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Abstract
Organ liver transplantation and hepatocyte transplantation are not performed to their full potential because of donor short-
age, which could be resolved by identifying new donor sources for the development of hepatocyte-like cells (HLCs). HLCs 
have been differentiated from some stem cell sources as alternative primary hepatocytes throughout the world; however, the 
currently available techniques cannot differentiate HLCs to the level of normal adult primary hepatocytes. The outstanding 
questions are as follows: which stem cells are the best cell sources? which protocol is the best way to differentiate them 
into HLCs? what is the definition of differentiated HLCs? how can we enforce the function of HLCs? what is the difference 
between HLCs and primary hepatocytes? what are the problems with HLC transplantation? This review summarizes the 
current status of HLCs, focusing on stem cell sources, the differentiation protocol for HLCs, the general characterization of 
HLCs, the generation of more functional HLCs, comparison with primary hepatocytes, and HLCs in cell-transplantation-
based liver regeneration.
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Abbreviations
HLCs  Hepatocyte-like cells
IPSCs  Induced pluripotent stem cells
ESCs  Embryonic stem cells
MSCs  Mesenchymal stem cells
HGF  Hepatocyte growth factor
PI3K  Phosphoinositide 3-kinase
GSK3  Glycogen synthase kinase 3
FGF  Fibroblast growth factors
BMP  Bone morphogenetic proteins
DMSO  Dimethyl sulfoxide
OsM  Oncostatin M
Dex  Dexamethasone
AFP  Alpha fetoprotein
IGF-1  Insulin-like growth factor-I
SOX17  SRY-Box 17
HEX  Hematopoietically expressed homeobox
HNF  Hepatocyte nuclear factor
FOXA2  Forkhead box A2
ALB  Albumin
ATD  AAT deficiency

LDLR  Low-density lipoprotein receptor
PCSK9  Proprotein convertase subtilisin kexin type 9
FTA  Familial transthyretin amyloidosis
GSD1A  Glycogen storage disease type 1a
CN1  Crigler-Najjar syndrome type 1
PH1  Primary hyperoxaluria-1
EBiSC  European Bank for induced pluripotent Stem 

Cells
FH  Familial hypercholesterolemia

Introduction

Organ liver transplantations are performed worldwide for 
severe liver disease; however, they are associated with 
problems including donor shortage, surgical invasiveness, 
immune rejection, and high costs. On the other hand, hepato-
cyte transplantation has been performed as a bridging ther-
apy, mainly in Europe and the United States, for patients 
with metabolic disorder syndrome or acute liver failure. Pri-
mary human hepatocytes offer immediate resources for stud-
ying liver diseases and transplantation. Although different 
culture systems that enable long-term culture and expansion 
of both rodent and human primary hepatocytes have been 
identified [1–3], the capacity of expansion is still limited and 
has donor-dependent variability. Furthermore, hepatocyte 
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transplantation is associated with problems, such as donor 
shortage, reduced viability from techniques of isolation or 
cryo-preservation, lower long-term cell survival after trans-
plantation, and increased portal pressure predisposing to 
portal embolism. Therefore, the fundamental solution lies 
in the development of new donor sources.

The current donor sources of hepatocytes include induced 
pluripotent stem cells (iPSCs), embryonic stem cells (ESCs), 
and mesenchymal stem cells (MSCs). Hepatocyte-like cells 
(HLCs) have been differentiated worldwide from those stem 
cell sources as alternative primary hepatocytes. Despite the 
efforts of many investigators, the techniques available are 
still not able to differentiate HLCs to the level of normal 
adult primary hepatocytes. The functions of hepatocytes 
include gluconeogenesis, glycogen storage, glucose synthe-
sis, lipid metabolism, blood protein synthesis and secretion, 
cholesterol metabolism, bile acid production, bile excretion, 
detoxification, ammonia metabolism, alcohol metabolism, 
ketone synthesis, and body temperature regulation. Differ-
entiated HLCs do not attain all those functions or reach the 
same levels of primary hepatocytes. This review summarizes 
the current status of HLCs, comparing them with adult pri-
mary hepatocytes.

