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Abstract Because organ shortage is the fundamental
limitation of whole liver transplantation, novel therapeutic
options, especially the possibility of restoring liver function
through cell transplantation, are urgently needed to treat
end-stage liver diseases. Groundbreaking in vivo studies
have shown that transplanted hepatocytes are capable of
repopulating the rodent liver. The two best studied models
are the urokinase plasminogen activator (uPA) transgenic
mouse and the fumarylacetoacetate hydrolase (FAH)-defi-
cient mouse, in which genetic modifications of the recipient
liver provide a tissue environment in which there is exten-
sive liver injury and selection pressure favoring the prolif-
eration and survival of transplanted hepatocytes. Because
transplanted hepatocytes do not significantly repopulate the
(near-)normal liver, attention has been focused on finding
alternative cell types, such as stem or progenitor cells, that
have a higher proliferative potential than hepatocytes.
Several sources of stem cells or stem-like cells have been
identified and their potential to repopulate the recipient liver
has been evaluated in certain liver injury models. However,
rat fetal liver stem/progenitor cells (FLSPCs) are the only
cells identified to date that can effectively repopulate the
(near-)normal liver, are morphologically and functionally
fully integrated into the recipient liver, and remain viable
long-term. Even though primary human fetal liver cells are
not likely to be routinely used for clinical liver cell repop-
ulation in the future, using or engineering candidate cells
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exhibiting the characteristics of FLSPCs suggests a new
direction in developing cell transplantation strategies for
therapeutic liver replacement. This review will give a brief
overview concerning the existing animal models and cell
sources that have been used to restore normal liver structure
and function, and will focus specifically on the potential of
FLSPCs to repopulate the liver.
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Historical view

There was already a lively interest in the liver as an organ
of special or unique life-sustaining and regenerative pow-
ers in ancient times. In the modern era, starting in 1898,
several studies demonstrated autologous transplantation of
liver fragments in several mammalian species. Small pie-
ces of rabbit, guinea pig, or rat liver were infused into the
lymph nodes [1], vena jugularis, liver, or kidney [2],
subcutaneously [3], into the peritoneal cavity [4], or into
the anterior chamber of the eye [5]. These transplantation
experiments were performed mainly to study the survival
and histology of the grafts regarding pathologic processes,
especially liver cirrhosis [5], and were continued by several
other groups using autografts of larger parts of the liver in
rats and dogs (see Table 1 in reference [6]).

The first attempts at whole liver transplantation were
reported in dogs in 1955 by Welch [7] and 8 years later in
humans by Starzl et al. [8]. Since that time, surgical tech-
niques, as well as strategies of immunosuppression, have been
incrementally improved and liver replacement by orthotopic
liver transplantation has become a standard therapy for
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patients with end-stage liver diseases [9], although a major
limitation is still the scarcity of donor organs [10]. To over-
come this obstacle, research has been focused on alternatives
to whole organ transplantation, e.g., cell transplantation.

Thirty-five years ago, Matas et al. [11] infused hepato-
cyte suspensions derived from non-jaundiced rats into the
portal veins of jaundiced Gunn rats [12], which lack uridine
diphosphate glucuronosyl transferase (UDPGT) activity
and are used as an animal model for the human Crigler—
Najjar syndrome type 1 [13]. They demonstrated for the
first time a transient decrease of plasma bilirubin levels in
recipient rats after cell transplantation [11]. In subsequent
studies, primary hepatocytes were infused into other ecto-
pic sites, e.g., the dorsal fascia [14] or spleen [15], and the
potential of transplanted hepatocytes was investigated in
several animal disease models, e.g., rats with surgically
induced acute liver failure [16], Watanabe heritable
hyperlipidemic rabbits [17, 18], histidinemic mice [19, 20],
hyperuricemic Dalmatian coach dogs [21, 22], and Long-
Evans cinnamon rats (a model for Wilson’s disease) [23,
24]. These reports showed reduced mortality rates after cell
transplantation [16, 24], or a temporary [18, 22] or com-
plete correction [20] of defective biochemical phenotypes
by hepatocyte transplantation.

