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Abstract

Background: Induced pluripotent stem cells induced hepatocytes (iHeps)

are widely used in modeling human liver diseases and as a potential cell

source for replacement therapy. However, most iHeps are relatively

immature and challenging to maintain for long-term in vitro culture.

Methods: We optimized the differentiation protocol by addition of a combi-

nation of small molecules to inhibit epithelial–mesenchymal transition (EMT)
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in iHeps (iHeps EMTi), and further characterized their function both in vitro

and in vivo analyses.

Results: Inhibition of EMT extended the in vitro culture period of iHeps EMTi

from day 24 to day 60. In vitro analysis revealed that, compared to control,

iHeps EMTi exhibited significantly higher expression levels of hepatic func-

tional markers and enhanced hepatocyte functions, including lipid accumu-

lation, glycogen storage, albumin secretion, and urea acid metabolism.

Moreover, the molecular profiles of iHeps EMTi are closer to those of primary

human hepatocytes. In addition, the in vivo engraftment efficiency of iHeps

EMTi in the chimeric mice model was also improved as compared to

iHeps alone.

Conclusions: We established a robust protocol to generate human iHeps

with improved function and capable of long-term in vitro culturing via the

suppression of EMT. Moreover, those iHeps with EMT suppression have

improved engraftment in human chimeric mice.

Keywords: cell therapy, epithelial–mesenchymal transition, induced pluri-
potent stem cells, iPSC-induced hepatocytes

INTRODUCTION

The human liver is a pivotal organ that is indispensable
for many essential physiological functions. Derived from
healthy donors, primary human hepatocytes (PHHs) are
widely used in disease modeling, pharmacological
testing, and cellular replacement therapies.[1,2] How-
ever, PHHs are challenging to maintain and proliferate
in vitro or genetic alterations, exhibit significant batch-
to-batch variations, and are scarce due to a limited
availability of organ donors. As a result, those hurdles
limit the applications of PHHs as a platform for research
or drug testing, as well as a cell source for therapy. In
recent years, human pluripotent stem cells, such as
induced pluripotent stem cells (iPSCs), induced hepa-
tocytes (iHeps), have emerged as an unlimited cell
source for disease modeling, drug screening, and even
autologous cell therapy due to their identical genetic
backgrounds to donors.[3,4]

Currently, a variety of protocols have been established
to generate iHeps via manipulation of a series of
signaling pathways that resemble embryonic liver
organogenesis.[4–10,11] On the other hand, the quality of
iHeps highly depends on the efficiency and maturity of
their differentiation, as they are at best mimicking fetal
rather than adult hepatocytes.[10] Moreover, like PHHs,
long-term culture of iHeps in vitro is also difficult to
maintain, which limits their application for long-term drug
screening or modeling of late-onset liver diseases.[4]

Here we describe a robust protocol to generate
human iHeps with improved function and capable of

long-term in vitro culturing via the suppression of
epithelial–mesenchymal transition (EMT). Moreover,
those iHeps with EMT suppression have improved
engraftment in human chimeric mice.

METHODS

Cell culture

Two human iPSC lines reprogrammed from healthy
individuals were used in this study. Because human
albumin (hALB) expression marks iHep maturation,
most of the experiments in this study utilized a female
iPSC line (iPSM0058), where hALB was tagged with the
fluorescent reporter protein mCherry using CRISPR/
Cas9-mediated homologous recombination (Cell Inspire
Bio, product number iPSM0058) (Supplemental Figure
S1, Supplemental Digital Content 1, http://links.lww.
com/HC9/B969). Another male human iPSC line previ-
ously generated in our laboratories (iPS4479) was used
to duplicate our in vitro findings on iHeps after EMT
suppression.

iHeps differentiation from iPSCs

iHeps were differentiated from human iPSCs using our
previously modified 3-step protocol.[12] A cocktail of
EMT inhibitors was added into the maturation medium
at different time points as described in the Supplemental
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Methods, Supplemental Digital Content 1, http://links.
lww.com/HC9/B969.

