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Abstract: Progenitor cells isolated from the fetal liver can provide a unique cell source to generate
new healthy tissue mass. Almost 20 years ago, it was demonstrated that rat fetal liver cells repopulate
the normal host liver environment via a mechanism akin to cell competition. Activin A, which is
produced by hepatocytes, was identified as an important player during cell competition. Because
of reduced activin receptor expression, highly proliferative fetal liver stem/progenitor cells are
resistant to activin A and therefore exhibit a growth advantage compared to hepatocytes. As a result,
transplanted fetal liver cells are capable of repopulating normal livers. Important for cell-based
therapies, hepatic stem/progenitor cells containing repopulation potential can be separated from fetal
hematopoietic cells using the cell surface marker 6-like 1 (Dlk-1). In livers with advanced fibrosis,
fetal epithelial stem/progenitor cells differentiate into functional hepatic cells and out-compete
injured endogenous hepatocytes, which cause anti-fibrotic effects. Although fetal liver cells efficiently
repopulate the liver, they will likely not be used for human cell transplantation. Thus, utilizing
the underlying mechanism of repopulation and developed methods to produce similar growth-
advantaged cells in vitro, e.g., human induced pluripotent stem cells (iPSCs), this approach has great
potential for developing novel cell-based therapies in patients with liver disease. The present review
gives a brief overview of the classic cell transplantation models and various cell sources studied as
donor cell candidates. The advantages of fetal liver-derived stem/progenitor cells are discussed, as
well as the mechanism of liver repopulation. Moreover, this article reviews the potential of in vitro
developed synthetic human fetal livers from iPSCs and their therapeutic benefits.
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1. Introduction

The liver regulates many essential physiological processes that require the mainte-
nance of a constant liver mass. However, chronic injuries disrupt the hepatostat, resulting in
diminished regenerative capacity and impaired hepatic function [1]. Chronic liver diseases
(CLDs) lead to cirrhosis and cancer, major causes of death [2]. Organ transplantation is
presently the only therapeutic option, but organ shortage is a fundamental limitation [3,4].
Thus, new therapeutic approaches are in high demand, in turn requiring better comprehen-
sion of essential mechanisms involved in the progression of chronic diseases. Decades ago,
hepatocyte infusion became a promising alternative to liver transplantation [5]. Landmark
studies in rodents have shown that hepatocytes repopulate the liver, but only under very
specialized experimental conditions [6-9]. Importantly, hepatocytes do not significantly
replace tissue mass in normal livers [10], and therefore, studies have been focused on
identifying other cell sources that efficiently repopulate the liver. To date, rat fetal liver
stem/progenitor cells (FLSPCs) are the only cells that can significantly repopulate a normal
liver and replace functional tissue mass [11,12]. Moreover, different protocols have been
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developed to produce engineered human induced pluripotent stem cells (hiPSCs). Studies
are currently aiming to generate human hepatic cell lines with a growth advantage in vitro
that can be used for novel cell-based therapies in patients with liver disease.

2. Cell Transplantation Models and Donor Cell Candidates
2.1. Major Cell Transplantation Models

Decades ago, elegant studies demonstrated a “Proof-of-principle” that transplanted
rodent hepatocytes significantly replace functional liver mass and exhibit great translational
potential. Rhim et al. [6] infused mature lacZ-positive hepatocytes into transgenic mice,
which over-express an albumin-urokinase plasminogen activator (uPA) fusion construct, a
hepatotoxic transgene leading to severe liver injury [13] Using X-gal staining to detect lacZ
donor cells, the authors observed up to 80% tissue replacement after cell infusion [6]. Two
years later, in 1996, Grompe’s team [7] described a murine model of hereditary tyrosinemia
type 1, characterized by fumarylacetoacetate hydrolase deficiency (Fah~/~), resulting in
lethal liver dysfunction. Transplanted hepatocytes repopulated more than 90% of the
Fah~~ mouse liver within two months and restored functional tissue mass [7]. Both
cell transplantation models demonstrated that genetic modifications of the recipient liver
create hepatic microenvironments, leading to a strong growth advantage for donor-derived
hepatocytes. Twenty years later, Hui’s team [14] generated a Fah~/~ rat model, which
harbored the major characteristics of human hereditary tyrosinemia type 1 as well as
developed advanced liver fibrosis, which have not been seen in Fah ™/~ mice [7] and Fah~/~
swine [15]. In Fah ™/~ rats, the authors showed efficient repopulation of hepatocytes, which
prevented fibrosis progression [14].

In 1998 and 1999, two research groups at Einstein described cell transplantation models,
in which the authors blocked hepatocyte proliferation and accomplished long-lasting cell
cycle arrest in rat livers by pretreating the animals with retrorsine [8] or irradiation of the
recipient liver [9] in conjunction with two-thirds partial hepatectomy prior to cell infusion.
Both treatments led to near-total liver tissue replacement by transplanted hepatocytes
after several months. A few years later, Petersen’s team [16] used the retrorsine derivative
monocrotaline as an alternative to retrorsine-based hepatocyte transplantation in mice and
rats to create an effective selective pressure for donor hepatocytes.

The described landmark studies not only demonstrate the ability of rodent hepatocytes
in effectively regenerating damaged liver tissue mass, but they also enable the evaluation of
the repopulation potential of alternative cell sources to hepatocytes (see below). In addition,
several immunocompromised rodent models were developed that can be used to study
the expansion properties of human-derived /engineered cells, e.g., uPA'8*/~) /Rag-2~/~,
uPAB™+/~) /SCID, uPA“/~) /Rag-2~/= /yc~/=, Fah™/~ /Rag-2~/~ /1I-2rg~/~ /NOD (FRGN),
Fah™/~ /Rag-2~/= /II-2R~yc~/~ /SCID (FRGS), TK-NOG mice and Sprague Dawley/Rag-
27/~ /11-2rg~/~ (SRG) rats [17-24].

2.2. Various Cell Sources for Transplantation

The availability of “healthy” hepatocytes for human cell transplantation is limited,
and therefore, research is focused on the evaluation of alternative cell types. Stem and
progenitor cells represent a promising cell source of functional hepatocytes because they
exhibit high proliferative activity and differentiate into hepatocytes and/or bile ducts.

Owval cells [25] are adult liver progenitor cells that can be induced in rodent models
by 2-acethyl amino-fluorene, a choline-deficient diet, or D-galactosamine [25-27]. Cell
transplantation studies have shown that oval cells are capable of repopulating recipi-
ent mouse and rat livers, but only in hepatic microenvironments with induced strong
growth advantage for transplanted cells, i.e., under selective conditions, such as in Fah=/—,
monocrotaline-treated or retrorsine-treated liver [28-30].

In 1999, Petersen et al. [31] reported that bone marrow cells form oval cells when
transplanted into injured rat livers. Following studies showed evidence that bone marrow
cells can differentiate into hepatocytes [32], and up to 50% repopulation was achieved
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under highly selective conditions in the Fah~/~ mouse [33]. However, the obtained tissue
replacement after bone marrow cell infusion occurred through cell fusion between host
hepatocytes and donor-derived myelomonocytic cells, rather than through cell differentia-
tion [34-36]. Additional studies determined that transplanted bone marrow cells did not
give rise to increasing oval cells in injured livers [37].

Human umbilical cord blood-derived hematopoietic stem cells, another candidate for
cell transplantation, have shown engraftment and hepatocytic differentiation potential after
infusion into nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice.
However, therapeutic repopulation levels have not been observed [38—40]. Other research
has focused on murine and human mesenchymal stem cells (MSCs), which were isolated
from bone marrow or umbilical cord blood. Several reports have demonstrated that trans-
planted non- or pre-conditioned MSCs are capable of engrafting and differentiating into
hepatocyte-like cells in immunodeficient NOD/SCID, Pfp/Rag-2~/~ or SCID mice [41-45].
Christ’s team transplanted pre-differentiated rat and human adipose tissue-derived MSCc
into retrorsine-treated dipeptidyl-peptidase IV-negative (DPPIV ) F344 rats or Pfp/Rag-2~/~
mice and observed large hepatocyte-like cell clusters at 10 weeks after cell infusion [46,47].
Although these promising studies identified another donor cell source, significant tissue
replacement was not achieved in most of these studies. Nevertheless, MSC transplantation
has received increasing attention over the years because of its therapeutic effects based on
paracrine effects through the secretion of growth factors and cytokines, e.g., hepatocyte
growth factor (HGF), epidermal growth factor (EGF), tumor necrosis factor alpha (TNF-a)
and interleukin 6 (IL-6), which promote liver regeneration and the replacement of dam-
aged hepatocytes [48,49]. In a recent review, Liu et al. [50] summarized 160 clinical trials
in which stem cells were used for the treatment of end-stage liver diseases, cancer and
fibrosis/cirrhosis. The majority of used donor cells were MSCs derived from umbilical
cord, bone marrow and adipose tissue [50].

It was shown that amniotic epithelial cells (AECs) isolated from human term placenta
have the potential to differentiate into all three germ layers, including tissues of endoder-
mal origin (i.e., liver) [51]. After the transplantation of human or rat AECs into livers of
retrorsine-treated SCID /beige mice or DPPIV ™ F344 rats, respectively, cells were capable of
engrafting and differentiating into hepatocytes. Although repopulation levels were very
low with human AECs (up to 1%), rat-derived AECs formed big cell clusters containing up
to 4000 cells at 12 months, representing a promising cell source for transplantation [52]. In
subsequent studies, Strom’s research group demonstrated that human AEC transplantation
significantly extended survival and normalized the body weight in a mouse intermediate
maple syrup urine disease (iMSUD) model [53]. Other human AEC transplantation studies
achieved reduced liver fibrosis in CCly-treated immunocompetent C57BL/6 mice [54,55] or
restored the glycosaminoglycan (GAG)-degrading enzyme o-l-iduronidase (IDUA) func-
tion in the livers of mucopolysaccharidosis type 1 (MPS1) NOD.129(B6)-Prkdc*® Iduat™1C/k
mice [56]. However, the achieved therapeutic benefits resulted in paracrine effects of AECs,
but significant repopulation levels were not shown in these cell transplantation models.