In the normal liver, adult hepatocytes are in a quiescent
state with a slow cell turnover; however, after partial hepa-
tectomy (PH) [25], the remaining hepatocytes quickly
re-enter the cell cycle and liver mass is regenerated within
2 weeks [26-28]. The use of PH in cell transplantation has led
to only modest proliferation of transplanted hepatocytes [14,
29]; however, for therapeutic liver replacement at least 10%
of the recipient liver should be repopulated. During the past
2 decades, several animal models were established to show
efficient repopulation of the recipient liver by transplanted
cells. This occurs only under conditions in which massive
liver injury and selection pressure favors the proliferation of
transplanted cells, as observed in urokinase plasminogen
activator (uPA) transgenic and fumarylacetoacetate hydro-
lase (FAH)-deficient mice [30, 31], or in settings in which
host hepatocytes are incapable of proliferation, induced by
the administration of DNA cross-linking agents or X-irradi-
ation [32-34]. Although the concept of liver repopulation has
been demonstrated in these rodent models, in clinical settings
cell types with a high proliferation capacity are needed that
are capable of out-competing host hepatocytes and suffi-
ciently repopulating the diseased liver.

Model systems to study liver repopulation after cell
transplantation

Several animal models have been developed to show
“Proof of principle” that transplanted hepatocytes are
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capable of replacing liver tissue and restoring liver function
after engraftment in the recipient liver.

The first group of cell transplantation models is char-
acterized by genetic modifications of the host liver that
provide a tissue environment of massive liver injury in
which transplanted normal hepatocytes have a strong
growth advantage compared to host hepatocytes. Sandgren
et al. [35] developed a transgenic mouse in which the
overexpression of an albumin-uPA (Alb-uPA) fusion con-
struct led to increased plasma uPA concentrations, result-
ing in severe liver damage. Importantly, they observed that
a few transgene-deficient cells in the liver parenchyma
were able to reconstitute >90% of the hepatic mass [35]. In
a subsequent study, Rhim et al. [30] transplanted adult
hepatocytes, which were carrying the lacZ transgene to
track the transplanted cells, into Alb-uPA mice and
achieved up to 80% repopulation of the diseased liver.
Another model for hepatocyte transplantation was devel-
oped by Overturf et al. [31], utilizing an animal model of
hereditary tyrosinemia type I, in which a deficiency of
FAH, an enzyme of tyrosine catabolism, leads to lethal
liver dysfunction in neonates [36]. The authors demon-
strated that transplanted hepatocytes repopulated more than
90% of the FAH-deficient liver and restored normal liver
function [31].

In a second group of cell transplantation models, the
selective growth advantage for transplanted normal hepa-
tocytes is achieved through manipulation of the host liver
environment in which endogenous hepatocytes are inhib-
ited in their proliferative capacity. This can be accom-
plished by DNA damage through treatment with
pyrrolizidine alkaloids, e.g., retrorsine and monocrotaline,
which are metabolized rapidly by hepatocytes and block
their DNA synthesis in the S/G, phase [37-39]. Preoper-
ative treatment of recipient rats or mice with these DNA
alkylating agents leads to long-lasting cell cycle arrest of
endogenous hepatocytes, and significant repopulation can
be achieved within weeks and near-total liver replacement
at 4-9 months after the transplantation of donor hepato-
cytes in conjunction with two-thirds PH, or thyroid hor-
mone (T3) or CCl; administration as a proliferative
stimulus [32, 33, 40—42]. Finally, Guha et al. [34] inhibited
hepatocyte proliferation and induced massive liver injury
in recipient rats by irradiation of the partially hepatecto-
mized liver prior to the transplantation of normal hepato-
cytes. The repopulation level reached almost 80% of the
total liver mass at 3 months after cell transplantation,
which significantly improved the survival of the rats [34].

The third group consists of cell transplantation models
in which genetically modified hepatocytes that exhibit a
growth advantage are utilized as donor cells in conjunction
with chronic host liver injury. Bcl-2 over-expressing
hepatocytes, which were transplanted into mice treated
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with repeated doses of anti-Fas antibody (Jo2), were
resistant to apoptosis and repopulated up to 16% of the
recipient liver [43]. Lastly, p27/KIP1-negative [44] or
FoxM1B-over-expressing hepatocytes [45] showed higher
proliferative activity than wild-type (wt) hepatocytes and
were capable of repopulating the recipient liver more
efficiently than wt hepatocytes after induced liver injury.

Cell sources used for cell transplantation studies

The described cell transplantation models show in elegant
ways that hepatocytes are capable of effectively repopu-
lating the recipient liver. However, hepatocyte proliferation
occurs only under very specialized experimental conditions
which do not represent clinical circumstances. Further-
more, the availability of human donor hepatocytes is lim-
ited, as is the number of transplantable hepatocytes [46].
Consequently, in clinical settings, cell types are required
that exhibit high proliferative activity with the potential to
out-compete endogenous hepatocytes and sufficiently
repopulate the diseased liver.