Stem cell sources

Stem cells have the features to generate various functional 
cells that can replicate themselves. Three stem cell sources 
of HLCs have been identified (Table 1). ESCs have potential 
pluripotency comparable to that of fertilized eggs and can 
produce all functional cells [4, 5]. It is possible for ESCs to 
self-renew while maintaining pluripotency and they are a 
source for producing HLCs in large quantities; however, the 
fact that they are produced from fertilized human eggs poses 
ethical issues. Yamanaka et al. [6, 7] established iPSCs in 
2006 and 2007. The discovery that coordinated expression 
of a limited number of genes can re-program differentiated 

somatic cells to iPSCs has opened novel possibilities for 
developing cell-based models of diseases and re-generative 
medicine utilizing cell re-programming or cell transplanta-
tion. An ideal and distinctive potential of iPSC technology 
exists in their use in made-to-order therapies with autolo-
gous cells. Despite the potential benefits of autologous iPSC 
therapies, they have some limitations. First, the preparation 
of autologous iPSCs from each patient is costly. Second, 
because it takes more than 3 months to generate iPSCs, it is 
not possible to achieve timely effective treatment of some 
disorders from the aspect of early clinical use. Therefore, 
the most realistic method for iPSCs therapy is based on the 
collection of iPSC stock from various HLA-homozygous 
donors. Some HLA-homozygous iPSC bank projects have 
been prepared and maintained in Japan, Europe, and USA, 
including the European Bank for induced pluripotent Stem 
Cells (EBiSC); Kyoto University Stem Cell Bank, Japan; 
StemBANCC, EU; HipSci, UK; and the Coriell Institute, 
USA. Such iPSCs banks could potentially provide HLA-
compatible normal iPSCs for individual recipients within 
a short time and at a much lower cost. MSCs represent 
another candidate for stem cell therapy and can be obtained 
from many different sources in the human body, such as 
bone marrow, umbilical cord, blood, amniotic fluid, scalp 
tissue, placenta, and adipose tissue [8, 9]. MSCs possess 
both multi-potentiality and semi-infinite proliferation ability. 
Regenerative medicine has already been performed using 
MSCs because they can be obtained relatively easily from 
autologous tissues, but further studies on their safety and 
efficacy are needed to promote their practical use.

The major question is, “Which cell sources can achieve 
differentiation of the most functional HLCs?” Jeong J 
et al. [10] reported that ESCs and iPSCs had similar abili-
ties to differentiate into HLCs both in vitro (gene expres-
sion, the hepatocyte functions of accumulation of gly-
cogen, secretion of albumin, and uptake of indocyanine 
green) and in vivo (transplantation into a damaged liver). 
A comparison of human iPSC-derived cardiomyocytes 

Table 1  Stem cell sources of hepatocyte-like cells

ESCs embryonic stem cells, iPSc induced pluripotent stem cells, MSCs mesenchymal stem cells

ESCs iPSc MSCs

 Source Fertilized eggs Somatic cells Bone marrow, umbilical cord, 
blood, placenta, adipose 
tissue

 Differential potency Totipotential Totipotential Multipotenntial
 Allogeneic Tx (+) (±) (−)

Can be avoided using the patient’s own cells
 Advantage Without gene manipula-

tion, mass culture
The patient’s own cells can be used Can use own cell

 Disadvantage Ethical issues (Ferti-
lized eggs)

Long-term safety has not been established (Gene 
manipulation)

None
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with human MSCs in an animal model of acute myocar-
dial infarction has already been reported, and there were 
no functional differences between the iPSC and the MSC 
in the in vivo study [11]. Similar results were obtained 
in a corneal injury model animal using both iPSCs and 
MSCs [12]. On the other hand, the potential of iPSCs to 
differentiate into insulin-producing cells was reported to 
be significantly higher than that of human MSCs [13]. 
Therefore, no clear advantage has been proven among 
ESCs, iPSCs, and MSCs for the differentiation of HLCs 
[14–16]. MSC-based therapies are probably suitable for 
clinical application without the need for gene manipula-
tion and will avoid ethical issues [17].