Immunofluorescence staining

iHeps were differentiated on Matrigel-coated coverslips
or 4-well chamber slides (Millipore). At certain time
points of differentiation, iHeps were fixed with 4%
paraformaldehyde. After fixation, cells were washed 3
times with PBS and incubated in blocking buffer (PBS
containing 10% donkey serum and 1% Triton X-100
[PBST] for blocking and permeabilization) for 1 hour at
room temperature. The primary antibodies were diluted
in the blocking buffer at different dilution rates listed in
Supplemental Table S1, Supplemental Digital Content
1, http://links.lww.com/HC9/B969. After primary anti-
body incubation, samples were washed with PBST 3
times before incubation with secondary antibodies at
room temperature for 1 hour. Next, the nuclei were
stained with DAPI (Sigma-Aldrich, 1: 10000 dilution),
and washed with 2 changes of PBST and 2 changes of
PBS. Finally, the coverslips or chamber slides were
mounted using FlourSave Reagent (Millipore) and
observed under a fluorescence microscope (Nikon
Eclipse Ni) or confocal microscope (Carl Zeiss,
LSM900).

Flow cytometry

The iHeps were dissociated into single cells using
Accutase. After dissociation, iHeps were resuspended
in PBS containing 1% bovine serum albumin
and passed through a 100 μm cell strainer before
loading into the machine. As the M0058 iPSC line
contains a reporter gene hALB-mCherry, direct flow
cytometry was used to detect the percentage of hALB-
positive cells, and the undifferentiated iPSC line
M0058 was used as a negative control. For iPS4479
iPSC line, the iHeps were incubated with hALB
antibody, and then incubated with a secondary
phycoerythrin antibody (Alexa Fluor 594) or Donkey
anti-Goat IgG before being resuspended in MACS
buffer. Similarly, flow cytometry was used to detect
the percentage of hALB-positive cells. Results were
analyzed using FlowJo.

hALB secretion measurement

We collected 24 hours of supernatant at certain
time points for measurement of albumin secretion.
Supernatant was diluted from 2× to 20× before
measuring with Human Albumin ELISA Quantitation
Kit (Bethyl Laboratories) according to the manufactur-
er’s instructions.

Periodic acid-Schiff (PAS) staining

PAS staining was performed using a Periodic
acid-Schiff Kit (Sigma-Aldrich) according to the manu-
facturer’s protocol. Cells were fixed using 4% para-
formaldehyde for 10 minutes at room temperature
before staining.

Oil red O staining

Oil red O stock solution was made by dissolving the oil
red O powder (Sigma-Aldrich) into isopropanol to a
concentration of 5% (mass/vol). Before staining, the
stock solution was diluted with ddH2O at a ratio of 3:2,
then passed through filter paper to make the working
solution. iHeps were incubated in freshly prepared
working solution for 15 minutes, washed with ddH2O 3
times, and finally mounted with Faramount Aqueous
Mounting Medium (DAKO). Staining results were
observed under an optical microscope.

Low-density lipoprotein (LDL) uptake
assay

The Dil-LDL (Thermo Fisher Scientific) was diluted in
ice-cold HCM to a concentration of 5 µg/mL. iHeps were
washed with 3 changes of ice-cold PBS, and the diluted
Dil-LDL solution was added to the cells. Next, the whole
plate was placed on ice for 5 minutes and then
transferred to a 37 °C incubator for 60 minutes. After
LDL uptake, iHeps were fixed with 4% para-
formaldehyde at room temperature for 10 minutes,
mounted with FlourSave Reagent, and observed under
a fluorescence microscope.

Urea secretion

Twenty-four hours supernatant was collected from
iHeps and urea secretion measured using a Urea
Assay Kit (Sigma-Aldrich, MAK006) according to the
manufacturer’s instructions.

Transplantation of iHeps into FRG mouse
livers

All animal experiments were conducted in accordance
with the guidelines established by the Committee on the
Use of Live Animals in Teaching and Research
(CULATR) of the University of Hong Kong.

As described previously,[12,13] 6–8 weeks old immu-
nodeficient Fah-knockout mice (Fah−/−/Rag2−/−/Il2rg−/−,
FRG mice) were used for iHeps in vivo repopulation. In
brief, a total of 0.5 million iHeps per mouse were
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transplanted into FRG mouse livers via intrasplenic
transplantation.