Stem cells are characterized by their proliferative
capacity and self-renewal, and are capable of differentiat-
ing into progeny and replacing functional organ mass [47].
The progeny of stem cells are progenitor cells that are
highly proliferative (but cannot self-renew), and are capa-
ble of differentiating into different lineages and reconsti-
tuting tissue mass [48]. The use of stem/progenitor cells as
a possible source of donor cells suggested an entirely new
approach in the hepatic cell therapy field. Candidate stem/
progenitor cells can be isolated from different liver
developmental stages or adult liver, as well as from extra-
hepatic tissues. Recently, numerous reviews have covered
the characterization and potential of stem/progenitor cells
in cell transplantation studies [48-54]. Therefore, this
review will only summarize the existing stem/progenitor
cell populations that have been isolated and utilized in
repopulation studies (Fig. 1).

Oval cells

Oval cells, first described by Farber more than 50 years ago
[55], are adult progenitor cells that can be induced in the
adult liver by toxic agents, e.g. 2-acetyl aminofluorene
(2-AAF) [55] and p-galactosamine [56], or a choline-deficient
diet [57]. These cells, expressing several hepatic lineage
markers (e.g., a-fetoprotein [AFP], Alb, cytokeratin [CK]-
7, CK-8, CK-19, OV-6) [48], epithelial cell adhesion
molecule [EpCAM], CD44, claudin-7, and mesenchymal
markers (e.g., vimentin, mesothelin, bone morphogenetic
protein [BMP]-7) [58], are derived from precursor cells in
the canals of Hering [59] and are capable of differentiating
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Fig. 1 Overview of existing stem or progenitor cell populations that
have been utilized in rodent cell transplantation studies, as well as
their origin and differentiation potential into hepatic lineages. OCs
oval cells, HSCs hematopoietic stem cells, BM bone marrow, MSCs
mesenchymal stem cells, ESCs embryonic stem cells, iPSCs induced
pluripotent stem cells, FLSPCs fetal liver stem/progenitor cells)

into hepatocytic and bile duct epithelial cells [60, 61].
Under highly selective conditions, cell transplantation
studies have demonstrated that oval cells can effectively
repopulate the recipient livers of FAH [62] or monocrota-
line/PH-treated mice [63], and retrorsine/PH-treated rats
[58].

Hematopoietic stem cells (HSCs)
Bone marrow (BM)-derived HSCs

Petersen et al. [64] initially reported that transplanted
BM-derived cells gave rise to oval cells in lethally irradi-
ated recipient rats. Subsequent studies showed that hepa-
tocytes could originate from BM-derived stem cells after
transplantation into lethally irradiated mice without severe
injury; however, the repopulation level did not exceed
2.2% of the recipient liver mass [65], in contrast to studies
by Lagasse et al. [66], who showed up to 50% liver
replacement by transplanted HSCs in the FAH mouse
model. Because there was also evidence for HSC “trans-
differentiation” in the human setting [67, 68], these
promising observations suggested BM-derived stem cells
as a potential cell source for therapeutic liver repopulation.
However, subsequent studies have demonstrated that
BM-derived stem cells do not represent the major cell pool
for oval cells in the adult liver [62, 69] and the observed
liver repopulation occurs primarily through cell fusion
between transplanted HSCs or committed myelomonocytic
cells and endogenous hepatocytes [70-72]. Whether
hepatocytes can be derived from BM cells, through
“transdifferentiation” or fusion, still remains controversial
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(additional studies are cited in reference [73]); however, it
is now generally accepted that BM cells do not signifi-
cantly contribute to liver repopulation [73].

Umbilical cord blood-derived HSCs

Several studies have shown “Proof of principle” that isolated
human umbilical cord blood-derived cell populations are
capable of engrafting and exhibiting hepatocytic lineage
progression after transplantation into nonobese diabetic/
severe combined immunodeficient (NOD/SCID) mice; how-
ever, the repopulation potential of these cells is less than 1%
[74-78].