Differentiation protocol of HLCs

Hepatocyte differentiation technology has improved 
remarkably in the last decade. Most hepatocyte differen-
tiation protocols can be divided into three differentiation 
steps: definitive endoderm differentiation, hepatoblast 
differentiation, and hepatocyte differentiation. Each of 
these differentiation steps is performed using the growth 
factors and cytokines known to be necessary for liver 
development. However, simpler and more cost-effective 
protocols have also reported without any growth factor 
or cytokines, using glycogen synthase kinase 3 (GSK3) 
inhibitors and dimethyl sulfoxide (DMSO) [18] (Fig. 1).

Definitive endoderm differentiation

D’Amour et al. reported that high-purity definitive endo-
derm cells could be differentiated from human ESCs in the 
presence of activin A and low serum [19]. The combination 
of activin A and Wnt3a is often used to generate defini-
tive endoderm cells with high hepatocyte differentiation 
capacity [20, 21]. To generate definitive endoderm cells 
with much higher hepatocyte differentiation capacity, Chen 
et al. used hepatocyte growth factor (HGF) in the presence 
of activin A and Wnt3a [22]. In addition to Wnt3a, the phos-
phoinositide 3-kinase (PI3K) inhibitor is sometimes used in 
definitive endoderm differentiation, but both positive and 
negative effects on definitive endoderm differentiation have 
been reported [23, 24]. Furthermore, instead of activin A 
and Wnt3a, activation of Wnt/β-catenin signaling via GSK3 
inhibitors alone may achieve more functional HLCs from 
MSCs [25].

Hepatoblast differentiation

Fibroblast growth factors (FGF) and bone morphogenetic 
proteins (BMP) play important roles in liver specification. 
Cai et al. reported that the combination of FGF4 and BMP2-
induced efficient hepatoblast differentiation from definitive 
endoderm cells [26]. Brolén et al. used the combination of 
BMP2/4 and FGF1/2/4 for hepatoblast differentiation [27]. 
Interestingly, a low concentration of FGF2 was found to 
promote hepatocyte differentiation, whereas an intermedi-
ate or high concentration of FGF2 promoted pancreatic or 

Fig. 1  Differentiation proto-
col for hepatocyte-like cells 
(HLCs). Most HLC differentia-
tion protocols can be divided 
into three differentiation steps: 
definitive endoderm differentia-
tion, hepatoblast differentiation, 
and hepatocyte differentiation 
using the growth factors and 
cytokines known to be neces-
sary for liver development.
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intestinal differentiation, respectively [28]. Therefore, the 
concentration of FGF should be strictly controlled. DMSO, 
which modifies histone acetylation, is also sometimes used 
in hepatoblast differentiation [29, 30].

Hepatocyte differentiation

Hepatoblasts can differentiate into hepatocytes and cholan-
giocytes. As HGF and oncostatin M (OsM) play important 
roles in liver development, most of the available protocols 
use HGF and OsM during the hepatocyte differentiation pro-
cess [31, 32]. Dexamethasone (Dex) is also an important 
mediator during hepatic maturation [33].

General characterization of HLCs

As stem cells differentiate into definitive endoderm, hepa-
toblast-like cells, and HLCs, differentiation stage-specific 
markers are expressed (Fig. 2) [34]. Completion of HLCs 
is usually confirmed by gene expressions and function tests 

of the matured hepatocytes. Hepatocytes have many func-
tions, and Table 2 shows the several parameters previously 
reported, namely synthetic function, lipid metabolism, 
glucose metabolism, urea metabolism, bile production and 
metabolism, cytochrome P450 function, and drug metabo-
lism assays [35–40].

