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Abstract
Background  Hemophilia B is an inherited disorder caused by a mutation in the FIX gene, which results in insufficient 
blood clotting factor IX (FIX) production from hepatocytes. Currently, there are no treatments for hemophilia B 
patients. The patients should be continuously administrated with clotting factor concentrates 2–3 times a month 
to prevent bleeding. Therefore, this study aimed to develop an engineered FIX-secreting hepatocyte sheet that can 
release FIX for an extended period. Within this study, the engineered FIX-secreting hepatocyte sheet was developed 
by integrating two core technologies, including a gene editing platform to generate FIX-secreting cells and cell sheet 
technology to improve cell delivery efficacy.

Methods  The human FIX gene was inserted into the APOC3 site of iPSCs by CRISPR/Cas9, which secretes the target 
protein after differentiation into hepatocytes. FIX-secreting hepatocyte sheets were obtained by temperature-
responsive polymer grafted cell culture dishes (TRCD). Immunohistochemical and functional tests were performed for 
hepatocyte-like cells differentiated from FIX KI-iPSCs and wild-type iPSCs (WT-iPSCs). After validating the functional 
activity and secretion of FIX protein, the engineered hepatocyte-like cell sheets were transplanted to NOD/SCID mice 
for the in vivo experiments.

Results  The insertion of the human FIX gene into the APOC3 site demonstrated a significant increase in FIX secretion 
in hepatocyte-like cells differentiated from FIX KI-iPSCs compared with those obtained from WT-iPSCs. Among the 
iPSCs to hepatocyte differentiation stages, the hepatic endoderm stage was most suitable for seeding the cells on 
TRCD and generating cell sheets by temperature changes from 37oC to room temperature when the hepatocyte-
like cells have reached maturity. The engineered FIX-secreting cell sheets showed intensive expression of the FIX 
proteins without losing hepatocyte morphology for 20 days. Furthermore, an in vivo study showed that engineered 
FIX-secreting cell sheets retained their FIX secretion functions for two weeks, whereas single-cell injected traditionally 
were barely detected in the experimental animals.
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Introduction
Hemophilia B is one of the most common bleeding dis-
orders, affecting one in 40,000 men due to a deficiency of 
the blood clotting factor IX (FIX). The FIX gene contains 
eight exons and 2,780 bp transcripts [1]. Currently, more 
than 3,656 mutations have been reported among hemo-
philia B patients, comprising point mutations, polymor-
phism, deletion of exons, duplication, and indel insertion. 
According to residual procoagulant activity, hemophilia 
B patients are classified into three main groups, includ-
ing those with severe symptoms or FIX activity less than 
1 IU/dL, moderate or FIX activity between 1 and 5 IU/
dL, and mild or FIX activity between 5 and 40 IU/dL [2]. 
Hemophilia B patients are often diagnosed with severe 
diseases, suffering frequent spontaneous and recurrent 
joint bleeds, which can lead to further complications, 
such as arthritis, deformities, and an increased risk of 
disability and death. In addition to physical and mental 
burdens, patients are financially burdened by treatments 
that involve the administration of 2 to 3 times standard 
half-life FIX per week or one time of extended half-life 
FIXs per 2 to 3 weeks, which could show side effects, 
including generation of neutralizing antibodies [3, 4]. In 
developing countries, patients are at risk since only 20% 
of the global population can afford hemophilia treatment, 
which is restricted to costly protein replacement therapy. 
In addition to coagulant factors, plasma-derived factor 
concentrates are widely used, which presents the pos-
sibility of blood-borne transmission [5]. A further study 
investigates hepatocyte transplantation for its potential 
to treat hemophilia B due to its ability to provide FIX 
protein. However, the availability of donors significantly 
limits its application. An alternative source of function-
ally improved hepatocytes can be obtained by differ-
entiating mesenchymal stem cells (MSCs), embryonic 
stem cells, and induced pluripotent stem cells (iPSCs) 
[6]. MSCs are ideal candidates for cell therapy due to 
their immunomodulatory properties and ease of isola-
tion from adult tissues. ESCs have a high differentiation 
potential, but they have ethical concerns and are subject 
to immune rejection.

Among the stem cells, iPSCs were chosen for the cur-
rent study due to their advantages, including pluripo-
tency, ethical consideration, accessibility and availability, 
and reduced risk of immune rejection. In addition, due to 
the varied mutation types among hemophilia B patients, 
it is necessary to develop patient-specific therapies with 
more efficacy and reduced side effects, which can be 

enabled by the application of iPSCs [7–9] Altogether, 
these stem cell sources provide a versatile platform for 
generating hepatocytes capable of producing FIX, offer-
ing potential alternatives to donor-derived hepatocytes. 
These stem cell sources provide a versatile platform for 
generating hepatocytes capable of producing FIX, offer-
ing potential alternatives to donor-derived hepatocytes.

There has been an extensive advancement in genome 
engineering technologies along with the stem cell revo-
lution, and the CRISPR/Cas system has been utilized 
more frequently than other tools, such as zinc finger 
nucleases and transcription activator-like effector nucle-
ases, due to its simple structure and precise genome 
engineering capabilities. Class II CRISPR/Cas systems 
(i.e. CRISPR/Cas9 or 12) remain the most widely used 
systems in the world. Altogether, the advances in stem 
cell and gene engineering technologies hold great prom-
ise for developing new therapeutic strategies to treat a 
wide range of genetic disorders, thereby providing indi-
viduals with effective treatment options and quality of life 
[10]. CRISPR/Cas9 has demonstrated, for example, that 
ex vivo editing of hematopoietic stem cells, iPSCs, neu-
ral stem cells, MSCs, and muscle stem cells can be used 
to treat or alleviate diseases related to a variety of con-
ditions, including sickle cell disease, anemia, X-linked 
severe combined immunodeficiency, hemophilia A, dia-
betes mellitus, neurodegenerative disorders, and acute 
myeloid leukemia [10]. Though genetically engineered 
stem cells exhibit functional improvements and com-
patible results with traditional approaches, their clinical 
translation faces several challenges, including problems 
with poor homing of transplanted cells, cell heterogene-
ity, delivery, and off-target issues in vivo [11]. 

