (Figure 4D).
Therefore, human iPSC-derived LSEC-like cells we developed were
considered to still have an immature phenotype, indicating room
for further modification of the LSEC induction method from LPCs.
We previously reported that the cytokines related to liver develop-
ment have important roles in the differentiation of LSEC-like cells
from human bone marrow-derived mesenchymal stem cells.32 These
factors might have considerable influence on the maturation of
human iPSC-derived LSEC-like cells.

In this study, there are several limitations to note. First, because the gene
expression data were used to determine optimal protocol, the charac-
teristics other than mRNA expression (e.g., protein synthesis and
expression) were not considered in our decision. Second, as we hypoth-
esized the heterogeneity inmesodermal cells induced using 3Dmethod
might cause low differentiation efficiency of LSEC and LPCs, we opti-
mized amesoderm inductionmethod for LSECdifferentiation.Howev-
er, we did not perform analysis of the heterogeneity inmesodermal cells
in this study, therefore the existence and effect of heterogeneity inmeso-
dermal cells remains unclear. Finally, we could not perform the com-
parison of cells induced using our modified method and cells induced
using published method directly. In our basic protocol, there are
some differences from the published method, and our basic protocol
failed to differentiate human iPSCs into LSEC progenitor and LSEC-
like cells. Hence, the improvement from our basic protocol does not
indicate advancement from the published method. Furthermore, the
superiority of cells induced using ourmethod as cell source for cell ther-
apy (e.g., cell engraftment efficiency) is not clear. To show the utility of
human iPSCderivatives inducedusing ourmethod as cell source for cell
therapy, cell transplantation experiments are necessary.

In conclusion, we established an in vitro induction method for LSEC-
like cells capable of secreting FVIII from human iPSCs. We believe
that these differentiated cells can be a promising cell source for allo-
geneic cell therapy of hemophilia A. As hemophilia A is a hereditary
genetic disease, the developed LSEC differentiation protocol might
also be useful for elucidating the characteristics of patient-specific
genetic variants using iPSCs established from patients with hemophil-
ia A.Moreover, LSECs play an important role in various liver diseases,
including alcoholic liver disease and liver fibrosis.33,34 Thus, we
herapy: Methods & Clinical Development Vol. 32 December 2024 9
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believe that the method established herein will contribute to the
development of new treatments not only for hemophilia A but also
for various liver diseases.

MATERIALS AND METHODS
Materials

Total RNA of human adult liver tissue (pool of five donors) was pur-
chased from BioChain (Newark, CA). A cell pellet of HUAECs was
purchased from PromoCell (Heidelberg, Germany).

Cell culture

The human iPSC lines, Tic (JCRB1331; JCRB Cell Bank, Osaka,
Japan) and Dotcom (JCRB1327; JCRB Cell Bank),35 were purchased
from JCRB Cell Bank andmaintained in StemFit AK02N (Ajinomoto,
Tokyo, Japan) on iMatrix-511 silk (Nippi, Osaka, Japan)-coated
plates. HUVECs (Lonza, Basel, Switzerland) were purchased from
Lonza and cultured in EGM2 (Lonza).

Differentiation of LSEC-like cells from human iPSCs

Human iPSCs were dissociated into single cells and plated on a
Matrigel (Corning, Corning, NY)-coated plate (the thin-coating
method). After confirming that cells reached 40%–70% confluence,
differentiation induction was started. Differentiation was performed
in three steps: (1) primitive streak and mesoderm differentiation,
(2) LPC differentiation, and (3) LSEC-like cell differentiation.