In 1981, a groundbreaking study described the isolation of murine pluripotent
embryonic stem cells (ESCs [57]. Two decades later, the differentiation potential of ESCs
into hepatocytes was investigated [58], which was the basis for several subsequent studies
evaluating the hepatic differentiation and repopulation potential of rodent and human
ESCs. However, therapeutic repopulation levels were not observed, and ethical concerns
and teratoma formation reduced interest in ESCs as a potential donor cell source for human
cell transplantation [22,59-61].

Evidence that fetal liver cells differentiate into both hepatic lineages was first shown
by Leduc and Wilson in 1963 [62] and Ebata and Mito in 1985 [63]. The authors transplanted
small tissue fragments isolated on embryonic days (EDs) 13, 14 and/or 18 into the spleens
of mice or Wistar rats and observed not only hepatocyte differentiation and long-term
survival up to 20 months in mice, but also differentiation into bile duct cells and hepato-
cytic nodule formation at 12 months in rats. Almost 20 years later, studies have described
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several methods for the isolation and purification of murine ED13.5 or 14.5 fetal liver cells
with hepatic differentiation potential, using fluorescence-activated or magnetic cell sorting
(FACS or MACS) [64-66]. After the transplantation of enriched epithelial ED12.5 cells
into retrorsine/CCly-treated DPPIV™ C57BL/6 mice, cells engrafted and up to 80% re-
population was observed at 4 months [67]. Kubota and Reid [68] isolated and enriched
epithelial rat ED13 fetal liver cells that differentiated into both hepatic lineages. Moreover,
a c-Met-specific antibody was used to purify rat ED14 fetal liver cells, which formed hepa-
tocytic cell clusters after infusion into retrorsine-treated animals [69]. In contrast, under
non-selective conditions, subsequent studies demonstrated that rat fetal liver cells can replace
>20% liver mass at 6 months [12]. The advantages of rat fetal liver cells are discussed in
CHAPTER 3.

Today, studies focus on generating human hepatic cell lines for cell transplantation,
e.g., via using engineered human induced pluripotent stem cells (hiPSCs) [70-73] or via
conversion from fibroblasts [73-75]. Using different protocols for generating hepatocyte-
like cells from hiPSCs [73], induced hepatocyte-like cells (iHeps) exhibit some ability
to repopulate rodent livers under selective conditions [74]. The potential of hiPSCs is
discussed in CHAPTER 4.

3. Rat Fetal Liver Cell Transplantation

Rats, as an important model organism for biomedical research, have many advantages
over other animal models [14]. One of the most frequently used cell transplantation models
is the Fisher (F)344 rat [76], which utilizes the transplantation of DPPIV* donor cells,
isolated from wild-type F344 rats, infused into mutant DPPIV~ F344 rats [77]. In this
syngeneic cell transplantation model, transplanted and repopulating donor cells can be
detected with enzyme histochemistry or immunohistochemistry for DPPIV (CD26) in the
host hepatic parenchyma. Using the F344 rat model, five major observations were made
using rat FLSPCs. First, massive tissue replacement was achieved in the normal liver.
Second, tissue replacement by transplanted cells occurred through a mechanism akin to cell
competition. Third, activin A, a multifunctional cytokine produced in the liver parenchyma,
played a key role during cell competition. Fourth, injured hepatic microenvironments with
advanced fibrosis/cirrhosis could be effectively replaced by transplanted cells, and fibrosis
could be reversed. Fifth, fetal liver-derived endodermal stem cells could also differentiate
into non-hepatic lineages driven by the diseased host environment.

3.1. Repopulation by Hepatic Fetal Liver Stem/Progenitor Cells in a Normal Liver

In 2001, Shafritz’s team reported that rat epithelial ED14 fetal liver stem/progenitor
cells (FLSPCs) repopulated ~7% of the recipient liver at 6 months after cell infusion in
conjunction with two-thirds partial hepatectomy [11]. Subsequently, Oertel et al. [12]
transplanted high numbers of unfractionated rat fetal liver-derived cells and observed
>20% tissue replacement at 6 months.

The authors purified FLSPCs using magnetic bead cell sorting (MACS) for the cell
surface marker d-like 1 (Dlk-1) to 95% homogeneity that contained the gene expression
characteristics typical for hepatic stem/progenitor cells, as well as all the repopulation
potential of unpurified FLSPCs [78]. DIk-1, a glycoprotein highly expressed in human
and murine ED12.5 fetal liver cells [66,79], is also expressed in adult rat liver progenitor
cells [80,81]. These enriched DIlk-1-positive cell isolates contained all a-fetoprotein (AFP)*
hepatoblasts found in epithelial fetal liver cell fractions, and were also positive for E-
cadherin and 20% of the cells cytokeratin (CK)-19* [78]. Importantly, only a few cells within
the repopulating Dlk-1* fraction expressed the hematopoietic stem cell marker Thy-1 [82],
a surface antigen previously detected in developing rat and human fetal livers [83,84].

Additional FLSPC transplantation studies discovered increasing repopulation levels
in aging hepatic environments driven by the reduced regenerative capacity of the host
liver [85]. Importantly, FLSPCs maintained their full repopulation potential after long-term
storage at —80 °C and thawing, followed by transplantation into normal recipient rats [86].
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To date, significant repopulation under non-selective conditions was only reported using
the described rat cell transplantation model. This raises the question of whether this
is an intra-species-specific phenomenon. There is evidence that mouse FLSPCs might
replace hepatic tissue mass under non-selective conditions [67]; however, murine cell
transplantation reports demonstrating significant tissue replacement in normal livers are
still non-existent. Although reports about human fetal liver cell transplantations are
limited [87-90], the majority of liver patients have been transplanted with hepatocytes [5,91].
It is unlikely that liver cells isolated from human fetuses will be used routinely for human
cell therapy, primarily because of ethical concerns. The small number of such cells obtained
from a single aborted human fetus at mid-gestation (equivalent to rat fetal liver cells
at ED13-14) is not sufficient for effective repopulation. In addition, the use of pooled
cryopreserved liver cells from multiple aborted fetuses can also increase the tendency
for rejection by the host. However, established rodent cell transplantation models have
been an excellent experimental tool, building a framework to study and engineer efficient
repopulation and the underlying mechanisms by which this occurs.

3.2. Cell Competition Drives Liver Repopulation

Years ago, it was demonstrated that ED14 rat fetal liver cells repopulate the normal
host liver environment via a mechanism akin to cell competition [12], originally described
in Drosophila wing development [92]. Increasing knowledge in cell competition has accu-
mulated within the past two decades. In a recent article, Bowling et al. [93] reviewed cell
competition as a striking process characterized by the elimination of less fit (loser) cells by
more fit (winner) cells, a process characterized by three steps. First, cell competition occurs
between two different fit cells in the tissue. Second, more fit cells eliminate less fit cells
via different mechanisms, and third, tissue replacement occurs while sustaining constant
tissue mass.

Cell transplantation studies, in conjunction with two-thirds partial hepatectomy, which
is required for cell engraftment into a normal liver, showed that rat FLSPCs, with their
high proliferative activity, generate new tissue mass in host parenchyma exhibiting lower
proliferation rates. They act as winners by cell-competition-induced apoptosis to make
space in the liver by inducing host apoptosis near the boundaries of the transplanted cell
clusters in order to maintain the original liver size (Figures 1 and 2) [12], a phenomenon also
reported in Drosophila [94,95]. To date, certain mechanisms have been discussed through
which winners out-compete loser cells [93,96,97]. However, the exact mechanism(s) of
how growth-advantaged fetal liver cells eliminate growth-disadvantaged host hepatocytes
remains not fully understood. The observation of increasing repopulation levels by FLSPCs
in aging host livers, characterized by increasing activin A levels and its target gene p15NK#,
suggested activin A/p15™NK4 signaling as the pathway driving cell competition [85].
Because FLSPCs are resistant to the growth-inhibitory effects of activin A due to reduced
activin A receptor expression [85], endogenous host hepatocytes—the main producers of
activin A [98], which is a well-known hepatocyte growth inhibitor [98-101]—become losers.
However, it is unlikely that the proliferation of FLSPCs alone drives cell competition. There
is evidence that metabolic activity impacts cell fitness [93]. Activin A down-regulates many
genes involved in hepatocyte metabolism [85,98], another piece of evidence suggesting that
activin A signaling is involved in liver tissue replacement by making FLSPCs superior over
host hepatocytes, resulting in tissue clearance of the later.
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Figure 1. Repopulation via cell competition by transplanted DPPIV* FLSPCs into DPPIV ™ host liver:
(A) Engrafted, highly proliferative fetal liver cells. (B) Dividing FLSPCs form cell clusters and induce

apoptosis in host parenchyma cells.

Figure 2. Apoptotic bodies in DPPIV ™ host hepatocytes being eliminated in a large coalescing cluster
of transplanted DPPIV* FLSPCs. Simultaneous detection of transplanted (immunohistochemistry
for DPPIV; red) and apoptotic cells (TUNEL assay; green, highlighted by arrows). 4/,6-diamidino-2-
phenylindole (DAPI) was used for staining of nuclei (blue). HCs: hepatocytes; Bds: bile ducts.