To solve the challenges of cell therapy in transplanta-
tion efficacy and homogeneous therapeutic effects, it is 
becoming increasingly apparent that cell sheet technol-
ogy as an ideal cell delivery tool is providing beneficial 
tools in cell-based therapy for many clinical and pre-
clinical studies [12–18] for example, in a recent study 
it was found that in contrast to single-cell injection, the 
engineered hepatic tissue sheets have shown to increase 
survival rates for longer than 200 days in vivo with liver-
specific functionality [19]. Cell sheet technology involves 
creating a sheet of interconnected cells that are entirely 
in contact with their cell-to-cell interactions [20–22], 
produced by temperature changes (from 37oC to room 
temperature) using poly (N-isopropyl acrylamide) 
(PIPAAm)-grafted temperature-responsive cell culture 

Conclusions  The engineered FIX-secreting cell sheets fabricated from functionally improved iPSCs with practical cell 
delivery tools could be a promising tool for clinically treating Hemophilia B.
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dishes without any enzymatic treatment and scaffold 
[23, 24]. Further, the introduction of cell sheet technol-
ogy into the tissue engineering field has mitigated the 
problems associated with toxicity and rejection of scaf-
fold materials and the inability to control the retainment 
of injected single-cell suspensions around target tissues 
because cell sheet technology can transplant cells into 
target tissue precisely without scaffolds [23, 25]. Thus, 
the present study aims to contribute to the successful 
translation of advances in gene engineering and tissue 
engineering technologies into the treatment of hemo-
philia B disease via generating the FIX-secreting iPSCs 
using CRISPR/Cas9 system and producing a functional 
hepatocyte sheet that is capable of secreting active FIX 
protein in target organ for a longer period (Fig. 1).

Materials and methods
Generation of FIX KI-iPSCs
Fibroblast (Fi)-derived induced pluripotent stem cells 
(iPSCs) were derived from healthy individuals and pro-
duced by Korea National Stem Cell Bank (Seoul, Korea) 
(IMR90 cell line). The iPSCs that secrete FIX were gen-
erated by transfecting them with a CRISPR/Cas9 ribo-
nucleoprotein system (Toolgen, Inc., Seoul, Korea) 

targeting the APOC3 site in chromosome 11. The FIX 
coding region was inserted into the APOC3 targeting 
donor vector by cloning technique. The cell transfection 
was performed by 4D nucleofector (CM-150 program) 
(Lonza, Basel, Switzerland) with an RNP system involv-
ing 40 µg of Cas9 protein, 10 µg of gRNA (​G​C​G​A​G​G​G​A​
T​C​G​A​G​G​C​C​C​A​A​A), and 4 µg of donor DNA in 8 × 105 
iPSCs. After transfection, cells were maintained for 
four days at 37 °C to stabilize cell condition. Single-cell-
derived clonal selections were performed, and when the 
cell confluence reached 70%, half of the cells were har-
vested for PCR verification of genome integration, and 
half of the cells were maintained for single–cell-derived 
clonal selection. Then, genomic DNA was extracted using 
the TIANamp Genomic DNA Kit (TIANGEN, GDP304-
03), followed by the manufacturer’s instructions. Clone-
AmpTM HiFi PCR Premix (Takara; 639298) was used for 
PCR and the products were visualized by ethidium bro-
mide. The PCR products were confirmed through Sanger 
sequencing at COSMOGENETECH (Seoul, Republic of 
Korea).

Fig. 1  The schematic illustration represents the therapeutic potential of hepatocyte-like cell sheets differentiated from FIX-KI iPSCs edited by the CRISPR/
Cas system. HE: hepatic endoderm, TCP: tissue culture plate, TRCD: temperature-responsive polymer-grafted temperature-responsive cell culture dish. 
Temperature reduction: from 37oC to room temperature. The figure made in BioRender.com
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Induced pluripotent stem cell (iPSC) culture
Cell culture wares were coated with Matrigel (Corning, 
Bedford, MA, USA) for 1 h. Banked iPSCs (passage 50) 
were seeded on Matrigel-coated cell culture ware with 
mTeSRTM1 media (STEMCELL Technologies, Vancou-
ver, Canada) supplemented, including 5 µM of ROCK 
inhibitor Y27632 (STEMCELL Technologies) at 37oC in 
a humidified atmosphere with 5% CO2 for two days. Cell 
culture media was changed every day. Cell morphologies 
were observed using a Nikon eclipse Ts2 inverted micro-
scope (Nikon, Tokyo, Japan) with NIS-Elements imag-
ing software (Nikon, Japan). HepG2 cells were cultured 
in DMEM supplemented, including 10% FBS and 1% PS 
with 5% CO2 as a control group. Cell culture media was 
changed every two days.

Animals
The animal studies were performed in 3-week-old male 
NOD-SCID mice (JA BIO Inc., Suwon-si, Gyeonggi-
do, Korea). Animal housing and care were performed 
according to the Institutional Guidelines of Gachon Uni-
versity (IACUC No. LCDI-2023-0043). Animals were 
housed in groups of five per cage in standard individually 
ventilated cages (IVCs) under controlled environmen-
tal conditions, with a temperature of 22 ± 2  °C, humid-
ity of 50–60%, and a 12-hour light/dark cycle. Food and 
water were provided ad libitum, and cage maintenance 
was performed regularly according to standard protocols. 
The Animal Care and Use Committee of Gachon Univer-
sity approved all animal study procedures described in 
this manuscript. 8 mice/groups were used in the animal 
study. Cell sheet group was compared with the single-cell 
injection group. After 2 weeks post-transplantation, the 
animals were euthanized in the chamber with CO2 gas as 
painlessly and quickly as possible according to the Insti-
tutional Guidelines of Gachon University (IACUC No. 
LCDI-2023-0043). The cell sheet group prepared with the 
hepatocyte-like cells differentiated from FIX KI-iPSCs 
was compared with the single-cell injection group, pre-
pared with the same cells as the cell sheet group in vivo 
study.