Generation of more functional HLCs

None of the many hepatic functions of HLCs are as strong 
as those in primary human hepatocytes. HLCs also express 
high levels of immature hepatocyte markers, such as alpha 
fetoprotein (AFP), suggesting a persistent immature/fetal 
phenotype [41, 42]. Therefore, many researchers have 
searched for ways that could mature HLCs.

Addition of some compounds

Ogawa et al. found that stimulation of cAMP signaling 
promoted the maturation of hepatoblast-like cells to HLCs 

Fig. 2  Differentiation stage-
specific markers. Differentia-
tion stage-specific markers are 
expressed as stem cells that 
differentiate into definitive 
endoderm, hepatoblast-like-
cells, and HLCs.

Table 2  General 
characterization of hepatocyte-
like cells

Function test Parameters

Synthetic function Albumin production, alpha-1-antitrypsin production
Lipid metabolism LDL-R expression, LDL uptake
Glucose metabolism Glucose synthesis, glycogen production, glucose-6-phosphatase activity
Urea metabolism Ammonia uptake, urea production
Bile production and metabolism Production and secretion of bilirubin monoglucuronide uptake of bile 

acids and secretion
Cytochrome P450 function CYP1A2, CYP2A6, CYP3A44
Drug metabolism assays Buproprion, testosterone
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[43]. Kotaka et al. also reported the addition of adrener-
gic receptor agonists in the maturation of hepatoblast-like 
cells to HLCs [44]. Kondo et al. reported that expression 
levels of drug metabolic enzymes were increased by valp-
roic acid treatment [45]. Insulin-like growth factor-I (IGF-
1) was found to promote hepatic differentiation [46]. Shan 
et al. identified the small molecular compounds, FPH1 and 
FH1, which can increase and decrease the percentage of 
CYP3A4- and AFP-positive cells, respectively [47]. This 
suggests that FPH1 and FH1 promote the hepatocyte dif-
ferentiation toward a mature phenotype (Fig. 3).

Gene manipulation

Takayama et al. [48–50] demonstrated that definitive endo-
derm, hepatoblast, and hepatocyte differentiations were 
promoted by AdK7-mediated overexpression of SRY-
related HMG-box 17 (SOX17), hematopoietically expressed 
homeobox (HEX), and hepatocyte nuclear factor (HNF) 4a, 
respectively. To further promote maturation of human HLCs, 
the combination of two transcription factors, forkhead box 
A2 (FOXA2) and HNF1a, made hepatic differentiation from 
human ESCs/iPSCs more efficient than the previous proto-
col [51]. The gene expression levels of the drug metabolic 
enzymes of AdK7-FOXA2- and HNF1a-transduced human 
ES/iPS-HLCs were similar to those of primary human hepat-
ocytes. Moreover, approximately 90% of AdK7-FOXA2- 
and HNF1a-transduced human ES/iPS-HLCs were albumin 

(ALB)-positive cells. Sasaki et al. reported that HNF6 over-
expression enhanced CYP3A4 expression levels in human 
iPS-HLCs [52]. These findings suggest that the overexpres-
sion of hepatic transcription factors is powerful for generat-
ing metabolically functional HLCs (Fig. 3).

3D culture/organoids/co‑culture

Recently, 3D cell culture and co-culture systems were 
adopted to maintain and enhance the liver-specific functions 
of HLCs. The hepatic functionality of HLCs was enhanced 
using 3D cell culture devices, such as a hollow fiber-based 
3D perfusion bioreactor [53], a Nanopillar plate [54], a 
micro carrier culture system [55], micro stencil.

array [56], and a RAFT 3D Cell Culture System [57]. 
Furthermore, hepatocyte-like liver organoids induced by 
iPSCs with 3D culture had more functionality than the 
usual 3D HLCs [58]. Pettinato G et al. reported that hepatic 
organoids from iPSCs with endothelial cells became more 
functional [59].