3.3. Replacement of Functional Tissue Mass in Diseased Livers

The four major cell transplantation studies [6-9] described in Section 2.1 demonstrate
the capability of hepatocytes to effectively regenerate damaged hepatic tissue mass; how-
ever, these models do not represent common clinical circumstances. To study the influence
of the diseased microenvironment on the outcome of cell transplantation, established rodent
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disease models must be used. Using two fibrosis models (fibrosis induced by thioacetamide
[TAA], biliary fibrosis by bile duct ligation [BDL]) in DPPIV ™~ F344 rats, dramatic changes in
activin A/p15™K4 and its target genes were detected in fibrotic livers (Oertel, unpublished
data). Yovchev et al. [102] transplanted unfractionated ED15 FLSPCs into rat livers with
TAA-induced advanced fibrosis/cirrhosis. After FLSPC infusion into the portal vein, small
cell clusters were already detected at day 7, and repopulation levels with up to 41% tissue
replacement were observed at 4 months. Importantly, even after transplantation without
partial hepatectomy, FLSPCs engrafted and differentiated into both hepatic lineages, hepa-
tocytes and bile duct epithelial cells, and >25% repopulation was achieved, associated with
reduced fibrosis [102]. These observations suggest that changes in the activin A /p15NK4P
axis in fibrotic livers create local tissue regions with impaired regeneration, which enables
engraftment and drives the compensatory proliferation of infused cells. Using a second
fibrosis model, FLSPCs migrated and engrafted in the fibrotic liver and formed hepatic cell
clusters expressing hepatocyte nuclear factor (HNF)4a and claudin (Cldn)-7 at 2 months af-
ter cell infusion into the spleens of bile-duct-ligated rats without partial hepatectomy [103].
A substantial number of cells that engrafted in the spleen differentiated into hepatocytes
and bile duct structures. Moreover, FLSPCs differentiated into non-hepatic endodermal
lineages expressing caudal type homeobox 2 [Cdx2], pancreatic and duodenal homeobox 1
(Pdx1) and keratin 13 (CK-13). Therefore, FLSPCs contain multipotent endodermal stem
cells that colonize the diseased splenic microenvironment and differentiate into multiple
gastrointestinal tissues, including that of the liver, pancreas, intestine, and esophagus [103].

The influence of a diseased environment on the outcome of cell transplantation was
also demonstrated in studies using mature hepatocytes transplanted into bile-duct-ligated
rats [104]. Ongoing biliary fibrosis forces the selective growth advantage and phenotype
transition of ectopic-infused hepatocytes. After one week, engrafted hepatocytes showed
biliary epithelial marker expression (SRY-related high-mobility group box [Sox]-9), and
after a second week, clear hepatocyte-derived ductules were observed. At two months,
ten % of the transplanted hepatocyte-derived cell clusters contained bile duct structures—
phenotype transdifferentiation [105,106] is driven by the secreted pleiotropic cytokine
osteopontin [107] in fibrotic livers [104].

4. Human iPSC-Derived Cells and Application for Human Liver Diseases
4.1. Human iPSC-Derived Hepatocytes, Challenges and Opportunities

iPSC-derived cells are on their way to clinics (first-in-human clinical trial of iPSC-
derived neural stem/progenitor cells in spinal cord injuries is a recent example) [108].
Additionally, cellular immunotherapies for cancer, such as lymphoma, have used off-
the-shelf natural killer cell products derived from an induced pluripotent stem cell (iPSC)
line [109]. In 2020, Japanese doctors transplanted hepatocytes derived from embryonic stem
cells into a newborn baby suffering from a urea cycle disorder. This treatment decreased
ammonium levels and provided a bridge for the recipient to eventually reach appropriate
conditions for a liver transplant [110].

Induced hepatocytes, or iHeps, are developed either as a single cell population from
iPSCs or within multicellular systems, such as organoids. iHeps have the potential to pro-
vide a cell source that is autologous and functionally amenable for therapeutic repopulation
(reviewed extensively in refs. [73,111,112]). However, there are existing challenges with
the generation of these cells and their performance in vivo: (1) Developed cells have low
proliferative activity and often show aberrant signatures from other endodermal organs,
which limits the engraftment, repopulation, and robustness of their fates in vivo. (2) There
is a limited ability to control cell fate and long-term stability of iHeps after cell infusion.
Specifically, using soluble factors to generate these cells limits the ability to control their fate
of these cells after transplantation. (3) Signals from a physiological “human” niche, such as
endothelial cells or pericytes, are widely missing (particularly after cell transplantation).
(4) For final human applications, the scale of the cells and manufacturing enough of them
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for human-based therapeutics is a challenge and will be an issue considering their low
proliferating capacity and the possible lack of appropriate niche signals.

Ongoing research is focused on advancing the maturation of cells; however, improved
maturation may come at the cost of limiting the proliferative capacity of these cells. In vitro
cultures may also promote the generation of aberrant signatures. Importantly, current
culture media lack the physiological levels of factors necessary to capture the in vivo
environment. Further work to identify the aberrant signatures of developed cells and
to compare them with in vivo counterparts to direct the improvement of cell identity is
critical for developing better therapeutic cells. Different computational methods have
been developed to address this challenge [113,114]. Additionally, it has been shown that
engineering gene regulatory networks in hepatic organoids enables the guided maturation
of cells, which has also been accompanied by a decrease in aberrant signatures [115]. It
was also shown that cells further undergo maturation after implantation [116]; therefore,
developing cells with high proliferative capacity, such as fetal liver stem/progenitor cells,
which can out-compete diseased cells or host hepatocytes, are an important objective to
achieve maturation following implantation. However, an immature phenotype with an
aberrant signature of other endodermal organs may result in maturation toward non-
hepatocyte identities, as seen with fetal liver cells in a diseased microenvironment [103].
This clearly limits the safety profile of these cells.

4.2. Multilineage Human Fetal Liver Organoids and Their Therapeutic Benefits

Although human fetal livers can serve as a source of endodermal and mesoderm cells
for regenerative medicine [117], access to fetal liver tissue is limited due to both ethical
and practical reasons, as mentioned above. Therefore, the development of alternative cell
sources with fetal liver-like characteristics is of tremendous value.

Recently, a human fetal liver organoid was developed that captures the complexity of
the natural liver, including cell types, signaling cues and hematopoietic niche [115,118]. This
platform was produced from hiPSCs via transiently expressing the GATA6 transcription
factor to trigger both endoderm and mesoderm differentiations and the co-differentiation of
progenitor cells through reciprocal cell-cell interactions. Without further supplementation
of growth factors, these cells co-differentiated in a stepwise fashion into a complex, fetal
liver-like tissue relying on self-produced, more physiological concentrations of the signal-
ing cues. Within two weeks, a vascularized hepatic-like tissue that contained CEBPa, AAT*
hepatoblasts, CD34* endothelium and desmin* stellate-like cells was generated. The devel-
oped tissue also contained DLK-1* hepatoblast-like cells and showed the production of cell
types that are normally found in developing fetal livers, such as nestin* pericytes [115,118].

In contrast to primary cells, human iPSC fulfills a cell source that can be induced to
differentiate, tested in vivo, assessed, and redesigned for better performance in regenerative
therapies. With the advent of synthetic developmental biology, it will be possible to
generate designer cells that mimic the key specifics of in vivo tissues [115,119]. For example,
synthetic fetal liver tissue may provide key fetal cell courses necessary for therapeutic
repopulation. Additionally, via genome editing technologies [119], one can re-design
certain characteristics for the generation of cells with more potent repopulation capacity
and safety switches for controlled in vivo monitoring and functions (Figure 3). Hence,
combining iPSCs and synthetic biology with knowledge obtained from fetal liver cells will
enable more effective therapeutic liver repopulation.
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Figure 3. Generation of synthetic fetal liver organoids using human iPSCs can provide a novel
platform for human liver repopulation during diseased conditions. Human skin cells can be re-
programmed to human iPSCs using reprogramming factors. Developed iPSCs can differentiate
toward synthetic multicellular fetal liver organoids using, e.g., GATA6 genetic circuits. Produced
organoids can represent a human cell source with a potentially competitive advantage for therapeutic
liver repopulation.

5. Concluding Remarks

Cell transplantation with an emphasis on candidate cells represents a promising alter-
native to whole liver transplantation [120-124]. In this regard, recent research has focused
on the mechanisms through which growth-advantaged cells out-compete host liver cells, as
well as on the characteristics of liver microenvironments that augment tissue replacement
by transplanted cells. Cell competition, or ‘survival of the fittest cells’, is a universal process
involved in the regulation of organ size, the elimination of mutant and injured cells, aging,
as well as cancer [93,125]. Besides FLSPCs, hepatocyte transplantation studies have also
shown evidence that cell competition is involved in tissue repopulation. Pasciu et al. [126]
reported that transplanted young rat hepatocytes, which normally do not repopulate a
normal liver [77], formed cell clusters in aged host liver. Hepatocytes transduced ex vivo
with a lentivirus vector encoding the human YapERT?2 fusion protein exhibited a growth
advantage, driving repopulation in normal rat livers, and 10% and 14% tissue replacement
was achieved at 6 and 12 months, respectively [127,128], representing repopulation levels
with a therapeutic effect in human patients [129]. Despite all these amazing findings,
molecular pathways involved in cell competition driving liver repopulation still require
further study.

Using experimental models similar to human fibrosis/cirrhosis, studies have demon-
strated that transplanted FLSPCs generate new tissue mass in cirrhotic livers, reversing
fibrosis. These studies overturned the long-held belief that cirrhotic microenvironments
are contraindications for human cell therapies. Moreover, fetal livers harbor endodermal
stem cells that can form multiple gastrointestinal tissues, as well as candidate cells with
therapeutic potential for diseased organs beyond the liver. Such observations are important
contributions to the field of regenerative medicine and build the framework to generate
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designer cells derived from iPSCs with favorable fetal liver stem/progenitor cell features
in the future.

Funding: This work is partly funded by NIH grant R01 DK130949 from the National Institute of
Diabetes and Digestive and Kidney Diseases (to M.O.); NIH center core grant P30 DK120531 from
the National Institute of Diabetes and Digestive and Kidney Diseases (to PLRC); NIH grants R01
EB028532 from the National Institute of Biomedical Imaging and Bioengineering, R01 HL141805 from
the National Heart Lung and Blood Institute and NSF grant (award number 2134999) (to M.R.E.).