Immunocytochemistry and immunohistochemistry 
analysis
For immunocytochemistry (ICC) and immunohisto-
chemistry (IHC), cells were fixed when they reached con-
fluence using 4% paraformaldehyde (PFA) for 10–30 min. 
The tissue samples from the in vivo study were fixed 
using 4% PFA for three days. Non-specific binding was 
blocked in 0.01% Triton X-100 (Sigma-Aldrich, St. 
Louis, USA) containing 10% goat serum (Vector Labo-
ratories, Burlingame, CA, USA) for 1  h at room tem-
perature. Cells were stained with primary antibodies: 
IgG control (5  µg/ml) (Invitrogen), OCT4 (1:200) (Cell 

Signaling, Denver, MA, USA) SOX2 (1:200) (Cell Signal-
ing), FIX (1:100) (Abcam, Cambridge, UK), AFP (1:100) 
(DAKO, Glostrup Kommune, Denmark), HNF4a (1:100) 
(Abcam). These specimens were treated with Alexa Fluor 
594-conjugated secondary antibodies (1:200) (Life Tech-
nologies, Carlsbad, CA, USA) for 1 h. Stained cells were 
mounted with ProLong Gold Antifade Reagent, including 
DAPI (Life Technologies). Immunofluorescence images 
were obtained using an LSM-700 confocal laser scan-
ning microscopy (Carl Zeiss, Oberkochen, Land Baden-
Württemberg, Germany) and analyzed with ZEISS ZEN 
microscopy software (Carl Zeiss).

Flow cytometry analysis
iPSCs were detached using Accutase (STEMCELL Tech-
nologies) from cell culture ware for flow cytometry 
analysis. Cell suspensions were stained with a Fixable 
vility dye (Invitrogen) for 25  min. Cellss were fixed and 
permeabilized for 30  min in a fixation/permeabilization 
solution (BD Cytofix/Cytoperm kit) (BD Biosciences, 
San Diego, CA, USA). Cells were incubated with OCT4 
(clone C30A3) (Cell signaling), SOX2 (clone D6D9) 
(Cell Signaling), Nanog (clone D73G4) (Cell Signaling), 
KLF4 (clone BG01) (R&D systems), and Fixable viability 
dye (Invitrogen) for 30  min and then with Alexa Fluor 
566-conjugated secondary antibodies for 30  min (1:50). 
After incubation, cells were analyzed by Flow Cytometry 
(BECKMAN COULTER) (Life Sciences, Indianapolis, 
IN, USA). 10,000 events were counted for each analysis. 
Unstained cells were used for Flow cytometer calibration 
as a negative population. Dead cells were excluded using 
a fixable viability dye based on fluorescence intensity. 
Doublets were eliminated by distinguishing events based 
on SSC-H and SSC-A. After excluding dead cells and 
doublets, positive populations were gated and analyzed 
for OCT4, SOX2, KLF4, and Nanog markers expression 
with negative control, stained only with the viability dye 
and not with any markers. The gating strategy utilized for 
the analysis is shown in Supplemental Fig. 1.

Hepatocyte differentiation from iPSCs
Cells were seeded at 4.5 × 104 cells/cm2 density on six-
well plates in mTeSRTM1, including 5 µM of ROCK inhib-
itor Y27632, and cultured for two days. After two days 
of culture, basal media was prepared with RPMI 1640 
supplemented with 2% B27 (Gibco, Waltham, MA, USA) 
and 1% penicillin/streptomycin (PS) (Gibco). For defini-
tive endoderm (DE) differentiation, cells were cultured 
in basal media supplemented with 100 ng/ml of Activin 
A (R&D Systems, Minneapolis, MN, USA) and 3 µM of 
CHIR99021 (STEMCELL Technologies) for three days. 
After DE differentiation, cell culture media was changed 
to hepatic endoderm (HE) media, which is prepared in 
basal media supplemented with 5 ng/ml of bFGF (R&D 
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Systems), 20 ng/ml of BMP4 (R&D Systems), and 0.5% 
DMSO (Sigma-Aldrich) for five days. Immature hepa-
tocyte (IMH) differentiation was performed with basal 
media supplemented with 20 ng/ml of HGF (Peprot-
ech, Cranbury, NJ, USA) and 0.5% DMSO for five days. 
Mature hepatocytes (MH) were cultured in hepatocyte 
culture medium bulletkit™ (Lonza) supplemented with 20 
ng/ml of HGF, 20 ng/ml of Oncostatin M (R&D Systems), 
100 nM of Dexamethasone (Sigma-Aldrich), and 0.5% of 
DMSO [26].

Engineered FIX-secreting cell sheet preparation
Cells were dissociated from cell culture ware with 
Accutase for 10  min after differentiating DE, HE, IMH, 
or MH. The dissociated cells were seeded on a 35-mm 
temperature-responsive cell culture dish (TRCD) (SSCW 
N57; Cell Sheet Tissue Engineering Regenerative Medi-
cine Initiatives (CSTERMi), Tokyo, Japan). The cells were 
cultured in each stage of differentiation media until the 
MH stage. After 30 min incubation at room temperature, 
cultured MHs were spontaneously detached with gentle 
pipetting without any enzyme and structural damage to 
cells. MH sheets were used for structural and function 
tests. The prepared cell sheet group was compared to a 
single-cell group, a typical cell therapy tool.