The hepatic functionality of HLCs could also be enhanced 
by co-culturing

with Swiss 3T3 cells [60], human iPS cell-derived 
endothelial cells [61], 3T3-J2 murine embryonic fibroblasts 
[62], human umbilical vein endothelial cells, and adipose-
derived stem cells [63]. To enhance the hepatic functionality 
of HLCs further, a 3D co-culture system is needed to bet-
ter mimic the hepatocyte environment in vivo. It was also 

Fig. 3  Generation of more 
functional hepatocyte-like cells 
(HLCs). The addition of certain 
compounds and gene manipula-
tion induce more functional 
HLCs.
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reported that hepatectomized patient serum could promote 
hepatocyte differentiation from human iPSCs [64]. This fact 
suggests that hepatic maturation might be promoted by solu-
ble factors that exist under conditions, such as liver injury.

Current status of HLCs: comparison 
with primary hepatocytes

As described above, hepatocyte differentiation technol-
ogy has been improved with the addition of compounds, 
gene manipulation, and 3D culture. Table 3 summarizes the 
power of the currently modified HLCs compared with that 
of primary hepatocytes. Normal HLCs have 40% less hepatic 
function (including synthetic function, urea production, and 
CYP activity) than primary hepatocytes [34, 36, 41]. When 
certain compounds are added to the differentiation cocktail, 
it increases to 60–80% for albumin synthesis and 40–100% 
for CYP activity [43–47]. Gene manipulation is advantaged 
by CYP activity, with both CYP3A4 and 1A2 activity reach-
ing the levels of primary hepatocytes [48–52]. Spheroids or 
organoids with a 3D culture system also improve hepatic 
functions and AAT synthesis or urea production are reported 
to be superior to those of primary hepatocytes [53–59]. 
When those spheroids were transplanted in vivo, angiogen-
esis around the transplanted cells was stimulated by increas-
ing VEGF expression [65]. Furthermore, 3D spheroids were 
reported to improve engraftment of transplanted cells, and 
the main factors involved in the mechanism that improved 
engraftment of the transplanted cells were the inhibition of 
cell anoikis through a scaffold and the avoidance of central 
necrosis within cell aggregates [66]. The 3D shape also ena-
bled transplanted cells to release various cytokines, making 
gaps or spaces between cells [66, 67]. In terms of the clinical 
application of regenerative medicine, 3D HLCs seem to have 
an advantage in transplantation. HLCs with gene manipu-
lation can be used for pharmaceutical research because of 
those high CYP activities. In the future, HLCs with high 
urea metabolism will be necessary for patients with meta-
bolic disorder syndrome. On the other hand, the differen-
tiation of HLCs in vitro alone does not result in complete 
hepatic maturation. When some induced differentiated cells 

start to mature, those cells express some receptors in rela-
tion to the surrounding cells after being transplanted in vivo 
[68]. A niche is formed with not only parenchymal cells 
but also kupffer cells, stellate cells, endothelial cells, and 
immune cells in the liver, and those cells are closely related 
to each other [69]. Therefore, some intervention after HLC 
transplantation is thought to be required for final maturation 
in vivo.

HLCs in cell‑transplantation‑based liver 
regeneration

A major hurdle for the application of HLCs in regenerative 
medicine is the inefficient engraftment and the low level of 
subsequent proliferation required for substantial re-popula-
tion of the liver. Primary hepatocytes in the host liver are 
highly capable of proliferating in response to proliferative 
stimuli. Because hepatocytes in most inherited liver-based 
metabolic disorders retain normal proliferative capacity, 
transplanted HLCs need not only to penetrate through the 
sinusoidal endothelial barrier to engraft, but they also need 
to compete with the host hepatocytes to re-populate the liver. 
Therefore, some preparative manipulations of host cells are 
required to provide a proliferative advantage to the trans-
planted cells. One preparative regimen developed for use 
in rat and mouse transplant recipients consists of adminis-
tering retrorsine, a plant alkaloid that inhibits hepatocyte 
replication and 70% hepatectomy to stimulate cell division 
[68]. Another preparative regimen with potential for clini-
cal translation consists of X-irradiation of a portion of the 
recipient liver, followed by the transplantation of HLCs [69].