Acknowledgments: The authors would like to thank all students and postdocs in their labs and
collaborators, who were involved in the studies cited in this review. Biorender software was used
for Figure 3.

Conflicts of Interest: The authors indicate no potential conflict of interest.

References

1.

ISUN I

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kang, L.I.; Mars, W.M.; Michalopoulos, G.K. Signals and cells involved in regulating liver regeneration. Cells 2012, 1, 1261-1292.
[CrossRef]

Xu, J.; Murphy, S.L.; Kochanek, K.D.; Bastian, B.A. Deaths: Final data for 2013. Natl. Vital Stat. Rep. 2016, 64, 1-119.

Cardenas, A.; Gines, P. Management of patients with cirrhosis awaiting liver transplantation. Gut 2011, 60, 412-421. [CrossRef]
Available online: http:/ /optn.transplant.hrsa.gov (accessed on 25 January 2023).

Gramignoli, R.; Vosough, M.; Kannisto, K.; Srinivasan, R.C.; Strom, S.C. Clinical hepatocyte transplantation: Practical limits and
possible solutions. Eur. Surg. Res. 2015, 54, 162-177. [CrossRef]

Rhim, J.A.; Sandgren, E.P; Degen, ].L.; Palmiter, R.D.; Brinster, R.L. Replacement of diseased mouse liver by hepatic cell
transplantation. Science 1994, 263, 1149-1152. [CrossRef] [PubMed]

Overturf, K.; Al-Dhalimy, M.; Tanguay, R.; Brantly, M.; Ou, C.N.; Finegold, M.; Grompe, M. Hepatocytes corrected by gene
therapy are selected in vivo in a murine model of hereditary tyrosinaemia type I. Nat. Genet. 1996, 12, 266—273. [CrossRef]
Laconi, E.; Oren, R.; Mukhopadhyay, D.K.; Hurston, E.; Laconi, S.; Pani, P.; Dabeva, M.D.; Shafritz, D.A. Long-term, near-total
liver replacement by transplantation of isolated hepatocytes in rats treated with retrorsine. Am. J. Pathol. 1998, 153, 319-329.
[CrossRef] [PubMed]

Gubha, C.; Sharma, A.; Gupta, S.; Alfieri, A.; Gorla, G.R.; Gagandeep, S.; Sokhi, R.; Roy-Chowdhury, N.; Tanaka, K.E.; Vikram, B.;
et al. Amelioration of radiation-induced liver damage in partially hepatectomized rats by hepatocyte transplantation. Cancer Res.
1999, 59, 5871-5874. [PubMed]

Jirtle, R.L.; Biles, C.; Michalopoulos, G. Morphologic and histochemical analysis of hepatocytes transplanted into syngeneic hosts.
Am. |. Pathol. 1980, 101, 115-126.

Sandhu, J.S.; Petkov, PM.; Dabeva, M.D.; Shafritz, D.A. Stem cell properties and repopulation of the rat liver by fetal liver
epithelial progenitor cells. Am. J. Pathol. 2001, 159, 1323-1334. [CrossRef]

Oertel, M.; Menthena, A.; Dabeva, M.D.; Shafritz, D.A. Cell competition leads to a high level of normal liver reconstitution by
transplanted fetal liver stem /progenitor cells. Gastroenterology 2006, 130, 507-520. [CrossRef]

Sandgren, E.P,; Palmiter, R.D.; Heckel, ].L.; Daugherty, C.C.; Brinster, R.L.; Degen, J.L. Complete hepatic regeneration after somatic
deletion of an albumin-plasminogen activator transgene. Cell 1991, 66, 245-256. [CrossRef] [PubMed]

Zhang, L.; Shao, Y.; Li, L,; Tian, F; Cen, J.; Chen, X.; Hu, D.; Zhou, Y.; Xie, W.; Zheng, Y.; et al. Efficient liver repopulation of
transplanted hepatocyte prevents cirrhosis in a rat model of hereditary tyrosinemia type I. Sci. Rep. 2016, 6, 31460. [CrossRef]
Chen, H.; Harding, C.O.; Kaiser, R.A.; Nyberg, S.L.; Lillegard, J.B. Autologous gene and cell therapy provides safe and long-term
curative therapy in a large pig model of hereditary tyrosinemia type 1. Cell Transplant. 2019, 28, 79-88.

Witek, R.P; Fisher, S.H.; Petersen, B.E. Monocrotaline, an alternative to retrorsine-based hepatocyte transplantation in rodents.
Cell Transplant. 2005, 14, 41-47. [CrossRef]

Petersen, J.; Dandri, M.; Gupta, S.; Rogler, C.E. Liver repopulation with xenogenic hepatocytes in B and T cell-deficient mice leads
to chronic hepadnavirus infection and clonal growth of hepatocellular carcinoma. Proc. Natl. Acad. Sci. USA 1998, 95, 310-315.
[CrossRef]

Mercer, D.; Schiller, D.; Elliott, ].E; Douglas, D.N.; Hao, C.; Rinfret, A.; Addison, W.R,; Fischer, K.P.; Churchill, T.A.; Lakey, J.R.T.;
et al. Hepatitis C virus replication in mice with chimeric human livers. Nat. Med. 2001, 7, 927-933. [CrossRef] [PubMed]
Haridass, D.; Yuan, Q.; Becker, P.D.; Cantz, T.; Iken, M.; Rothe, M.; Narain, N.; Bock, M.; Norder, M.; Legrand, N.; et al.
Repopulation efficiencies of adult hepatocytes, fetal liver progenitor cells, and embryonic stem cell-derived hepatic cells in
albumin-promoter-enhancer urokinase-type plasminogen activator mice. Am. J. Pathol. 2009, 175, 1483-1492. [CrossRef] [PubMed]
Azuma, H.; Paulk, N.; Ranade, A.; Dorrell, C.; Al-Dhalimy, M.; Ellis, E.; Strom, S.; Kay, M.A.; Finegold, M.; Grompe, M. Robust
expansion of human hepatocytes in Fah~/~ /Rag2~/~ /I12rg~/~ mice. Nat. Biotechnol. 2007, 25,903-910. [CrossRef]

Wilson, E.M.; Bial, J.; Tarlow, B.; Bial, G.; Jensen, B.; Greiner, D.L.; Brehm, M.A.; Grompe, M. Extensive double humanization of
both liver and hematopoiesis in FRGN mice. Stern Cell Res. 2014, 13, 404—412. [CrossRef]


http://doi.org/10.3390/cells1041261
http://doi.org/10.1136/gut.2009.179937
http://optn.transplant.hrsa.gov
http://doi.org/10.1159/000369552
http://doi.org/10.1126/science.8108734
http://www.ncbi.nlm.nih.gov/pubmed/8108734
http://doi.org/10.1038/ng0396-266
http://doi.org/10.1016/S0002-9440(10)65574-5
http://www.ncbi.nlm.nih.gov/pubmed/9665494
http://www.ncbi.nlm.nih.gov/pubmed/10606225
http://doi.org/10.1016/S0002-9440(10)62519-9
http://doi.org/10.1053/j.gastro.2005.10.049
http://doi.org/10.1016/0092-8674(91)90615-6
http://www.ncbi.nlm.nih.gov/pubmed/1713128
http://doi.org/10.1038/srep31460
http://doi.org/10.3727/000000005783983278
http://doi.org/10.1073/pnas.95.1.310
http://doi.org/10.1038/90968
http://www.ncbi.nlm.nih.gov/pubmed/11479625
http://doi.org/10.2353/ajpath.2009.090117
http://www.ncbi.nlm.nih.gov/pubmed/19717639
http://doi.org/10.1038/nbt1326
http://doi.org/10.1016/j.scr.2014.08.006

Cells 2023, 12, 529 110f15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Yuan, L.; Liu, X.; Zhang, L.; Li, X.; Zhang, Y.; Wu, K.; Chen, Y; Cao, ].; Hou, W.; Zhang, ].; et al. A Chimeric humanized mouse
model by engrafting the human induced pluripotent stem cell-derived hepatocyte-like cell for the chronic hepatitis B virus
infection. Front. Microbiol. 2018, 9, 908. [CrossRef]

Hasegawa, M.; Kawai, K.; Mitsui, T.; Taniguchi, K.; Monnai, M.; Wakui, M.; Ito, M.; Suematsu, M.; Peltz, G.; Nakamura, M.;
et al. The reconstituted ‘humanized liver” in TK-NOG mice is mature and functional. Biochem. Biophys. Res. Commun. 2011,
405, 405-410. [CrossRef]

Maulhardt, H.A.; Hylle, L.; Frost, M.V,; Tornio, A.; Dafoe, S.; Drummond, L.; Quinn, D.I.; Kamat, A.M.; diZerega, G.S. Local
injection of submicron particle docetaxel is associated with tumor eradication, reduced systemic toxicity and an immunologic
response in uro-oncologic xenografts. Cancers 2019, 11, 577. [CrossRef]

Farber, E. Similarities in the sequence of early histological changes induced in the liver of the rat by ethionine, 2-acetylamino-
fluorene, and 3’-methyl-4-dimethylaminoazobenzene. Cancer Res. 1956, 16, 142-148.