Alanine aminotransferase

The serum levels of ALT were measured as an indicator
of liver cell damage. The ALT activity was determined
using a commercially available ALT assay kit following
the manufacturer’s instructions (Teco Diagnostics ALT
[SGPT] Kinetic, A532-150). Serum samples were
collected from the FRG mice before sacrifice, and
incubated with a substrate solution, and the absorbance
was measured at a specific wavelength using a
spectrophotometer. The ALT activity was calculated
based on the absorbance readings and expressed as
units per liter (U/L).

Detailed methods are provided in Supplemental
Materials, Supplemental Digital Content 1, http://links.
lww.com/HC9/B969.

RESULTS

iHeps undergo EMT during in vitro
differentiation

In this study, we employed a 3-stage stepwise protocol
to generate iHeps from human iPSCs.[12] This protocol
induced iPSCs toward definitive endoderm cells (endo-
derm induction stage), followed by hepatoblast (hepatic
initiation stage), and finally to hepatocytes (hepatocyte
maturation stage) (Figure 1A).

Immunofluorescence staining of different cell markers
including hALB, carbamoyl-phosphate synthase 1
(CPS1), SRY-box transcription factor 9 (SOX9), alpha-
fetoprotein (AFP), and cytokeratin 19 (CK19) on the
differentiated cells from day 9 to day 24 to represent
mature hepatocytes, hepatic progenitor cells, fetal hepa-
tocytes, and cholangiocytes, respectively, were performed
(Supplemental Figures S2A–F, Supplemental Digital
Content 1, http://links.lww.com/HC9/B969). The hepatic
progenitor marker SOX9 was highly expressed from day
12 to day 18, and then decreased at day 24 (Supplemental
Figure S2E, Supplemental Digital Content 1, http://links.
lww.com/HC9/B969). On the other hand, the expression
of CPS1 and hALB as observed in mature hepatocytes
increased from day 15 to day 24 (Supplemental Figures
S2A, C, Supplemental Digital Content 1, http://links.lww.
com/HC9/B969). These data indicated the fate of hepa-
tocytes in the iHeps differentiation in vitro. Nevertheless,
the expression of cholangiocytes marker CK19 and fetal
hepatocytes marker AFP was persistently increased and
remained high during days 15–24, indicating the immature
and biopotential state of iHeps (Supplemental Figures
S2E, F, Supplemental Digital Content 1, http://links.lww.
com/HC9/B969).

Previous studies have shown that PHHs undergo
EMT in vitro, leading to dedifferentiation and eventually
loss of hepatic functions, which hinders their further
application.[14,15] Interestingly, a similar EMT process
occurs at the last stage of iHeps differentiation. During
the iHeps maturation stage, we observed an increasing
number of spindle-shaped mesenchymal-like cell
(Figure 1B, Supplemental Figure 3A, Supplemental
Digital Content 1, http://links.lww.com/HC9/B969), and
immunostaining showed the expression of alpha smooth
muscle actin (α-SMA) in these cells (Figure 1C and
Supplemental Figure S2C, Supplemental Digital Content
1, http://links.lww.com/HC9/B969). Quantitative polymer-
ase chain reaction (qPCR) analysis also revealed no
changes in the expression of epithelial marker cadherin 1
(CDH1), which were consistent with the immunostaining
results (Figure 1D and Supplemental Figure S3B,
Supplemental Digital Content 1, http://links.lww.com/
HC9/B969). However, the upregulation of EMT markers,
including snail family transcriptional repressor 2 (SNAI2),
collagen type 1 alpha 1 chain (COL1A1), and actin alpha
2, smooth muscle (ACTA2) were observed in 2 different
iPSC lines during the differentiation process (Figure 1D
and Supplemental Figure 3B, Supplemental Digital
Content 1, http://links.lww.com/HC9/B969). Moreover,
we observed a decrease in hALB secretion level
and gene expression in iHeps when the duration
of in vitro culture extended beyond day 24 of differentia-
tion (Figures 2A, C and Supplemental Figure S3D,
Supplemental Digital Content 1, http://links.lww.com/
HC9/B969).