Three different basic medium conditions were tested for primitive
streak and mesoderm, and LPC differentiation. In condition I,
RPMI 1640 (Sigma-Aldrich, St. Louis, MO) containing B27
SupplementMinus Vitamin A (0.5�) (Thermo Fisher Scientific,Wal-
tham, MA), penicillin-streptomycin solution (1�) (Fujifilm, Osaka,
Japan), and GlutaMAX supplement (1�) (Thermo Fisher Scientific)
(referred to as “B27/RPMI medium”) was used for primitive streak
and mesoderm and LPC differentiation. In condition II, StemPro34
(Thermo Fisher Scientific) was used for primitive streak and meso-
derm differentiation, and EGM2 was used for LPC differentiation.
In condition III, StemPro34 (25%, v/v)/IMDM (75%, v/v, Thermo
Fisher Scientific) containing ITS-X (1:10,000) (Thermo Fisher Scien-
tific), penicillin-streptomycin solution (�1), 2 mM L-glutamine
(Thermo Fisher Scientific), 50 mg/mL ascorbic acid (Sigma-Aldrich),
150 mg/mL transferrin (Roche), and 50 mg/mL monothioglycerol
(Sigma-Aldrich) (referred to as “StemPro34/IMDM medium”) was
used for primitive streak and mesoderm, and LPC differentiation.

On day 0, for mesoderm differentiation, the human iPSC culture
medium was replaced with B27/RPMI medium, StemPro34, or
StemPro34/IMDM medium containing 0, 5, 10, or 15 mM
CHIR99021 (GSK3 inhibitor; Cayman Chemical, Ann Arbor, MI),
0 or 12 ng/mL BMP4 (R&D Systems, Minneapolis, MN), 0 or
5 ng/mL FGF2 (Peprotech, Cranbury, NJ), and 0 or 4 ng/mL Activin
A (R&D Systems). On day 1, the medium was changed to the respec-
tive medium containing 0, 2, 5, or 10 mMCHIR99021, 0 or 12 ng/mL
BMP4, 0 or 5 ng/mL FGF2, and 0 or 4 ng/mL Activin A. On day 2, the
medium was changed to the respective medium containing 0, 2, 5, or
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10 mM CHIR99021, 12 ng/mL BMP4, 5 ng/mL FGF2, and 4 ng/mL
Activin A.

For further differentiation into LPCs, differentiated mesodermal cells
were cultured in B27/RPMI medium, EGM2, or StemPro34/IMDM
medium containing 10 ng/mL vascular endothelial growth factor-A
(VEGF-A) (Thermo Fisher Scientific), 10 ng/mL FGF2, and 10 mM
DAPT (g-secretase inhibitor; AdipoGen, San Diego, CA) for
3 days. On day 3 (the first day of LPC differentiation induction), all
media in the wells were gently replaced with an LPC differentiation
medium. On day 4, equal volumes of fresh differentiation medium
was added to the culture wells without removing the old medium.
On day 5, half of the medium in the culture well was removed and
equal volumes of fresh media were gently added.

On day 6, for LSEC-like cell differentiation without cell sorting and re-
plating, media were replaced with EGM2 or B27/RPMI medium con-
taining 1.5 mM A-83-01 (TGF-b type I receptor inhibitor; Fujifilm),
and 1mM cAMP (8-bromoadenosine 30,50-cyclic monophosphate so-
dium salt, Sigma), then cultured for 8 days. During LSEC induction,
the medium was changed at least once every 2 days.

When MACS-sorted CD34+ cells were differentiated into LSEC-like
cells, CD34+ cells were plated on a Matrigel-coated plate (the thin-
coating method) with EGM2 medium containing 1.5 mM A-83-01,
1 mM cAMP, and 0, 25, 50, or 100 mM IOX2 (Axon Medchem, Gro-
ningen, the Netherlands), and then cultured for 8 days. During LSEC
induction, the medium was changed at least once every 2 days.

Preparation of CD34+ cells

To purify CD34+ cells from human iPSC-derived cells, CD34
MicroBead Kit, human (Miltenyi Biotec, Bergisch Gladbach, Ger-
many), MiniMACS separator (Miltenyi Biotec), and MS columns
(Miltenyi Biotec) were used. Cells were incubated with FcR Blocking
reagent and CD34MicroBeads at 4�C for 20 min. Cell suspension was
then applied onto the column, and magnetically labeled cells were
collected as CD34+ cells. Collected CD34+ cells were cryopreserved
using CELLBANKER 1 (Nippon Zenyaku Kogyo, Koriyama, Japan).