Sells, M.A.; Katyal, S.L.; Shinozuka, H.; Estes, L.W.; Sell, S.; Lombardi, B. Isolation of oval cells and transitional cells from the
livers of rats fed the carcinogen DL-ethionine. J. Natl. Cancer Inst. 1981, 66, 355-362. [PubMed]

Lemire, ].M.; Shiojiri, N.; Fausto, N. Oval cell proliferation and the origin of small hepatocytes in liver injury induced by
D-galactosamine. Am. J. Pathol. 1991, 139, 535-552. [PubMed]

Wang, X.; Foster, M.; Al-Dhalimy, M.; Lagasse, E.; Finegold, M.; Grompe, M. The origin and liver repopulating capacity of murine
oval cells. Proc. Natl. Acad. Sci. USA 2003, 100 (Suppl. 1), 11881-11888. [CrossRef] [PubMed]

Song, S.; Witek, R.P; Lu, Y.; Choi, Y.-K.; Zheng, D.; Jorgensen, M.; Li, C.; Flotte, T.R.; Petersen, B.E. Ex vivo transduced liver
progenitor cells as a platform for gene therapy in mice. Hepatology 2004, 40, 918-924. [CrossRef] [PubMed]

Yovchev, M.L; Grozdanov, P.N.; Zhou, H.; Racherla, H.; Guha, C.; Dabeva, M.D. Identification of adult hepatic progenitor cells
capable of repopulating injured rat liver. Hepatology 2008, 47, 636-647. [CrossRef] [PubMed]

Petersen, B.E.; Bowen, W.C.; Patrene, K.D.; Mars, W.M.; Sullivan, A K.; Murase, N.; Boggs, S.S.; Greenberger, J.S.; Goff, ].P. Bone
marrow as a potential source of hepatic oval cells. Science 1999, 284, 1168-1170. [CrossRef] [PubMed]

Theise, N.D.; Badve, S.; Saxena, R.; Henegariu, O.; Sell, S.; Crawford, ].M.; Krause, D.S. Derivation of hepatocytes from bone
marrow cells in mice after radiation-induced myeloablation. Hepatology 2000, 31, 235-240. [CrossRef]

Lagasse, E.; Connors, H.; Al-Dhalimy, M.; Reitsma, M.; Dohse, M.; Osborne, L.; Wang, X.; Finegold, M.; Weissman, I.L.; Grompe,
M. Purified hematopoietic stem cells can differentiate into hepatocytes in vivo. Nat. Med. 2000, 6, 1229-1234. [CrossRef]

Wang, X.; Willenbring, H.; Akkari, Y.; Torimaru, Y.; Foster, M.; Al-Dhalimy, M.; Lagasse, E.; Finegold, M.; Olson, S.; Grompe, M.
Cell fusion is the principal source of bone-marrow-derived hepatocytes. Nature 2003, 422, 897-901. [CrossRef]

Vassilopoulos, G.; Wang, P-R.; Russell, D.W. Transplanted bone marrow regenerates liver by cell fusion. Nature 2003, 422, 901-904.
[CrossRef] [PubMed]

Willenbring, H.; Bailey, A.S.; Foster, M.; Akkari, Y.; Dorrell, C.; Olson, S.; Finegold, M.; Fleming, W.H.; Grompe, M. Myelomono-
cytic cells are sufficient for therapeutic cell fusion in liver. Nat. Med. 2004, 10, 744-748. [CrossRef] [PubMed]

Menthena, A.; Deb, N.; Oertel, M.; Grozdanov, P.N.; Sandhu, J.; Shah, S.; Guha, C.; Shafritz, D.A.; Dabeva, M.D. Bone marrow
progenitors are not the source of expanding oval cells in injured liver. Stem Cells 2004, 22, 1049-1061. [CrossRef] [PubMed]
Danet, G.H.; Luongo, ].L.; Butler, G.; Lu, M.M.; Tenner, A.].; Simon, M.C.; Bonnet, D.A. C1qRp defines a new human stem cell
population with hematopoietic and hepatic potential. Proc. Natl. Acad. Sci. USA 2002, 99, 10441-10445. [CrossRef]

Newsome, PN.; Johannessen, I.; Boyle, S.; Dalakas, E.; Mcaulay, K.A.; Samuel, K,; Rae, E; Forrester, L.; Turner, M.L.; Hayes, P.C,;
et al. Human cord blood-derived cells can differentiate into hepatocytes in the mouse liver with no evidence of cellular fusion.
Gastroenterology 2003, 124, 1891-18900. [CrossRef]

Kollet, O.; Shivtiel, S.; Chen, Y.Q.; Suriawinata, J.; Thung, S.N.; Dabeva, M.D.; Kahn, J.; Spiegel, A.; Dar, A.; Samira, S.; et al.
HGE, SDF-1, and MMP-9 are involved in stress-induced human CD34+ stem cell recruitment to the liver. J. Clin. Investig. 2003,
112,160-169. [CrossRef]

Jiang, Y.; Jahagirdar, B.N.; Reinhardt, R.L.; Schwartz, R.E.; Keene, C.D.; Ortiz-Gonzalez, X.R.; Reyes, M.; Lenvik, T.; Lund, T.;
Blackstad, M.; et al. Pluripotency of mesenchymal stem cells derived from adult marrow. Nature 2002, 418, 41-49. [CrossRef]
Sharma, A.D.; Cantz, T.; Richter, R.; Eckert, K.; Henschler, R.; Wilkens, L.; Jochheim-Richter, A.; Arseniev, L.; Ott, M. Human
cord blood stem cells generate human cytokeratin 18-negative hepatocyte-like cells in injured mouse liver. Am. J. Pathol. 2005,
167,555-564. [CrossRef] [PubMed]

Aurich, I; Mueller, L.P.; Aurich, H.; Luetzkendorf, ].; Tisljar, K.; Dollinger, M.M.; Schormann, W.; Walldorf, J.; Hengstler, ].G.;
Fleig, W.E.; et al. Functional integration of hepatocytes derived from human mesenchymal stem cells into mouse livers. Gut 2007,
56, 405-415. [CrossRef] [PubMed]

Brulport, M.; Schormann, W.; Bauer, A.; Hermes, M.; Elsner, C.; Hammersen, E]J.; Beerheide, W.; Spitkovsky, D.; Hartig, W.;
Nussler, A.; et al. Fate of extrahepatic human stem and precursor cells after transplantation into mouse livers. Hepatology 2007,
46, 861-870. [CrossRef] [PubMed]

Campard, D.; Lysy, P.A.; Najimi, M.; Sokal, E.M. Native umbilical cord matrix stem cells express hepatic markers and differentiate
into hepatocyte-like cells. Gastroenterology 2008, 134, 833-848. [CrossRef] [PubMed]

Sgodda, M.; Aurich, H.; Kleist, S.; Aurich, I.; Konig, S.; Dollinger, M.M.; Fleig, W.E.; Christ, B. Hepatocyte differentiation of
mesenchymal stem cells from rat peritoneal adipose tissue in vitro and in vivo. Exp. Cell Res. 2007, 313, 2875-2886. [CrossRef]


http://doi.org/10.3389/fmicb.2018.00908
http://doi.org/10.1016/j.bbrc.2011.01.042
http://doi.org/10.3390/cancers11040577
http://www.ncbi.nlm.nih.gov/pubmed/7005506
http://www.ncbi.nlm.nih.gov/pubmed/1716045
http://doi.org/10.1073/pnas.1734199100
http://www.ncbi.nlm.nih.gov/pubmed/12902545
http://doi.org/10.1002/hep.1840400422
http://www.ncbi.nlm.nih.gov/pubmed/15382177
http://doi.org/10.1002/hep.22047
http://www.ncbi.nlm.nih.gov/pubmed/18023068
http://doi.org/10.1126/science.284.5417.1168
http://www.ncbi.nlm.nih.gov/pubmed/10325227
http://doi.org/10.1002/hep.510310135
http://doi.org/10.1038/81326
http://doi.org/10.1038/nature01531
http://doi.org/10.1038/nature01539
http://www.ncbi.nlm.nih.gov/pubmed/12665833
http://doi.org/10.1038/nm1062
http://www.ncbi.nlm.nih.gov/pubmed/15195088
http://doi.org/10.1634/stemcells.22-6-1049
http://www.ncbi.nlm.nih.gov/pubmed/15536195
http://doi.org/10.1073/pnas.162104799
http://doi.org/10.1016/S0016-5085(03)00401-3
http://doi.org/10.1172/JCI17902
http://doi.org/10.1038/nature00870
http://doi.org/10.1016/S0002-9440(10)62997-5
http://www.ncbi.nlm.nih.gov/pubmed/16049339
http://doi.org/10.1136/gut.2005.090050
http://www.ncbi.nlm.nih.gov/pubmed/16928726
http://doi.org/10.1002/hep.21745
http://www.ncbi.nlm.nih.gov/pubmed/17668884
http://doi.org/10.1053/j.gastro.2007.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18243183
http://doi.org/10.1016/j.yexcr.2007.05.020

Cells 2023, 12, 529 12 0f 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Aurich, H,; Sgodda, M.; Kaltwasser, P.; Vetter, M.; Weise, A.; Liehr, T.; Brulport, M.; Hengstler, ].G.; Dollinger, M.M.; Fleig, W.E.;
et al. Hepatocyte differentiation of mesenchymal stem cells from human adipose tissue in vitro promotes hepatic integration
in vivo. Gut 2009, 58, 570-581. [CrossRef] [PubMed]

Zhang, Z.; Wang, ES. Stem cell therapies for liver failure and cirrhosis. J. Hepatol. 2013, 59, 183-835. [CrossRef] [PubMed]
Zhou, W.; Nelson, E.D.; Abu Rmilah, A.A.; Amiot, B.P.; Nyberg, S.L. Stem cell-related studies and stem cell-based therapies in
liver diseases. Cell Transplant. 2019, 28, 1116-1122. [CrossRef]

Liu, P; Mao, Y.; Xie, Y.; Wei, J.; Yao, J. Stem cells for treatment of liver fibrosis/cirrhosis: Clinical progress and therapeutic
potential. Stem Cell Res. Ther. 2022, 13, 356. [CrossRef]

Miki, T.; Lehmann, T.; Cai, H.; Stolz, D.B.; Strom, S.C. Stem cell characteristics of amniotic epithelial cells. Sterm Cells 2005,
23,1549-1559. [CrossRef]