Taken together, these findings suggested that the
EMT process correlates with decreased cellular function
in the later stage of iHeps differentiation.

EMTi enables long-term in vitro culture of
iHeps

Prior studies have shown that a combination of small
molecules can efficiently inhibit the EMT process of
PHHs and maintain their function in vitro for more than
30 days.[16] Accordingly, we hypothesized that using a
cocktail of small molecule combinations (SB431542,
Forskolin, DAPT, IWP2, and LDN193189, hereafter
named as EMTi)[16] can suppress EMT of iHeps and
thus maintain their culture for prolonged period in vitro
to improve maturation.

Next, we investigated the effects of EMTi on iHeps
differentiation and their long-term maintenance in vitro,
and monitored their iHeps differentiation efficiency
based on the expression of hALB. First, we demon-
strated the expression of EMT markers during the
differentiation, and qPCR data showed that the EMT
process of iHeps started between day 12 and day 15
(Figure 1D and Supplemental Figure 3B, Supplemental
Digital Content 1, http://links.lww.com/HC9/B969).
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dures. (B) Phase contrast images show the morphology of iHeps during 60 days of differentiation. Scale bars represent 50 µm. (C) Immuno-
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Therefore, we administered EMTi on day 11 of iHeps
differentiation before they completed the differentiation
by days 18.5–9.16. Furthermore, we maintained the
culture up to day 60 to test the effects of EMTi on long-
term culturing of iHeps.

As shown in Figure 1B, iHeps differentiated without
EMTi (iHeps control) started to form fibroblast-like cells on
day 24. In contrast, iHeps with EMTi (iHeps EMTi group)
were able to maintain their hepatocyte-like morphologies
up to day 60 of in vitro culture. Next, we monitored the
EMT-related markers at different time points to confirm the
suppression of EMT in the long-term culture of iHeps. By
co-staining of the epithelial marker (E-cadherin) and the
mesenchymal marker (α-SMA), the iHeps control group
showed a large number of α-SMA–positive cells and lost
most of the E-cadherin expression cells after day 24 of
differentiation (Figure 1C). In contrast, the iHeps EMTi
group demonstrated persistent E-cadherin expression
without any α-SMA–positive cells up to day 60 of
differentiation (Figure 1C). Similarly, qPCR analysis also
detected a much higher expression of the epithelial marker
CDH1, and significantly lower expression of EMT markers
such as SNAI2, COL1A1, and ACTA2 in the iHeps EMTi
group as compared to iHeps control group (Figure 1D,
Supplemental Figure 3B, Supplemental Digital Content 1,
http://links.lww.com/HC9/B969; p<0.05).

Detailed time course co-staining of hepatic markers
CPS1 and hALB with EMT transition marker E-cadherin
and α-SMA further confirmed the higher expression of
E-cadherin and decreased expression of α-SMA from
day 24 in the iHeps EMTi group (Supplemental Figure
S2A–D, Supplemental Digital Content 1, http://links.
lww.com/HC9/B969). Moreover, the expression of
CPS1 and hALB and epithelial marker E-cadherin
increased during the maturation stage and was main-
tained at high expression levels up to day 60 in the
iHeps EMTi group compared with the iHeps control
group (Supplemental Figure S2A–D, Supplemental
Digital Content 1, http://links.lww.com/HC9/B969).

Together, these data indicate that suppression of EMT
enables the long-term in vitro maintenance of iHeps.

Effects of EMTi on in vitro iHeps
differentiation and maturation

EMT occurred on day 11, which is in the maturation
stage of iHeps, giving us the opportunity to investigate if
the suppression of EMTi could enhance the differentia-
tion and function of iHeps. iHeps EMTi group showed
increased expression of hALB after day 24, as shown
by the immunostaining of hALB-mCherry reporter as
compared to the iHeps control group (Figure 2A). Flow
cytometry analysis also demonstrated a significant
increase in the percentage of hALB-positive cells, rising
from 40% to 80% for the iPSM0052 line and from 60%
to 80% for the iPS4479 line in the iHeps EMTi group

compared to the iHeps control group (Figure 2B and
Supplemental Figure S3C, Supplemental Digital Con-
tent 1, http://links.lww.com/HC9/B969; p<0.01). These
findings suggest that EMTi can potentially improve iHep
differentiation for different iPSC lines.