Gene expression analysis
Total RNA from engineered cell sheets was extracted 
using Trizol (Invitrogen, Waltham, MA, USA) and Pure-
Link RNA Mini Kit (Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer’s protocols. cDNA 
was prepared from 1 µg (in vitro study) or 2 µg (in vivo 
study) of total RNA using high-capacity cDNA reverse 
transcription kits (Life Technologies). qRT-PCR analysis 
was performed with Power SYBR Green PCR Master Mix 
(Life Technologies) using an Applied Biosystems Step 
One instrument (Applied Biosystems™, Waltham, MA, 
USA). Gene expression levels were assessed for the fol-
lowing genes in the supplemental Table 1. All primers 
were manufactured by Applied Biosystems. Relative gene 
expression levels were quantified by the comparative CT 
method [27]. Gene expression levels were normalized 
to GAPDH expression levels. Gene expression levels are 
relative to the iPSC group DE, HE, IMH, and MH groups 
for the in vitro study. For the in vivo study, gene expres-
sion levels were normalized to b-actin expression levels 
because the GAPDH was designed for human-specific 
cells [28]. Gene expression levels are relative to the sin-
gle-cell group.

Protein secretion assessments
Secreted FIX amounts of hepatocyte-like cells differ-
entiated from WT-iPSC, and FIX KI-iPSCs were mea-
sured with a supernatant of cells cultured for 24  h. In 

comparing experiments with engineered cell sheets ver-
sus single cells, engineered cell sheets were detached 
from TRCD in the MH stage by temperature changes 
from 37oC to RT. The detached cell sheets were trans-
ferred on six-well insert plates (SPL Lifescience, Pocheon, 
Gyeonggi-do, Korea). The engineered cell sheets (approx-
imately 3 × 106 cells /a cell sheet) were cultured in MH 
media for 20 days. Single cells were detached from cell 
culture ware with Accutase in the MH stage. 3 × 106 cells 
were seeded on a 175 cm2 flask to single cell condition. 
The single cells were cultured for five days before cell-cell 
junctions were formed. Supernatant media of engineered 
cell sheets and single cells cultured for 24 h assessed FIX 
and albumin protein amounts. FIX amounts secreted 
from engineered cell sheets and single cells were mea-
sured by FIX ELISA (Abcam) according to the manufac-
turer’s protocols. FIX amounts were normalized to initial 
cell numbers and media amounts.

Indocyanine green clearance assay
Indocyanine green (ICG) is a cyanine dye to assess clini-
cal liver functions. Differentiated hepatocyte-like cells 
from WT- and FIX-iPSCs (WT-iPSC/MH and FIX KI-
iPSC/MH) were used for ICG assay. 1  mg/ml of ICG 
(Sigma-Aldrich) was dissolved in water. 1 ml of the ICG 
solution was added to 1  ml of cell culture media. After 
2  h of incubation at 37oC, cells were washed with PBS 
1X. The cells (ICG uptake) were observed by microscopy. 
After 6  h of incubation in cell culture media, the cells 
(ICG excretion) were washed with PBS 1X. The cells in 
precisely the same position were taken the picture after 
2 h of incubation observed by microscopy. ICG excretion 
was quantified with the ICG-excreted cell culture media. 
The absorbance of the incubated cell culture media was 
measured at 800 nm using a microplate reader. Cell cul-
ture media without ICG was used as a control group for 
the quantification measurement.

Surgical procedures and cell sheet transplantation
Before the surgery, the cell sheets (mature hepatocyte 
stage at three days) (approximately 3 × 106 cells /a cell 
sheet) (cell viability ≥ 90%) were prepared with hepa-
tocyte-like cells differentiated from FIX KI-iPSCs and 
detached from temperature-responsive cell culture 
dishes at RT. Cell numbers were calculated, and the per-
centage of viable cells in a cell population was demon-
strated using trypan blue dye (Life Technologies) for cell 
viability assessment. For single-cell injection, cells (hepa-
tocyte-like cells differentiated from FIX KI-iPSCs) were 
detached with collagenase P (Roche, Mannheim, Ger-
many) for 5 min in the incubator and 10 min in the water 
bath. Detached cells were filtered using a cell strainer 
(Corning) with a 40  μm pore size to a uniform single-
cell suspension and were washed with saline. Animals 
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were anesthetized using isoflurane. The right liver lobe 
was decapsulated with cotton tips. The detached hepato-
cyte sheets were applied on the decapsulated right liver 
lobe for 15  min. 1 × 106 of alive cells in 100  µl of saline 
were injected into the right liver lobe with a Hamilton 
syringe with 337 μm diameter of syringe needle (Sigma-
Aldrich). The Hamilton syringe and needle were steril-
ized with 50 ml of 70% ethanol before injection. For the 
sham group, the right liver lobe was decapsulated with 
cotton tips, the same as the cell sheet group. All animals 
received ampicillin and meloxicam for two days in com-
pliance with the IACUC protocol. The animals were sac-
rificed two weeks after surgery for the histological and 
qRT-PCR analyses.

Statistical analyses
All quantitative values are expressed as mean and stan-
dard error (SE, mean ± SE). Comparisons of two groups 
were tested using a two-tailed, unpaired Student’s t-test. 
Statistical significance was defined as * p < 0.01. All statis-
tical analysis was conducted on data sets of n ≥ 3 biologi-
cal replicates.

Results
Successful integration of human FIX gene into the APOC3 
locus of iPSCs using CRISPR/Cas9
To integrate the human FIX genome into the APOC3 
locus of iPSCs using CRISPR/Cas9, a 2 kb vector struc-
tured with left homology arm splicing acceptor– FIX– 
Poly A tail– the right homologous arm was designed and 
used (Fig. 2A - C). Followed by single-cell derived clonal 
selection, obtained FIX-secreting iPSCs were validated 
by sequencing. There was no mismatch detected among 
the integrated sequence of vector (Fig. 2D). In the IHC, 
FIX-secreting iPSCs expressed OCT4, SOX2, KLF4, 
and Nanog positive(pluripotency-associated markers) 
(Fig.  2E). Also, FIX-secreting iPSCs expressed 96.4%, 
95.8%, 99.6%, 95% positive in OCT4, SOX2, KLF4, and 
Nanog in the FACS analysis respectively (Fig.  2F). The 
studies shown that pluripotency of iPSCs was not altered 
by vector transfection (Fig. 2E, F).