Marongiu, F; Gramignoli, R.; Dorko, K.; Miki, T.; Ranade, A.R.; Serra, M.P,; Doratiotto, S.; Sini, M.; Sharma, S.; Mitamura, K.; et al.
Hepatic differentiation of amniotic epithelial cells. Hepatology 2011, 53, 1719-1729. [CrossRef] [PubMed]

Skvorak, K.J.; Dorko, K.; Marongiu, F.; Tahan, V.; Hansel, M.C.; Gramignoli, R.; Gibson, K.M.; Strom, S.C. Placental stem cell
correction of murine intermediate maple syrup urine disease. Hepatology 2013, 57, 1017-1023. [CrossRef] [PubMed]
Manuelpillai, U.; Lourensz, D.; Vaghjiani, V.; Tchongue, |.; Lacey, D.; Tee, ].Y,; Murthi, P; Chan, J.; Hodge, A.; Sievert, W. Human
amniotic epithelial cell transplantation induces markers of alternative macrophage activation and reduces established hepatic
fibrosis. PLoS ONE 2012, 7, e38631. [CrossRef]

Alhomrani, M.; Correia, J.; Zavou, M.; Leaw, B.; Kuk, N.; Xu, R.; Saad, M.IL;; Hodge, A.; Greening, D.W.; Lim, R.; et al. The human
amnion epithelial cell secretome decreases hepatic fibrosis in mice with chronic liver fibrosis. Front. Pharmacol. 2017, 8, 748.
[CrossRef] [PubMed]

Rodriguez, N.S.; Yanuaria, L.; Parducho, KM.R.; Garcia, LM.; Varghese, B.A.; Grubbs, B.H.; Miki, T. Liver-directed human
amniotic epithelial cell transplantation improves systemic disease phenotype in Hurler syndrome mouse model. Stem Cells Transl.
Med. 2017, 6, 1583-1594. [CrossRef] [PubMed]

Evans, M.].; Kaufman, M.H. Establishment in culture of pluripotential cells from mouse embryos. Nature 1981, 292, 154-156.
[CrossRef]

Hamazaki, T.; liboshi, Y.; Oka, M.; Papst, P.J.; Meacham, A.M.; Zon, L.I.; Terada, N. Hepatic maturation in differentiating
embryonic stem cells in vitro. FEBS Lett. 2001, 497, 15-19. [CrossRef]

Heo, J.; Factor, V.M.; Uren, T.; Takahama, Y.; Lee, ].-S.; Major, M.; Feinstone, S.M.; Thorgeirsson, S.S. Hepatic precursors derived
from murine embryonic stem cells contribute to regeneration of injured liver. Hepatology 2006, 44, 1478-1486. [CrossRef]
Gouon-Evans, V.; Boussemart, L.; Gadue, P.; Nierhoff, D.; Koehler, C.I.; Kubo, A.; Shafritz, D.A.; Keller, G. BMP-4 is required for
hepatic specification of mouse embryonic stem cell-derived definitive endoderm. Nat. Biotechnol. 2006, 24, 1402-1411. [CrossRef]
Basma, H.; Soto-Gutiérrez, A.; Yannam, G.R.; Liu, L.; Ito, R.; Yamamoto, T.; Ellis, E.; Carson, S.D.; Sato, S.; Chen, Y.; et al.
Differentiation and transplantation of human embryonic stem cell-derived hepatocytes. Gastroenterology 2009, 136, 990-999.
[CrossRef]

Leduc, E.H.; Wilson, ].W. Production of transplantable hepatomas by intrasplenic implantation of normal liver in the mouse. J.
Natl. Cancer Inst. 1963, 30, 85-99. [PubMed]

Ebata, H.; Mito, M. Intrasplenic fetal rat hepatic tissue isotransplantation. Transplantation 1985, 39, 77-79. [PubMed]

Suzuki, A.; Zheng, Y.-W.; Kondo, R.; Kusakabe, M.; Takada, Y.; Fukao, K.; Nakauchi, H.; Taniguchi, H. Flow-cytometric separation
and enrichment of hepatic progenitor cells in the developing mouse liver. Hepatology 2000, 32, 1230-1239. [CrossRef]

Suzuki, A.; Zheng, Y.-W.; Kaneko, S.; Onodera, M.; Fukao, K.; Nakauchi, H.; Taniguchi, H. Clonal identification and characteriza-
tion of self-renewing pluripotent stem cells in the developing liver. Cell Biol. 2002, 156, 173-184. [CrossRef] [PubMed]
Tanimizu, N.; Nishikawa, M.; Saito, H.; Tsujimura, T.; Miyajima, A. Isolation of hepatoblasts based on the expression of Dlk/Pref-1.
J. Cell Sci. 2003, 116, 1775-1786. [CrossRef]

Nierhoff, D.; Ogawa, A.; Oertel, M.; Chen, Y.-Q.; Shafritz, D.A. Purification and characterization of mouse fetal liver epithelial
cells with high in vivo repopulation capacity. Hepatology 2005, 42, 130-139. [CrossRef]

Kubota, H.; Reid, L.M. Clonogenic hepatoblasts, common precursors for hepatocytic and biliary lineages, are lacking classical
major histocompatibility complex class I antigen. Proc. Natl. Acad. Sci. USA 2000, 97, 12132-12137. [CrossRef]

Suzuki, A.; Zheng, Y.-W.; Fukao, K.; Nakauchi, H.; Taniguchi, H. Liver repopulation by c-Met-positive stem/progenitor cells
isolated from the developing rat liver. Hepatogastroenterology 2004, 51, 423-426.

Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006, 126, 663—676. [CrossRef]

Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, ].L.; Tian, S.; Nie, J.; Jonsdottir, G.A.; Ruotti, V.; Stewart, R.;
et al. Induced pluripotent stem cell lines derived from human somatic cells. Science 2007, 318, 1917-1920. [CrossRef] [PubMed]
Chen, Y,; Li, Y.; Wang, X.; Zhang, W.; Sauer, V.; Chang, C.J.; Han, B.; Tchaikovskaya, T.; Avsar, Y.; Tafaleng, E.; et al. Amelioration
of Hyperbilirubinemia in Gunn Rats after Transplantation of Human Induced Pluripotent Stem Cell-Derived Hepatocytes. Stem
Cell Rep. 2015, 5, 22-30. [CrossRef] [PubMed]

Rezvani, M.; Grimm, A.A.; Willenbring, H. Assessing the therapeutic potential of lab-made hepatocytes. Hepatology 2016,
64,287-294. [CrossRef]


http://doi.org/10.1136/gut.2008.154880
http://www.ncbi.nlm.nih.gov/pubmed/19022918
http://doi.org/10.1016/j.jhep.2013.01.018
http://www.ncbi.nlm.nih.gov/pubmed/23353868
http://doi.org/10.1177/0963689719859262
http://doi.org/10.1186/s13287-022-03041-5
http://doi.org/10.1634/stemcells.2004-0357
http://doi.org/10.1002/hep.24255
http://www.ncbi.nlm.nih.gov/pubmed/21374689
http://doi.org/10.1002/hep.26150
http://www.ncbi.nlm.nih.gov/pubmed/23175463
http://doi.org/10.1371/journal.pone.0038631
http://doi.org/10.3389/fphar.2017.00748
http://www.ncbi.nlm.nih.gov/pubmed/29114223
http://doi.org/10.1002/sctm.16-0449
http://www.ncbi.nlm.nih.gov/pubmed/28585336
http://doi.org/10.1038/292154a0
http://doi.org/10.1016/S0014-5793(01)02423-1
http://doi.org/10.1002/hep.21441
http://doi.org/10.1038/nbt1258
http://doi.org/10.1053/j.gastro.2008.10.047
http://www.ncbi.nlm.nih.gov/pubmed/13929044
http://www.ncbi.nlm.nih.gov/pubmed/3880967
http://doi.org/10.1053/jhep.2000.20349
http://doi.org/10.1083/jcb.200108066
http://www.ncbi.nlm.nih.gov/pubmed/11781341
http://doi.org/10.1242/jcs.00388
http://doi.org/10.1002/hep.20735
http://doi.org/10.1073/pnas.97.22.12132
http://doi.org/10.1016/j.cell.2006.07.024
http://doi.org/10.1126/science.1151526
http://www.ncbi.nlm.nih.gov/pubmed/18029452
http://doi.org/10.1016/j.stemcr.2015.04.017
http://www.ncbi.nlm.nih.gov/pubmed/26074313
http://doi.org/10.1002/hep.28569

Cells 2023, 12, 529 13 of 15

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.
97.

98.

99.