Moreover, the level of hALB secretion from the iHeps
EMTi group was also significantly higher than the iHeps
control group at day 18, which was maintained up to day
60 (p<0.05, Figure 2C). Nevertheless, the level of hALB
secretion was significantly higher at day 30 as compared to
day 60 in the iHeps EMTi group (Figure 2C, p<0.05).
Continuous monitoring revealed that the level of hALB
secretion peaked around day 30; therefore, liver function
assessments and hepatocyte transplantation experiments
were conducted using cells differentiated at day 30.

Next, the time course immunostaining of differentiated
cells with hepatoblast marker HNF4A, fetal hepatocyte
marker AFP, and mature hepatocyte marker hALB
indicated that administration of EMTi could enhance the
maturation efficiency at different time points (Supplemental
Figures S2C, D, F, Supplemental Digital Content 1, http://
links.lww.com/HC9/B969). Indeed, qPCR revealed that the
increased expressions of different hepatic functional
markers, including the transcription factor gene HNF4A,
secreted genes hALB, α-1-antitrypsin (AAT) and transferrin
(TTR), drug metabolism gene cytochrome P450 3A4
(CYP3A4), detoxification gene UDP glucuronosyltransfer-
ase family 1 member A1 (UGT1A1), tyrosine catabolic
enzyme fumarylacetoacetate hydrolase (FAH), xenobiotic-
responsive gene nuclear receptor subfamily 1 group I
member 3 (CAR), urea cycle enzyme CPS1 were
significantly higher in the differentiation day 30 iHeps EMTi
group than the iHeps control group (all p<0.05;
Figure 3A). The increased gene expressions of cyto-
chrome P450 family 7 subfamily A member 1 (CYP7A1),
ATP-binding cassette, subfamily B(MDR/TAP), member
11b(BSEP), and CF transmembrane conductance regula-
tor (CFTR) indicated the enhanced bile drainage function
of iHeps EMTi, although their expressions level remains
lower than that in PHH (Figure 3B).

Further characterization of the in vitro function
revealed that the lipid accumulation, glycogen storage
(Figure 3C), secretion of urea (Figure 3D), and hALB
(Figure 3E) were significantly higher in the differentia-
tion day 30 iHeps EMTi group than the iHeps control
group (all p< 0.05). The secretion level of albumin from
every 1 million iHeps EMTi cells can reach about one-
third of that from PHH per day (Figure 3E).

Overall, these data demonstrated that inhibition of
EMT could enhance the maturation of iHeps in vitro.

Transcriptional profiling of iHeps with EMTi
are closer to PHHs

To further characterize the effects of EMTi on the iHeps
differentiation, we performed bulk RNA sequencing on
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day 24 iHeps control and iHeps EMTi groups, and 2
different PHH lines were used as positive controls.
Principal component analysis revealed a district cluster-
ing among different groups of samples (Figure 4A). As
expected, the dendrograms showed similar global
patterns among the iHeps control, iHeps EMTi, and
PHH group (Figure 4B). However, the overall expres-
sion of hepatic marker genes was upregulated in the
iHeps EMTi group compared to the iHeps control group
and was closer to PHHs (Figure 4C). In addition, as
compared to the iHeps control, EMT-related genes in
the iHeps EMTi group were generally downregulated
and similar to the level of PHHs (Figure 4D). Gene set
enrichment analysis demonstrated that many metabolic
pathways (including amino acid metabolism, xenobiotic
metabolism, drug metabolism, etc.) were significantly
upregulated in the iHeps EMTi group (Figure 4E).