FIX Ki-iPSCs exhibit enhanced FIX gene expression and 
protein secretion without compromising hepatocyte 
differentiation capability
WT- and FIX KI-iPSCs were differentiated into defini-
tive endoderm (DE), hepatic endoderm (HE), imma-
ture hepatocyte (IMH), and mature hepatocytes (MH) 
progressively (Fig.  3A). After MH stage differentiation, 
the cell morphologies were altered to hepatocyte likely 
in both WT-iPSC and FIX-KI-iPSC groups (Fig.  3B). 
qRT-PCR data showed similar levels of differentiated 
hepatocyte-specific markers (HNF4a (1.11 in WT-iPSC 
and 1 in FIX KI-iPSC) and AFP (1.06 in WT-iPSC and 

1 in FIX KI-iPSC)) in both WT-iPSC and FIX KI-iPSC 
groups (Fig.  3C). The AFP levels in the HepG2 group 
were lower compared to those in WT-iPSC/MH and 
FIX KI-iPSC/MH groups because hepatocytes differen-
tiated from iPSC resemble fetal liver cells, which exhibit 
elevated AFP expression. As qRT-PCR analysis provides 
relative data compared to the FIX-iPSC/MH group, 
AFP expression in HepG2 was lower than in FIX-iPSC/
MH, although HepG2 also expressed the AFP gene. In 
FIX gene expression levels, FIX KI-iPSC group showed 
significantly higher FIX gene expression, compared to 
WT-iPSC group (2.5 × 10− 5 in WT-iPSC and 1 in FIX 
KI-iPSC) (Fig.  3C). Furthermore, FIX protein amounts 
secreted from WT-iPSC and FIX KI-iPSC groups in the 
supernatant for 24  h were 0.19 ng/mL and 303 ng/ml 
(15940-fold difference). FIX KI-iPSC group secreted sig-
nificantly higher levels of FIX proteins compared to the 
WT-iPSC group (Fig.  3D). These data indicate that the 
FIX gene knock-in process did not alter the hepatocyte 
differentiation ability of iPSCs and that the FIX gene was 
successfully knocked in iPSCs.

Differentiated hepatocyte-like cells expressed functional 
characteristics and stage-specific marker expression
Immunocytochemistry (ICC), qRT-PCR, and indocya-
nine green (ICG) tests were performed to assess differ-
entiated hepatocyte characteristics. In ICC analysis, 
differentiated hepatocytes showed negative iPSC mark-
ers (OCT4 and SOX2) negative, and hepatocyte-specific 
markers (HNF4 a and AFP) were positive (Fig. 4A). qRT-
PCR analysis was performed with differentiated cells 
in DE, HE, IMH, and MH stages in HepG2, WT-iPSC, 
and FIX KI-iPSC groups. FOXA2 (definitive endoderm 
(DE) marker), HNF4a (hepatic endoderm (HE) marker; 
hepatoblast), AFP (immature hepatocyte (IMH) marker; 
hepatocyte progenitor cell), and Albumin (Alb) (mature 
hepatocyte (MH) marker; hepatocyte) levels were 
increased respectively in the DE, HE, IMH, MH stages, 
compared to iPSC stage (Fig. 4B). ICG assay assessed dif-
ferentiated hepatocytes’ chemical uptake and secretion 
functionality. ICG uptake was observed in hepatocyte-
like cells differentiated from WT- and FIX KI-iPSCs and 
in HepG2 cells as a control after 2 h of ICG incubation 
(Fig.  4C). After 6  h, differentiated hepatocyte-like cells 
excreted ICG reagents (Fig. 4C). The absorbance of ICG-
extracted media from WT- iPSC/MH and FIX KI-iPSCs/
MH groups exhibited significantly elevated levels com-
pared to the control group (cell culture media without 
ICG) (Fig. 4C). This data suggests that FIX KI-iPSCs were 
successfully differentiated to hepatocytes functionally.
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Fig. 2  Generation of coagulation FIX KI-iPS cell line. (A, B) Schematic representation of FIX KI- iPS cell line generation workflow and APOC3 targeting 
donor DNA construction for FIX. (C) PCR analysis of WT- and FIX KI-iPSCs. (Full-length gel is presented.) (D) Sanger sequence of FIX knock-in. (E, F) Im-
munohistochemistry (IHC) images and FACS analysis for OCT4, SOX2, KLF4, and Nanog (pluripotency-associated markers) of WT- and FIX KI-iPSCs. The 
unstained iPSCs were used as a negative population. Scale bars: 100 μm (E)
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Fig. 3  Characterization of differentiated hepatocytes from WT- (WT-iPSC/MH) and FIX KI-iPSCs (FIX-iPSC/MH). (A) Schematic representation of the he-
patocyte differentiation protocol from WT- and FIX KI-iPSCs. (B) Microscopic images of WT- and FIX KI-iPSC and hepatocyte-like cells differentiated from 
WT- (WT-iPSC/MH) and FIX KI-iPSCs (FIX KI-iPSC/MH). (C) qRT-PCR analysis of gene expression levels in WT-iPSC/MH and FIX-iPSC/MH groups. The gene 
expression levels were relative to the FIX KI-iPSC group (n ≥ 4) as the HepG2 control group did not express the FIX gene, rendering it unsuitable for ac-
curate comparison. (D) ELISA assay for FIX amounts of WT- and FIX KI-iPSC/MH groups (n ≥ 4). HepG2 is used as a control group. Scale bars: 100 μm (B). 
*p < 0.01, NS = not significantly different (C, D)
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Fig. 4  Functional tests of the differentiated hepatocytes. (A) Immunocytochemical (ICC) analysis of WT-iPSC/MH and FIX KI-iPSC/MH groups. (B) qRT-PCR 
analysis for FOAX2 (DE marker), HNF4a (HE marker), AFP (IMH marker), and Alb (MH marker) in HepG2, WT-iPSC, and FIX KI-iPSC groups. Gene expression 
levels were relative to the iPSC stage before differentiation. (C) Indocyanine green (ICG) clearance assays for HepG2, WT-iPSC/MH, and FIX KI-iPSC/MH 
groups. Optical density was measured with ICG-extracted media. Cell culture media was used as a control. Scale bars: 100 μm (A, C). *p < 0.01
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Cell sheets fabricated from hepatic endoderm stage cells 
exhibit superior morphology and hepatic characteristics
To fabricate hepatocyte-like cell sheets, differentiated 
cells were subcultured to temperature-responsive cell 
culture dishes (TRCD; SSCW N57) from general tis-
sue culture plates by enzyme treatment (Accutase) in 
iPSC, HE and IMH stages and then cultured until mature 
hepatocyte stage (MH stage) (Fig. 5A). In the iPSC/MH 
and DE/MH groups, the cells were not attached to the 
temperature-responsive cell culture dishes. HE/MH 
group exhibited cuboidal hepatocyte-like morphologies 
and distinct cell-to-cell junctions. Whereas the IMH/
MH group showed flattened morphologies homoge-
neously (Fig.  5B). This data demonstrates that cell dis-
sociation using enzymatic treatment after the IMH stage 
makes hepatocyte-specific morphology lost. After MH 
differentiation, the cultured cells were moved to room 