Real-time PCR

To isolate the total RNA from cells, TRIzol Reagent (Thermo Fisher
Scientific) was used. cDNA was synthesized from 500 ng total RNA
using a High-Capacity RNA-to-cDNA kit (Thermo Fisher Scientific).
Real-time PCR was performed with the Fast SYBR Green Master Mix
(Thermo Fisher Scientific) using a StepOnePlus real-time PCR system
(Thermo Fisher Scientific). Relative quantification of target mRNA
levels was performed using the 2–(DD threshold cycle) (2�DDCt) method.
The values were normalized to those of the housekeeping gene, pep-
tidylprolyl isomerase A (PPIA). The sequences of real-time PCR
primers used in this study are listed in Table S1.

Flow cytometry

Cell suspensions of human iPSC derivatives were incubated with an-
tibodies (listed in Table S2) at 4�C for 20 min. On differentiation
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induction day 14, cell suspensions were incubated with Human
TruStain FcX (Fc Receptor Blocking Solution) (BioLegend, San
Diego, CA) before and during antibody incubation. After washing
with 2% bovine serum albumin (BSA)/phosphate-buffered saline
(PBS), flow cytometry was performed using a Spectral Analyzer
SA3800 (Sony, Tokyo, Japan). Data analysis was performed using
FlowJo software (Becton-Dickinson, Franklin Lakes, NJ).

Immunocytochemistry

Cells were fixed with methanol for 5 min at�20�C. Cells were treated
with 0.1% Tween in PBS for 10 min at room temperature and then
blocked with 10% FBS, 2% BSA, and 0.1% Tween 20 in PBS for
60 min at room temperature. Cells were incubated with the primary
antibody (listed in Table S3) at 4�C overnight, and then with the sec-
ondary antibody (listed in Table S3) at room temperature for 1 h.
Cells were stained with 40,6-diamidino-2-phenylindole (DAPI) for
20 min and observed under a fluorescence microscope BZ-X710
(Keyence, Osaka, Japan).

Tube formation assay

Cells were seeded on a Matrigel-coated plate (the thick gel method).
After 6 h, cells were observed using the EVOS XL core imaging system
(Thermo Fisher Scientific).

Cellular uptake of LDL

Cells were cultured with EGM2 medium containing 10 mg/mL Alexa
Fluor 488-labeled acetylated LDL (Thermo Fisher Scientific) for
15 min. After washing with PBS, the cells fixed with 4% paraformal-
dehyde for 10 min at room temperature. The cells were stained with
DAPI for 20 min and observed under a fluorescence microscope
BZ-X710 (Keyence).

ELISA

Culture supernatants were collected on day 16 after incubation for
48 h after the medium change, and the amount of human FVIII
antigen in samples was quantified using a Matched-Pair Antibody
Set for ELISA of human Factor VIII antigen (Affinity Biologicals,
Ontario, Canada). Normal human plasma (Coagtrol N; Sysmex,
Kobe, Japan) was used as the standard. The concentration of FVIII
in Coagtrol N was set to 100 ng/mL.

Statistical analysis

Statistically significant differences were evaluated using one-way
ANOVA followed by Tukey’s multiple comparison test or two-way
ANOVA followed by Bonferroni post-test for multi-group compari-
sons. For two-group comparison, statistically significant differences
were evaluated with an unpaired two-tailed Student’s t test. Statistical
analysis was performed using GraphPad Prism software version 5
(GraphPad software, San Diego, CA).

DATA AND CODE AVAILABILITY
The data supporting the findings of this study are available from the corresponding
author upon reasonable request.
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