These transcriptional profile results indicated that the
iHeps EMTi group was closer to PHHs than the iHeps
control group. Prior studies showed that liver zonation
was responsible for liver homeostasis and repair.[17,18]

We further analyzed our RNA sequencing data for
different zonation markers. Interestingly, the heatmap
revealed that zone 1 markers were overall upregulated
after iHeps were treated with EMTi (Supplemental
Figure S4A, Supplemental Digital Content 1, http://
links.lww.com/HC9/B969). Principal component anal-
ysis based on different zone marker genes indicated the
similarity between iHeps and iHeps EMTi groups, but
iHeps EMTi groups were closer to PHHs group than
iHeps control groups (Supplemental Figure S4B,
Supplemental Digital Content 1, http://links.lww.com/
HC9/B969).

Taken together, these findings suggested that EMTi
provides sustained and long-term suppression of EMT
in iHeps, which subsequently facilitates their long-term
culturing and functional maintenance in vitro.

Enhanced in vivo engraftment of iHeps with
EMTi

Next, we sought to investigate whether improved in vitro
culture and function of iHeps with EMTi can enhance
their engraftment in vivo. Fah−/−/Rag2−/−/Il2rg−/− (FRG)
mouse is a hybrid mouse generated by crossing Fah
gene knockout mice (which lack tyrosine catabolic
enzyme fumarylacetoacetate hydrolase, or FAH) with
Rag2−/−/Il2rg−/− immunodeficient mice. The FAH defi-
ciency leads to a disorder in tyrosine metabolism,
causing the accumulation of fumarylacetoacetate (FAA)
and subsequent liver cell damage. To control liver injury
during the experimental process, we administered the
drug 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexa-
nedione (NTBC) to the mice, which inhibits FAA
accumulation. This drug administration enables us to
control the degree of liver damage before the

transplantation. After NTBC withdrawal, FRG mice will
undergo liver failure and die within 30 days unless they
receive hepatocyte transplantation. In this study, we
transplanted iHeps with or without EMTi into FRG
mice via intrasplenic injection,[19–22] and transplantation
of PHHs or Matrigel were performed as positive and
negative controls, respectively. After 8 weeks, the
chimeric mice liver tissues were collected for evaluation
of iHeps engraftment (Figure 5A).

Immunohistochemical staining and immunostaining
of hALB showed that both iHeps and PHHs, rather than
the Matrigel, integrated into the liver parenchyma of
FRG mice (Figure 5B and Supplemental Figure S5,
Supplemental Digital Content 1, http://links.lww.com/
HC9/B969). By calculating the ALB-positive areas, the
engraftment efficiency in the iHeps EMTi group was
higher compared to the iHeps control group, although
both groups were still much lower than the PHHs
transplantation group (Figure 5C). Genomic PCR
analysis for human Alu fragments further confirmed
the integration of iHeps and PHHs inside the mouse
livers (Figure 5D). Transplantation of iHeps with or
without EMTi or PHHs preserved the body weight of
FRG mice after 36 days, as compared to the significant
decrease in the Matrigel group due to the progressive
decline in their liver function (Figure 5E). Moreover, we
did not observe any hepatomegaly or liver size
shrinkage after cell transplantation compared to the
normal control (no treatment group), or any tumor
formation (data not shown). In addition, transplantation
of iHeps EMTi and PHHs, but not iHeps, significantly
decreased the serum levels of ALT as compared to the
Matrigel group (Figure 5F), suggesting that only iHeps
EMTi, but not iHeps, provided improvement in liver
function of FRG mice, similar to that of PHHs after
transplantation.

DISCUSSION

While the utilization of different components of EMTi
have been incorporated into some of the protocols for
differentiation of iHeps from pluripotent stem cells, the
current study confirmed these findings and further
demonstrated that the EMT process in the maturation
stage hampers iHeps differentiation. Moreover, we
demonstrated that inhibition of EMT in the maturation
stage of iHeps significantly increased hepatic differen-
tiation efficiency and maintained hepatocytes function
in vitro for a prolonged period. To our knowledge, this is
the first study to demonstrate that application of EMTi
can improve the repopulation of iHeps in vivo and
provide therapeutic effects comparable to PHHs
transplantation.