temperature (RT) from 37oC for 30 min. Then, the hepa-
tocyte-like cell sheets were detached from temperature-
responsive cell culture dishes by pipetting. After MH 
cell sheet detachment, the engineered cell sheets in the 
HE/MH group showed thicker and bigger shapes than 
those in the IMH/MH group (Fig.  5C). Also, the engi-
neered hepatocyte-like cell sheets in the HE/MH group 
expressed significantly higher levels of HNF4a, AFP, Alb, 
and FIX (hepatocyte-specific markers), compared to the 
IMH/MH group (Fig.  5D). This data suggests that the 
cells in HE stage are appropriate to prepare functional 
cell sheets.

Fig. 5  Preparation of cell sheets using hepatocyte-like cells differentiated from FIX Ki-iPSCs. (A) Schematic representation of the timeline for hepatocyte 
sheet preparation. The cells were subcultured onto temperature-responsive cell culture dishes at iPSC (iPSC/MH), DE (DE/MH), HE (HE/MH), and IMH 
stages (IMH/MH) and then differentiated to mature hepatocyte (MH) stage to prepare hepatocyte sheets. (B) Morphological images of differentiated 
hepatocyte-like cells from HE (HE/MH) and IMH (IMH/MH) stages. (C) Optical images of cell sheets detached from temperature-responsive cell culture 
dishes (TRCD). (D) qRT-PCT analysis for HNF4a, AFP, and Alb of HE/MH and IMH/MH cell sheet groups. The gene expression levels were relative to the HE/
MH cell sheet group (n = 4) (early time point), allowing for a comparison of temporal changes. Scale bars: 200 μm (B) and 1 cm (C). *p < 0.01 (D)
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Fig. 6 (See legend on next page.)
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Engineered cell sheets exhibited enhanced hepatocyte-
specific and cell adhesion protein markers compared to 
traditional tissue culture plastic systems
To assess hepatocyte characteristics of engineered cell 
sheets, H&E, IHC, and qRT-PCR assays were performed 
using engineered cell sheets detached from a TRCD 
(Fig. 6A). In IHC analysis, engineered cell sheets exhib-
ited SOX2 (iPSC marker) negative and FIX, HNF4a, 
and AFP (hepatocyte markers) positive (Fig.  6B). Gene 
expression levels related to cell adhesion and hepatocyte 
characteristics were compared with cell sheet form and 
single-cell formula of hepatocyte-like cells differentiated 
from FIX Ki-iPSCs. Cell sheet formation of differentiated 
hepatocytes enhanced cell adhesion proteins (F-actin, 
b-catenin, and NCAM1). The cell sheet group with the 
enhanced cell adhesion proteins showed 4.6, 7329, and 
10.6 times higher expression levels of hepatocyte markers 
(HNF4a, AFP, Alb) than the cells cultured on TCP (TCP 
culture group) (Fig. 6C).

Enhanced coagulation FIX protein secretion by cell sheet 
compared to single-cell
The differentiated hepatocytes in the single-cell group 
exhibited elongated cellular morphologies, distinct from 
typical hepatocytes (Fig.  7B).In contrast, the cell sheet 
group preserved hepatic morphologies for up to 20 days. 
The single-cell group was not maintained until day 20 
because hepatocytes in the single-cell culture progres-
sively lost their hepatic characteristics and viability due 
to the lack of cell-to-cell junctions, which are critical for 
maintaining hepatic function over an extended period. 
This is in contrast to the cell sheet group, where the 
structural integrity of the cell sheet and the preservation 
of cell-to-cell junctions enabled the hepatocytes to retain 
their functional properties for up to 20 days. Figure  7C 
normalized the measured FIX amounts to media volumes 
and cell numbers in both groups. The cell sheet groups 
secreted 5–11 times higher FIX proteins than the single-
cell group at 1, 2, 3, 4, and 5 days post-seeding (Fig. 7C).

Transplantation of cell sheets preserves FIX secretion 
function in NOD-SCID mice
Cell sheets and single-cells were transplanted into the 
liver surface of NOD-SCID mice(Fig.  8A). No chal-
lenges were encountered while attaching the cell sheets 
to the liver surface. It was observed that transplanted cell 
sheets were fixed on the intended spot in 15 min. After 

single-cell injection into the liver, 2/8 mice died within 
1  h after transplantation and were fixed for histologi-
cal analysis (Fig.  8B). In H&E staining, some cells were 
observed in the liver vessels (Fig. 8C). The observed cells 
in liver vessels were positive in human vimentin staining 
(Fig.  8D). This result suggests that injected single cells 
accumulated into liver vessels and could block blood cir-
culation in the liver. Transplanted cells were observed 
on the liver surface in the cell sheet transplantation 
group two weeks after transplantation. (Fig. 8E). The cell 
sheets on the liver surface showed positive in human-
specific markers (vimentin) and FIX (Fig. 8F and G). The 
cell sheet group expressed a significantly higher level of 
the human cell GAPDH gene than the single-cell group 
(Fig.  8H) (p = 0.0001). Also, FIX gene expression levels 
were only detected in the cell sheet group (Fig. 8I). These 
data suggest that the functionality of the transplanted cell 
sheets was preserved for at least two weeks in vivo.