Zhu, S.; Rezvani, M.; Harbell, J.; Mattis, A.N.; Wolfe, A.R.; Benet, L.Z.; Willenbring, H.; Ding, S. Mouse liver repopulation with
hepatocytes generated from human fibroblasts. Nature 2014, 508, 93-97. [CrossRef] [PubMed]

Du, Y,; Wang, ].; Jia, J.; Song, N.; Xiang, C.; Xu, J.; Hou, Z.; Su, X,; Liu, B.; Jiang, T.; et al. Human hepatocytes with drug metabolic
function induced from fibroblasts by lineage reprogramming. Cell Stem Cell 2014, 14, 394—403. [CrossRef]

Thompson, N.L.; Hixson, D.C.; Callanan, H.; Panzica, M.; Flanagan, D.; Faris, R.A.; Hong, W.J.; Hartel-Schenk, S.; Doyle, D. A
Fischer rat substrain deficient in dipeptidyl peptidase IV activity makes normal steady-state RNA levels and an altered protein.
Use as a liver-cell transplantation model. Biochem. J. 1991, 273, 497-502. [CrossRef]

Rajvanshi, P; Kerr, A.; Bhargava, K.K.; Burk, R.D.; Gupta, S. Studies of liver repopulation using the dipeptidyl peptidase
IV-deficient rat and other rodent recipients: Cell size and structure relationships regulate capacity for increased transplanted
hepatocyte mass in the liver lobule. Hepatology 1996, 23, 482—496. [CrossRef]

Oertel, M.; Menthena, A.; Chen, Y.; Teisner, B.; Jensen, C.H.; Shafritz, D.A. Purification of fetal liver stem/progenitor cells
containing all the repopulating potential for the normal adult rat liver. Gastroenterology 2008, 134, 823-832. [CrossRef] [PubMed]
Floridon, C.; Jensen, C.H.; Thorsen, P; Nielsen, O.; Sunde, L.; Westergaard, ].G.; Thomsen, S.G.; Teisner, B. Does fetal antigen
1 (FA1) identify cells with regenerative, endocrine and neuroendocrine potentials? A study of FAl in embryonic, fetal, and
placental tissue and in maternal circulation. Differentiation 2000, 66, 49-59. [CrossRef]

Jensen, C.H.; Jauho, E.I; Santoni-Rugiu, E.; Holmskov, U.; Teisner, B.; Tygstrup, N.; Bisgaard, H.C. Transit-amplifying duc-
tular (oval) cells and their hepatocytic progeny are characterized by a novel and distinctive expression of delta-like pro-
tein/preadipocyte factor 1/fetal antigen 1. Am. |. Pathol. 2004, 164, 1347-1359. [CrossRef]

Tanimizu, N.; Tsujimura, T.; Takahide, K.; Kodama, T.; Nakamura, K.; Miyajima, A. Expression of Dlk/Pref-1 defines a
subpopulation in the oval cell compartment of rat liver. Gene Expr. Patterns 2004, 5, 209-218. [CrossRef]

Oertel, M.; Menthena, A.; Chen, Y.Q.; Shafritz, D.A. Comparison of hepatic properties and transplantation of Thy-1+ and Thy-1-
cells isolated from ED14 rat fetal liver. Hepatology 2007, 46, 1236-1245. [CrossRef]

Fiegel, H.C.; Park, J.J.; Lioznov, M.V.; Martin, A.; Jaeschke-Melli, S.; Kaufmann, P.M.; Fehse, B.; Zander, A.R.; Kluth, D.
Characterization of cell types during rat liver development. Hepatology 2003, 37, 148-154. [CrossRef]

Masson, N.M.; Currie, L.S.; Terrace, J.D.; Garden, O.].; Parks, R.W.; Ross, ].A. Hepatic progenitor cells in human fetal liver express
the oval cell marker Thy-1. Am. ]. Physiol. Gastrointest. Liver Physiol. 2006, 291, G45-G54. [CrossRef]

Menthena, A.; Koehler, C.I.; Sandhu, ].S.; Yovchev, ML.I; Hurston, E.; Shafritz, D.A.; Oertel, M. Activin A, p15INK4b signaling,
and cell competition promote stem/progenitor cell repopulation of livers in aging rats. Gastroenterology 2011, 140, 1009-1020.
[CrossRef] [PubMed]

Oertel, M.; Menthena, A.; Chen, Y.; Shafritz, D.A. Properties of cryopreserved fetal liver stem/progenitor cells that exhibit
long-term repopulation of the normal rat liver. Stem Cells 2006, 24, 2244-2251. [CrossRef] [PubMed]

Khan, A.A.; Shaik, M.V,; Parveen, N.; Rajendraprasad, A.; Aleem, M.A.; Habeeb, M.A.; Srinivas, G.; Raj, T.A.; Tiwari, S.K,;
Kumaresan, K.; et al. Human fetal liver-derived stem cell transplantation as supportive modality in the management of end-stage
decompensated liver cirrhosis. Cell Transplant. 2010, 19, 409-418. [CrossRef] [PubMed]

Gridelli, B.; Vizzini, G.; Pietrosi, G.; Luca, A.; Spada, M.; Gruttadauria, S.; Cintorino, D.; Amico, G.; Chinnici, C.; Miki, T.; et al.
Efficient human fetal liver cell isolation protocol based on vascular perfusion for liver cell-based therapy and case report on cell
transplantation. Liver Transplant. 2012, 18, 226-237. [CrossRef]

Cardinale, V.; Carpino, G.; Gentile, R.; Napoletano, C.; Rahimi, H.; Franchitto, A.; Semeraro, R.; Nuti, M.; Onori, P.; Berloco, P.B,;
et al. Transplantation of human fetal biliary tree stem/progenitor cells into two patients with advanced liver cirrhosis. BMC
Gastroenterol. 2014, 14, 204. [CrossRef] [PubMed]

Pietrosi, G.; Vizzini, G.; Gerlach, J.; Chinnici, C.; Luca, A.; Amico, G.; D’Amato, M.; Conaldi, P.G.; Petri, S.L.; Spada, M.; et al.
Phases I-1I matched case-control study of human fetal liver cell transplantation for treatment of chronic liver disease. Cell
Transplant. 2015, 24, 1627-1638. [CrossRef]

Vimalesvaran, S.; Nulty, J.; Dhawan, A. Cellular Therapies in Pediatric Liver Diseases. Cells 2022, 11, 2483. [CrossRef]

Morata, G.; Ripoll, P. Minutes: Mutants of drosophila autonomously affecting cell division rate. Dev. Biol. 1975, 42, 211-221.
[CrossRef]

Bowling, S.; Lawlor, K.; Rodriguez, T.A. Cell competition: The winners and losers of fitness selection. Development 2019,
146, dev167486. [CrossRef]

Li, W.; Baker, N.E. Engulfment is required for cell competition. Cell 2007, 129, 1215-1225. [CrossRef]

Lolo, EN.; Casas-Tint6, S.; Moreno, E. Cell competition time line: Winners kill losers, which are extruded and engulfed by
hemocytes. Cell Rep. 2012, 2, 526-539. [CrossRef]

Morata, G.; Ballesteros-Arias, L. Developmental Biology. Death to the losers. Science 2014, 346, 1181-1182. [CrossRef] [PubMed]
Amoyel, M.; Bach, E.A. Cell competition: How to eliminate your neighbours. Development 2014, 141, 988-1000. [CrossRef]
[PubMed]

Haridoss, S.; Yovchev, ML.L.; Schweizer, H.; Megherhi, S.; Beecher, M.; Locker, J.; Oertel, M. Activin A is a prominent autocrine
regulator of hepatocyte growth arrest. Hepatol. Commun. 2017, 1, 852-870. [CrossRef]

Yasuda, H.; Mine, T.; Shibata, H.; Eto, Y.; Hasegawa, Y.; Takeuchi, T.; Asano, S.; Kojima, I. Activin A: An autocrine inhibitor of
initiation of DNA synthesis in rat hepatocytes. . Clin. Investig. 1993, 92, 1491-1496. [CrossRef] [PubMed]


http://doi.org/10.1038/nature13020
http://www.ncbi.nlm.nih.gov/pubmed/24572354
http://doi.org/10.1016/j.stem.2014.01.008
http://doi.org/10.1042/bj2730497
http://doi.org/10.1002/hep.510230313
http://doi.org/10.1053/j.gastro.2008.01.007
http://www.ncbi.nlm.nih.gov/pubmed/18262526
http://doi.org/10.1046/j.1432-0436.2000.066001049.x
http://doi.org/10.1016/S0002-9440(10)63221-X
http://doi.org/10.1016/j.modgep.2004.08.003
http://doi.org/10.1002/hep.21775
http://doi.org/10.1053/jhep.2003.50007
http://doi.org/10.1152/ajpgi.00465.2005
http://doi.org/10.1053/j.gastro.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21147108
http://doi.org/10.1634/stemcells.2006-0141
http://www.ncbi.nlm.nih.gov/pubmed/16778153
http://doi.org/10.3727/096368909X484707a
http://www.ncbi.nlm.nih.gov/pubmed/20447340
http://doi.org/10.1002/lt.22322
http://doi.org/10.1186/s12876-014-0204-z
http://www.ncbi.nlm.nih.gov/pubmed/25471120
http://doi.org/10.3727/096368914X682422
http://doi.org/10.3390/cells11162483
http://doi.org/10.1016/0012-1606(75)90330-9
http://doi.org/10.1242/dev.167486
http://doi.org/10.1016/j.cell.2007.03.054
http://doi.org/10.1016/j.celrep.2012.08.012
http://doi.org/10.1126/science.aaa2345
http://www.ncbi.nlm.nih.gov/pubmed/25477441
http://doi.org/10.1242/dev.079129
http://www.ncbi.nlm.nih.gov/pubmed/24550108
http://doi.org/10.1002/hep4.1106
http://doi.org/10.1172/JCI116727
http://www.ncbi.nlm.nih.gov/pubmed/8376601

Cells 2023, 12, 529 14 0f 15

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.
126.

127.