Hepatocytes, being epithelial-like cells, closely
attach, forming coherent layers with apico-basal
polarity.[23] EMT occurs in hepatocytes in a variety of
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different contexts, such as liver organ development,[24]

liver regeneration,[25] fibrosis, and neoplasia.[14] The
consequences of EMT depend on different biological
conditions as well as the cell type in which the process
occurs.[14] In our study, we observed an obvious EMT
process at the iHeps maturation stage, starting from day
11 of differentiation. The increased expression of
myofibroblast markers such as COL1A1 and ACTA2,
suggesting that the EMT process during iHeps matura-
tion was more “fibrogenic.” Indeed, our results showed
that inhibition of EMT either at early (day 11) or late (day
17) time points of the maturation stage led to increased
expression of hepatic functional genes and proteins.
These findings suggest that the “fibrogenic” EMT
induces iHeps toward myofibroblast-like cells, and
inhibition of EMT is beneficial to iHeps differentiation
and function maintenance in vitro.

Moreover, we observed a substantial increase in
iHeps differentiation efficiency after the administration
of EMTi. In addition to protecting iHeps from myofibro-
blast-like cells, it is also possible that EMTi inhibits the
differentiation of hepatoblasts toward cholangiocytes,
which may further increase the percentage of hepato-
cytes. From our previous experience,[26] other than
hepatocytes, our hepatic differentiation protocol can
also give rise to some cholangiocytes. It is known that
transforming growth factor beta (TGFβ) and Notch
signaling both drive the differentiation of cholangiocytes
from hepatoblasts.[22] Since EMTi consists of TGFβ
inhibitor and Notch inhibitor, it could also suppress the
cholangiocytes differentiation and thus increase the
hepatocytes differentiation efficiency. Other than
increased differentiation efficiency, iHeps treated with
EMTi also exhibited improved in vitro function.

Currently, those pluripotent stem cell-derived iHepswere
used between 18 and 25 days of differentiation.[5,8,27,28]

Results from previous studies[4] showed that iHeps could
hardly be kept functional in vitro for >30 days. Here we
demonstrated that the addition of EMTi dramatically
elongated the in vitro culture up to at least 60 days to allow
more long-term experimental studies as well as potential
future use in bioreactors for generating bioartificial livers.
Nevertheless, we still observed a progressive decline in the
iHeps function in vitro after day 60, as reflected by the
reduction in hALB secretion.

It is generally believed that about 10% of liver cells
must be replaced to achieve a therapeutic effect in liver
cell replacement therapy.[1] However, a very low engraft-
ment rate of iHeps transplantation, as shown in our
previous studies and others,[29,30] inevitably hampers
their therapeutic application effects. Having optimized
the iHeps differentiation in vitro, we also tested the in vivo

repopulation capacity by transplanting iHeps with and
without EMTi treatment. In this study, the transplantation
efficiency of the iHeps control group was around 2%,
which was comparable to the results of our previous
studies,[4,12] but the engraftment efficiency of EMTi-
treated iHeps improved to around 4%. Nevertheless,
the engraftment rate of EMTi-treated iHeps was still
significantly lower than mature PHH. Previous studies
highlighted zone 2 hepatocytes in liver regeneration.[17,18]

Indeed, our RNA sequencing data revealed that only the
zone 1 markers were overall upregulated, but not the
zone 2 markers after treatment with EMTi. This might
account for the lack of a significant increase in in vivo
repopulation of EMTi-treated iHeps, even though they
appear to have higher functional in vitro than those iHeps
without EMTi. Moreover, 2D in vitro culture was
employed in this study. Recent studies suggest that 3D
culture to form liver spheroids/organoids may further
enhance the maturation of stem cell-derived induced
hepatocytes.[31–34] Furthermore, 3D cultures also inhib-
ited the expression of EMT markers in iPSC-derived liver
spheroids.[34] Whether the use of EMTi together with a 3D
culture system can further improve the function and
engraftment efficiency of iHeps deserves future
investigation.

CONCLUSIONS

This study has determined that hiPSC-derived iHeps
undergoing “fibrogenic” EMT during the maturation
stage are hampered in their maturation and in vitro
maintenance. With the addition of EMT inhibitors, we
established a robust hepatic differentiation protocol to
generate iHeps from hiPSCs with increased maturity
and the capability of long-term in vitro maintenance and
improved in vivo engraftment.
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