Discussion
The present study demonstrated the potential applica-
tion of gene-engineered cell sheet technologies in the 
development of therapeutic approaches for hemophilia 
B diseases using three-step procedures: (i) enhancing 
the patient-derived iPSCs, which FIX KO-iPSCs mim-
icked to allow them to secrete functional active IX gene 
by CRISPR/Cas9 platform; (ii) differentiating the geneti-
cally engineered iPSCs to hepatocytes; and (iii) generat-
ing functionally improved cell sheet using TRCD.

Firstly, the results demonstrated that the CRISPR/
Cas9 system is capable of developing an in vitro holds 
promising advantages for correcting genetic mutations 
carried by patients without affecting the pluripotency 
of the patient-derived stem cells, which is essential for 
obtaining differentiated hepatocytes for subsequent 
autologous transplantation of genetically modified cells. 
There are several in vitro and in vivo studies conducted 
for CRISPR/Cas9-assisted gene therapy for hemophilia 
B patients. However, these studies targeted the insert 
of the human FIX gene into AAVS1, exon 1 of the resi-
dent FIX gene, murine ROSA26 safe harbor site, swine 
factor IX locus, and mAlb locus using the CRISPR/
Cas9 system. For example, recent studies have success-
fully used the CRISPR/Cas9 tool to correct mutation 
sites of FIX or knock in 4.9  kb of EF1a-FIX donor into 
AAVS1 and to insert a corrected sequence of human 
FIX genes into exons 2 or 1 of resident FIX genes in 

(See figure on previous page.)
Fig. 6  Functionality tests of engineered cell sheets. (A) Schematic representation of the experimental process of TCP culture and cell sheet groups. (HE: 
hepatic endoderm, TCP: tissue culture plate, TRCD: temperature-responsive polymer-grafted temperature-responsive cell culture dish.) (B) IHC images for 
IgG (negative control), SOX2 (iPSC marker), FIX (FIX protein marker), HNF4a, and AFP (hepatocyte-specific markers) of engineered hepatocyte sheets. (The 
cell viability of cell sheet ≥ 90%) (C) qRT-PCR analysis for F-actin (cytoskeleton structure protein marker), b-actin and NCAM1 (cell junction markers), FIX 
(FIX secretion protein marker), and HNF4a and AFP (hepatocyte-specific markers) using differentiated hepatocyte-like cells on tissue culture plate (TCP 
culture) and detached from TRCD as a sheet form (cell sheet). The gene expression levels were relative to the TCP culture cell group (n = 4). Scale bars: 
200 μm (B). *p < 0.01 (C). The Fig. 6(A) made in BioRender.com
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patient-derived iPSCs [29–33]. In contrast to previous 
studies, we designed the 2.2 kb of FIX gene insertion next 
to the APOC3 gene in hemophilia B- mimicked iPSCs to 
obtain FIX-secreting cells, suggesting the alternative site 
for gene-edited stem cell therapies for this disorder. A 
benefit of the APOC3 targeting insertion is that it could 
enable the transplanting cells to be standardized due to 
the FIX secretion levels achieved upon the generation/
maturation of hepatocytes.

Secondly, hepatocytes were generated from FIX KI-
iPSCs without alterations at hepatocyte differentiation; 
these hepatocytes showed the same hepatocytic charac-
teristics as FIX WT- iPSCs, while FIX secretion level was 
significantly high in hepatocyte-like cells derived from 
FIX KI-iPSCs. Also, the differentiated hepatocyte-like cell 
showed negative results in iPSC markers, which enables 

it to differentiate into tumors in vivo. Furthermore, the 
hepatocyte-like cells derived from FIX KI-iPSC success-
fully did ICG uptake and clearance, which is used clini-
cally for liver function tests. These data evidence that FIX 
KI-iPSC can be differentiated into hepatocytes function-
ally, and the differentiated hepatocytes have a low risk of 
tumorigenicity. Furthermore, in cells in the supernatant 
medium at the end of differentiation, the FIX secretion 
level of the hepatocytes derived from FIX-KI-iPSCs was 
significantly higher than the level of FIX secretion of 
parental iPSC-derived hepatocytes and FIX corrected 
cells, as reported in previous studies targeted to inserting 
human FIX gene at AAVS1 site and exon 2 [24, 25]. 

Thirdly, cell-based therapy has recently been raised 
to improve current medicine. However, cell-based ther-
apy has yet to risk safety due to inconsistent treatment 

Fig. 7  FIX protein secretion of differentiated hepatocyte-like cells in single-cell formula without cell-to-cell junctions and cell sheet with cell-to-cell junc-
tion in vitro study. (A) Schematic representation of the protocol for FIX protein secretion test. (TCP: tissue culture plate; TRCD: temperature-responsive cell 
culture dish) (B) Morphological images of single-cell and cell sheet groups at 5 and 20 days. (C) ELISA analysis of FIX proteins secreted from single-cell and 
cell sheet groups for 5 and 20 days respectively. The statistical data is relative to the single-cell group (p = 0.0332 (Day 1), p = 0.0006 (Day 2), p = 0.0018 (Day 
3), p = 0.0005 (Day 4), p = 0.0001 (Day 5)). Scale bars: 100 μm (C). *p < 0.01 and **p < 0.05 (C)
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Fig. 8 (See legend on next page.)
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effects, poor transplantation efficacy, and insufficient 
cellular function in single-cell injection formula. In this 
study, to solve the risk of current cell-based therapy, the 
FIX KI-iPSC sheet fabrication process was developed 
(Fig. 4). Engineered hepatocyte-like cell sheets were pre-
pared using temperature-responsive cell culture dishes 
with temperature changes from 37oC to RT without cell 
adhesion protein disruption by enzyme treatment. When 
the engineered cell sheet detached from the temperature-
responsive cell culture dishes, it shrunk about 1.75 times 
(19 mm) of its original size (35 mm), generating tight cell-
to-cell junctions. The previous study demonstrated that 
cell sheet detachment altered cytoskeleton structures 
3-dimensionally with shrunken cell sheet shapes [20, 34]. 
The altered cytoskeleton structure affected increased cell 
adhesion protein expressions and FIX secretion ability 
of cells [20, 34]. In the present study, the FIX secretion 
and hepatocyte-specific functions related to gene expres-
sions were increased in cell sheet form. It could be caused 
by enhanced cytoskeleton structure and cell adhesion 
proteins through engineered cell sheet fabrication. The 
hepatocyte single-cell group lost their hepatic morpholo-
gies in 5 days of cultures; compared, hepatocyte-like cell 
sheets maintained cuboidal cell shape and precise cell 
junctions (hepatic morphologies) and FIX secretion abil-
ity until 20 days of cultures.