It is also important to establish whether transplanted 
cells can proliferate gradually. It is widely recognized that 
transplanted cells should be replaced in vivo to achieve the 
maturation process gradually, and not by rapidly creating 
a space for proliferation, such as by hepatectomy or X-ray 
irradiation [70]. To improve transplantation efficiency, 
several ectopic sites have been investigated, including 
spleen, peritoneal cavity, kidney, lung, pancreas, and fat 
pads [68, 71–76] (Table 4). Bioengineering approaches 
have also been applied in cell transplantation. Song et al. 

Table 3  Current status of hepatocyte-like cells in comparison with primary hepatocytes

Normal [34, 36, 41] Compounds [43–47] Gene manipulation [48–52] 3D culture [53–59]

ALB synthesis 10–40% (mRNA) 60–80% (mRNA) 60–70% (protein secretion) 70–100% (protein secretion)
AAT synthesis 10–20% (mRNA) N.A. N.A. 200–300% (protein secretion)
Urea production 30–40% N.A. 40–50% 200–300%
CYP activity 20–40% (3A4) 100% (3A4) 100% (3A4) 100% (3A4)

40% (2A6) 100% (1A2)
100% (UGT1A1)
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[75] transplanted HLCs in immuno-competent mice via 
3D cell co-aggregates with stromal cells and encapsula-
tion. This study demonstrated an improved approach for 
the engraftment of HLCs with both ectopic transplantation 
sites and bioengineering approaches. Nagamoto et al. [76] 
used cell-sheet engineering technology by attaching HLC 
sheets onto the surface of the liver of a mouse with acute 
liver failure, resulting in improved hepatocyte engraftment 
and animal survival.

Another major hurdle for the application of HLCs 
involves establishing whether iPSCs or MSCs, isolated from 
patients with inherited disorders, could be differentiated into 
normal HLCs. HLCs have been generated from patients with 
various inherited disorders [77–84], such as AAT deficiency 
(ATD), familial hypercholesterolemia (abnormalities of low-
density lipoprotein receptor (LDLR)), autosomal-dominant 
hypercholesterolemia (gain-of-function mutation of propro-
tein convertase subtilisin kexin type 9 (PCSK9)), Wilson’s 
disease (ATP7B deficiency), familial transthyretin amyloi-
dosis (FTA), glycogen storage disease type 1a (GSD1A, 
glucose-6-phosphatase deficiency), Crigler–Najjar syndrome 
type 1 (CN1, UGT1A1 deficiency), and primary hyperox-
aluria-1 (PH1, AGXT deficiency). The therapeutic effect of 
HLCs in all patients with inherited disorders was not strong 
enough to ameliorate the effects of these diseases. With that 
in mind, the banks of lines of iPSCs with an extensive range 
of HLA profiles are being developed with the participation 
of many nations including the European Bank for induced 
pluripotent Stem Cells (EBiSC); the Kyoto University Stem 
Cell Bank, Japan; StemBANCC, EU; HipSci, UK; and the 
Coriell Institute, USA. An iPSC bank could potentially pro-
vide HLA-compatible normal iPSCs for individual recipi-
ents in a short time and at a much lower cost.

The results of this study highlight the following:

(1) A clear advantage has not been proven among ESCs, 
iPSCs, and MSCs for the differentiation of HLCs.

(2) Hepatocyte differentiation protocols can be divided into 
three steps: definitive endoderm differentiation, hepa-

toblast differentiation, and hepatocyte differentiation 
with key cytokines and growth factors.