Schwall, R.H.; Robbins, K.; Jardieu, P.; Chang, L.; Lai, C.; Terrell, T.G. Activin induces cell death in hepatocytes in vivo and
in vitro. Hepatology 1993, 18, 347-356. [CrossRef]

Ichikawa, T.; Zhang, Y.Q.; Kogure, K.; Hasegawa, Y.; Takagi, H.; Mori, M.; Kojima, I. Transforming growth factor beta and activin
tonically inhibit DNA synthesis in the rat liver. Hepatology 2001, 34, 918-925. [CrossRef] [PubMed]

Yovchev, M.I; Xue, Y.; Shafritz, D.A.; Locker, ].; Oertel, M. Repopulation of the fibrotic/cirrhotic rat liver by transplanted hepatic
stem/progenitor cells and mature hepatocytes. Hepatology 2014, 59, 284-295. [CrossRef] [PubMed]

Yovchev, M.L; Lee, E.J.; Rodriguez-Silva, W.; Locker, J.; Oertel, M. Biliary obstruction promotes multilineage differentiation of
hepatic stem cells. Hepatol. Commun. 2019, 3, 1137-1150. [CrossRef]

Yovchev, M.L; Locker, J.; Oertel, M. Biliary fibrosis drives liver repopulation and phenotype transition of transplanted hepatocytes.
J. Hepatol. 2016, 64, 1348-1357. [CrossRef]

Michalopoulos, G.K.; Bowen, W.C.; Mule, K.; Lopez-Talavera, ].C.; Mars, W. Hepatocytes undergo phenotypic transformation to
biliary epithelium inorganoid cultures. Hepatology 2002, 36, 278-283. [CrossRef]

Michalopoulos, G.K.; Barua, L.; Bowen, W.C. Transdifferentiation of rat hepatocytes into biliary cells after bile duct ligation and
toxic biliary injury. Hepatology 2005, 41, 535-544. [CrossRef]

Nagoshi, S. Osteopontin: Versatile modulator of liver diseases. Hepatol. Res. 2014, 44, 22-30. [CrossRef]

Sugai, K.; Sumida, M.; Shofuda, T.; Yamaguchi, R.; Tamura, T.; Kohzuki, T.; Abe, T.; Shibata, R.; Kamata, Y.; Ito, S.; et al.
First-in-human clinical trial of transplantation of iPSC-derived NS/PCs in subacute complete spinal cord injury: Study protocol.
Regen. Ther. 2021, 18, 321-333. [CrossRef] [PubMed]

Available online: https:/ /ir.fatetherapeutics.com/news-releases /news-release-details / fate-therapeutics-announces-positive-
interim-clinical-data-its (accessed on 25 January 2023).

Available online: https:/ /medicalxpress.com/news/2020-05-japan-newborn-liver-stem-cells.html (accessed on 25 January 2023).
Graffmann, N.; Scherer, B.; Adjaye, J. In vitro differentiation of pluripotent stem cells into hepatocyte like cells—Basic principles
and current progress. Sterm Cell Res 2022, 61, 102763. [CrossRef]

Yao, J.; Yu, Y.; Nyberg, S.L. Induced pluripotent stem cells for the treatment of liver diseases: Novel concepts. Cells Tissues Organs
2022, 211, 368-384. [CrossRef]

Cahan, P,; Cacchiarelli, D.; Dunn, S.J.; Hemberg, M.; de Sousa Lopes, S.M.C.; Morris, S.A.; Rackham, O.].L.; Del Sol, A.; Wells, C.A.
Computational Stem Cell Biology: Open Questions and Guiding Principles. Cell Stem Cell 2021, 28, 20-32. [CrossRef] [PubMed]
Ding, J.; Alavi, A.; Ebrahimkhani, M.R.; Bar-Joseph, Z. Computational tools for analyzing single-cell data in pluripotent cell
differentiation studies. Cell Rep. Methods 2021, 1, 100087. [CrossRef]

Velazquez, ].].; LeGraw, R.; Moghadam, F.; Tan, Y.; Kilbourne, J.; Maggiore, J.C.; Hislop, J.; Liu, S.; Cats, D.; Chuva de Sousa Lopes,
S.M.; et al. Gene regulatory network analysis and engineering directs development and vascularization of multilineage human
liver organoids. Cell Syst. 2021, 12, 41-55. [CrossRef]

Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T.; Zhang, R.R.; Ueno, Y.; Zheng, YW.; Koike, N.; et al.
Vascularized and functional human liver from an iPSC-derived organ bud transplant. Nature 2013, 499, 481—484. [CrossRef]
[PubMed]

Semeraro, R.; Cardinale, V.; Carpino, G.; Gentile, R.; Napoli, C.; Venere, R.; Gatto, M.; Brunelli, R.; Gaudio, E.; Alvaro, D. The fetal
liver as cell source for the regenerative medicine of liver and pancreas. Ann. Transl. Med. 2013, 1, 13. [PubMed]

Guye, P,; Ebrahimkhani, M.R.; Kipniss, N.; Velazquez, ].J.; Schoenfeld, E.; Kiani, S.; Griffith, L.G.; Weiss, R. Genetically engineering
self-organization of human pluripotent stem cells into a liver bud-like tissue using Gata6. Nat. Commun. 2016, 7, 10243. [CrossRef]
Velazquez, ].].; Su, E.; Cahan, P.; Ebrahimkhani, M.R. Programming morphogenesis through systems and synthetic biology. Trends
Biotechnol. 2018, 36, 415-429. [CrossRef]

Shiota, G.; Itaba, N. Progress in stem cell-based therapy for liver disease. Hepatol. Res. 2017, 47, 127-141. [CrossRef]

Alwahsh, S.M.; Rashidi, H.; Hay, D.C. Liver cell therapy: Is this the end of the beginning? Cell. Mol. Life Sci. 2018, 75, 1307-1324.
[PubMed]

Iansante, V.; Chandrashekran, A.; Dhawan, A. Cell-based liver therapies: Past, present and future. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2018, 373, 20170229. [CrossRef]

Ridola, L.; Bragazzi, M.C.; Cardinale, V.; Carpino, G.; Gaudio, E.; Alvaro, D. Cholangiocytes: Cell transplantation. Biochim.
Biophys. Acta Mol. Basis Dis. 2018, 1864, 1516-1523. [CrossRef]

Tricot, T.; De Boeck, J.; Verfaillie, C. Alternative cell sources for liver parenchyma repopulation: Where do we stand? Cells 2020,
9, 566. [CrossRef]

Marongiu, E; Laconi, E. Cell competition in liver carcinogenesis. World J. Hepatol. 2020, 12, 475-484. [CrossRef]

Pasciu, D.; Montisci, S.; Greco, M.; Doratiotto, S.; Pitzalis, S.; Pani, P; Laconi, S.; Laconi, E. Aging is associated with increased
clonogenic potential in rat liver in vivo. Aging Cell 2006, 5, 373-377. [CrossRef]

Yovchev, M.; Jaber, EL.; Lu, Z; Patel, S.; Locker, J.; Rogler, L.E.; Murray, ] W.; Sudol, M.; Dabeva, M.D.; Zhu, L.; et al. Experimental
model for successful liver cell therapy by lenti TTR-YapERT2 transduced hepatocytes with tamoxifen control of Yap subcellular
location. Sci. Rep. 2016, 6, 19275. [CrossRef]


http://doi.org/10.1016/0270-9139(93)90018-I
http://doi.org/10.1053/jhep.2001.29132
http://www.ncbi.nlm.nih.gov/pubmed/11679962
http://doi.org/10.1002/hep.26615
http://www.ncbi.nlm.nih.gov/pubmed/23840008
http://doi.org/10.1002/hep4.1367
http://doi.org/10.1016/j.jhep.2016.01.036
http://doi.org/10.1053/jhep.2002.34858
http://doi.org/10.1002/hep.20600
http://doi.org/10.1111/hepr.12166
http://doi.org/10.1016/j.reth.2021.08.005
http://www.ncbi.nlm.nih.gov/pubmed/34522725
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-positive-interim-clinical-data-its
https://ir.fatetherapeutics.com/news-releases/news-release-details/fate-therapeutics-announces-positive-interim-clinical-data-its
https://medicalxpress.com/news/2020-05-japan-newborn-liver-stem-cells.html
http://doi.org/10.1016/j.scr.2022.102763
http://doi.org/10.1159/000508182
http://doi.org/10.1016/j.stem.2020.12.012
http://www.ncbi.nlm.nih.gov/pubmed/33417869
http://doi.org/10.1016/j.crmeth.2021.100087
http://doi.org/10.1016/j.cels.2020.11.002
http://doi.org/10.1038/nature12271
http://www.ncbi.nlm.nih.gov/pubmed/23823721
http://www.ncbi.nlm.nih.gov/pubmed/25332958
http://doi.org/10.1038/ncomms10243
http://doi.org/10.1016/j.tibtech.2017.11.003
http://doi.org/10.1111/hepr.12747
http://www.ncbi.nlm.nih.gov/pubmed/29181772
http://doi.org/10.1098/rstb.2017.0229
http://doi.org/10.1016/j.bbadis.2017.07.016
http://doi.org/10.3390/cells9030566
http://doi.org/10.4254/wjh.v12.i8.475
http://doi.org/10.1111/j.1474-9726.2006.00230.x
http://doi.org/10.1038/srep19275

Cells 2023, 12, 529 150f 15

128. Peterson, E.A.; Polgar, Z.; Devakanmalai, G.S.; Li, Y.; Jaber, FL.; Zhang, W.; Wang, X.; Igbal, N.J.; Murray, ].W.; Roy-Chowdhury,
N.; et al. Genes and pathways promoting long-Term liver repopulation by ex vivo hYAP-ERT?2 transduced hepatocytes and
treatment of jaundice in Gunn rats. Hepatol. Commun. 2018, 3, 129-146. [CrossRef]

129. Dhawan, A.; Puppi, J.; Hughes, R.D.; Mitry, R.R. Human hepatocyte transplantation: Current experience and future challenges.
Nat. Rev. Gastroenterol. Hepatol. 2010, 7, 288-298. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/hep4.1278
http://doi.org/10.1038/nrgastro.2010.44

	Introduction 
	Cell Transplantation Models and Donor Cell Candidates 
	Major Cell Transplantation Models 
	Various Cell Sources for Transplantation 

	Rat Fetal Liver Cell Transplantation 
	Repopulation by Hepatic Fetal Liver Stem/Progenitor Cells in a Normal Liver 
	Cell Competition Drives Liver Repopulation 
	Replacement of Functional Tissue Mass in Diseased Livers 

	Human iPSC-Derived Cells and Application for Human Liver Diseases 
	Human iPSC-Derived Hepatocytes, Challenges and Opportunities 
	Multilineage Human Fetal Liver Organoids and Their Therapeutic Benefits 

	Concluding Remarks 
	References