Previous in vivo studies demonstrated that cell sheet 
treatments show high engraftments, prolonged survival, 
and full functionalities. For example, it was demonstrated 
that transplanting FVIII transduced blood outgrowth 
endothelial cell sheets into mice could express FVIII pro-
tein for long periods with an estimated three to five-fold 
greater efficacy than the traditional method [35]. Accord-
ing to a study on mice, hepatocyte sheets fabricated on 
temperature-responsive culture dishes integrate into host 
tissue with laminar cell arrangement within one week of 
surgery. They are partially hepatectomized by the resi-
dent liver in four weeks post-surgery [36]. This study per-
formed two methods of transplanting hepatocyte-like 
cells secreting FIX protein, including hepatocyte sheets 
and single-cell injection into NOD/SCID mice. Several 
advantages of hepatocyte transplantation as cell sheet 
form were demonstrated versus single-cell injection. For 
instance, due to their tight cellular connections, hepato-
cyte cell sheets allow transplanting at least three times 
more cells with a single surgery procedure. The trans-
planted hepatocyte sheets were also integrated with host 

liver cells without mechanical damage and attached to 
the hosts within 15  min of transplantation. There was 
strong attachment at the intended spot of transplanta-
tion, and most of the transplanted hepatocytes survived 
with good functionality and expression of human FIX 
protein. In contrast, in single-cell injections, mice die 
due to unexpected cell migration into blood vessels in the 
liver. Also, injected hepatocytes in the single-cell group 
showed low survival rates and no evidence that injected 
cells maintained functional activity in human FIX protein 
expression. Although the present study demonstrates 
the therapeutic potential of engineered cell sheets, the 
differences in cell doses between cell sheets and single-
cell groups may have influenced the observed outcomes. 
Further studies should aim to match cell doses between 
treatment groups to eliminate this variable and provide a 
more direct comparison of treatment effects. The present 
study is limited by the absence of experiments on disease 
models to evaluate the therapeutic effects of engineered 
FIX-secreting cell sheets. Further study should address 
this limitation by incorporating disease models and clini-
cal assessment methods for comprehensive extended–
term evaluation.

Cell sheet transplantation offers distinct advantages 
over alternative methods such as single-cell injection and 
gene therapy. The procedure is minimally invasive, as 
the sheets are applied directly to the liver surface with-
out sutures or fixation, reducing tissue damage. Although 
it may be more invasive than single-cell injection, cell 
sheet transplantation provides better retention of hepatic 
function and more controlled, localized delivery of 
therapeutic cells. For human applications, a non-inva-
sive endoscopic device, successfully tested in a porcine 
model, allows for precise and reproducible delivery while 
minimizing recovery time and risks [37]. Furthermore, 
cell sheet technology has already been applied to human 
patients, demonstrating its feasibility [12–14, 16, 17]. 
Temperature-responsive culture dishes for creating cell 
sheets are well-established and can be standardized for 
clinical use, enhancing safety and practicality. Regarding 
transplantation frequency, our study demonstrated that 
the engineered cell sheets maintained FIX secretion for 
2 weeks in vivo, suggesting sustained functionality dur-
ing this period. Future studies should incorporate disease 
models and clinical assessments to evaluate long-term 
efficacy and determine optimal transplantation intervals. 
Compared to gene therapy, cell sheet transplantation 

(See figure on previous page.)
Fig. 8  FIX secretion of differentiated hepatocyte-like cells in single-cell injection and cell sheets transplantation groups on the liver in vivo study. (A) 
Schematic representation of experimental schedule of in vivo study. (B) Survival rates of the mice in single-cell and cell sheet groups for 2 weeks (n ≥ 8). 
(C, D) H&E and IHC staining of liver tissue in the single-cell group, which died right after single-cell injection within 1 h. (E) H&E staining of liver tissue at 2 
weeks after transplantation. (F, G) IHC staining of human vimentin and FIX in liver tissue at 2 weeks after transplantation. (H, I) qRT-PCR analysis of human 
GAPDH and FIX genes with liver tissue at 2 weeks after transplantation. The gene expression levels were relative to the cell sheet group, as the sham and 
single-cell groups did not express detectable levels of human genes (n = 3). Scale bars: Scale bars: (C) 100 μm, (D) 400 μm (E) 100 μm, (F, G) 200 μm (H, 
I) NA: not applicable
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avoids the risks associated with viral vectors, including 
immune responses and off-target effects.

Conclusions
This study successfully prepared hepatocyte-like cell 
sheets derived from iPSCs and integrated the cell sheet 
technology into the genome editing platform as a transla-
tional study for hemophilia B treatment. The engineered 
FIX-secreting cell sheets secreted FIX proteins longer, 
comparing current cell therapy tools. The engineered 
hepatocyte sheets and a gene engineering platform devel-
oped in this study hold enormous potential to shape 
the new era for regenerative therapeutic approaches for 
hemophilia B safely and effectively.
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