(3) The addition of some compounds, gene manipulation, 
and 3D culture (or co-culture) induce more functional 
HLCs.

(4) 3D HLCs seem to be best in terms of the clinical 
application of regenerative medicine. HLCs with gene 
manipulation can be used for pharmaceutical research 
because of their high CYP activity.

(5) A major hurdle for the application of HLCs transplan-
tation is the inefficient engraftment and low level of 
subsequent proliferation. Transplantation is not recom-
mended for HLC patients with inherited disorders with-
out effective therapeutic improvement of their disease.

HLCs for clinical application

Although there have been some clinical trials on using undif-
ferentiated MSCs for both acute and chronic liver disease 
[85–87], the clinical application of differentiated HLCs is 
still in progress. A case report of the allogeneic transplanta-
tion of bone marrow MSC-derived HLCs in a patient with 
familial hypercholesterolemia (FH) was published in 2010 
[88]. The recipient was a 12-year-old girl with FH, for whom 
a total of 4.0 × 108 cells, including HLCs (3.0 × 108 cells) 
and undifferentiated MSCs (0.5 × 108 cells), were infused 
through the portal vein catheter under ultrasound guidance. 
Transplantation of the HLCs was safe and feasible; however, 
it did not correct the metabolic abnormality. The HLCs did 
not repopulate within the liver and the authors speculated 
that the number of transplanted cells should be increased 
to around 5 billion and that strategies to improve the long-
term implantation of HLCs into the host liver should be 
addressed.

There was also a report of a phase I/II clinical study 
on the autologous transplantation of bone marrow MSC-
derived HLCs in patients with liver cirrhosis (HCV) [89]. In 
this study, 2.0 × 108 immature HLCs (only 7 days alone for 

Table 4  Hepatocyte-like cell transplantation in animal models

Ref Animal model Tx site Proliferative stimulus Number of HLCs Donor / 
recipient (% 
engrafted)

[68] NOD-SCID
mice

Spleen Retrorsine and partial Hx 1.0 × 106 NA

[71] MUP-uPA/ SCID/Bg mice Spleen NA 4.0 × 106 1–7%
[72] uPA/SCID mice Spleen NA 1.0 × 106Gene manipulation NA
[73] NSG mice Systemic iv dimethylnitrosamine - injured 2.0 × 106 2–17%
[74] Normal mice Systemic iv CCl4–injured 1.0 × 106 2 ± 0.7%
[75] Immuno-competent mice Intraperitoneal cavity NA 4.4 × 105 NA
[76] Normal mice Liver surface Partial Hx and CCl4–injured 8.0 × 105Sheet transplantation NA
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differentiation) were injected for intrasplenic or intrahepatic 
transplantation. The HLC transplantation showed short-
term efficacy reducing the amount of ascites and improving 
lower limb edema and serum albumin levels. The authors 
concluded that the long-term efficacy of HLCs should be 
investigated further.

In 2020, a successful case of the transplantation of HLSs 
from ESCs in a patient with inborn urea cycle disorder 
was described by the National Center for Child Health and 
Development, Tokyo, Japan (not published yet). In that case, 
HLC transplantation was performed as bridging therapy fol-
lowing liver transplantation. This might be the world’s first 
report of using HLSs from ESCs. Further clinical study is 
necessary to standardize the cell dose, determine the life 
span of the injected cells, and identify signs of long-term 
efficacy.

In conclusion, the directed differentiation of stem cells 
toward the mature hepatocyte phenotype requires further 
refinement. There has been some success in re-populating 
the livers of rodent models of human diseases with HLCs; 
however, the initial engraftment and subsequent proliferation 
of the transplanted HLCs remain low. Research by many 
groups worldwide continues to yield creative and promising 
solutions to eventually overcoming the existing hurdles to 
applying HLCs in personalized regenerative medicine.
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