Mesenchymal stem cells (MSCs)
BM- or umbilical cord blood-derived MSCs

Multipotent MSCs are negative for the hematopoietic
lineage markers CD34 and CD45, express CD29, CD44,
CD71, CD90, CD106, CD120a, CD124, SH2, and SH3,
and can be isolated from BM and umbilical blood [79].
Because MSCs are capable of differentiating in vitro into
different cell types, they represent another attractive cell
source for cell transplantation strategies. Jiang et al. [80]
infused murine MSCs into NOD/SCID mice and observed
substantial engraftment in the liver, in which the trans-
planted cells had differentiated into hepatocytes and
replaced up to 10% of the tissue mass in selected areas.
Other groups isolated MSCs from human BM or cord blood
and transplanted these cells (with or without prior in vitro
differentiation) into immunodeficient (Pfp/Rag2™’~ or
NOD/SCID) mice and showed engraftment of the human
MSCs and evidence for differentiation into hepatocyte-like
cells in vivo; however, efficient liver repopulation was not
reported in these studies [§1-86].

Adipose tissue-derived MSCs

Another promising approach is the isolation of MSCs from
adipose tissue. Sgodda et al. [87] demonstrated in an ele-
gant study that rat adipose tissue-derived MSCs, which
were pre-differentiated into hepatocyte-like cells (Alb™,
CyplAl™, CX32") in vitro and transplanted into retror-
sine/PH-treated recipients, engrafted in the periportal
region of the liver and formed large cell clusters exhibiting
an hepatocytic phenotype. Furthermore, donor-derived
human MSCs cultured in the presence of specific growth
factors (e.g., hepatocyte growth factor [HGF], fibroblast
growth factor [FGF] 1, FGF4, epithelial growth factor
[EGF]) also exhibited hepatocytic differentiation potential
in vitro [88, 89]. After MSC transplantation into CCly-
treated or immunodeficient Pfp/Rag2™'~ mice, human

@ Springer

Alb* or HepPar™ cell clusters were detected in the host
parenchyma up to 10 weeks after transplantation [88, 89];
however, pre-differentiation of MSCs in cell culture prior
to cell transplantation is required to obtain substantial
engraftment and repopulation [89].

Embryonic stem cells (ESCs)

Pluripotent stem cells can be isolated from the inner cell
mass of the blastocyst. They proliferate under appropriate
cell culture conditions and maintain their stem cell prop-
erties in vitro [90]. These embryonic stem cells gave rise to
adult stem cells and differentiated cells in all tissues
studied (additional information in references [91, 92]).
Since the publication of the study by Hamazaki et al. [93]
describing the ability of murine ESCs to differentiate into
mature hepatocytes in vitro, continuing efforts have been
made to utilize murine or human ESCs for experimental
cell transplantation [94-99]. Although these reports have
demonstrated in elegant ways that transplanted, pre-dif-
ferentiated ESCs are capable of engrafting in the recipient
liver and exhibiting hepatocyte [94-99] or bile duct cell-
specific marker expression/function [95], repopulating cell
clusters can be obtained only under highly selective con-
ditions [95, 96, 99]. Ethical concerns, the very low
repopulation efficiency of ESCs compared to the other
potential cell sources [100], and the high risk of teratoma
formation by undifferentiated ESCs after cell transplanta-
tion [94, 95] have lowered enthusiasm for ESCs as an
efficient candidate for stem cell-based liver therapies.

Induced pluripotent stem (iPS) cells

Induced pluripotent stem cells could be an alternative cell
source to ESCs. By introducing 4 transcription factors
(Oct3/4, Sox2, c-Myc, and Kfl4) into murine and human
adult fibroblasts or hepatocytes, Yamanaka and colleagues
[101-103] demonstrated that somatic cells could be
reprogrammed to pluripotent stem cells. Under specific cell
culture conditions, iPSCs can be differentiated into hepa-
tocyte-like cells that express several hepatic lineage
markers (including CK-7, CK-8, CK-18, CK-19, AFP, Alb,
CYP7A1, and hepatocyte nuclear factor [HNF]-4x) and
exhibit hepatocytic function in vitro [104—-107]. Although
significant evidence for the therapeutic potential of iPSCs
in animal models is awaited, most recent studies are
already very promising. Murine iPSC-derived hepatocyte-
like cells are capable of engrafting, and they integrate into
the liver parenchyma of recipient mice and express
hepatocyte-specific function (Alb, o;-antitrypsin) [106].
Si-Tayeb et al. [107] generated hepatocyte-like cells from
human iPSCs in vitro and injected these cells into the right
lateral liver lobe of newborn mice. At 7 days after cell
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transplantation, the authors detected human albumin-
expressing cell foci throughout the injected lobe [107].
“Proof of principle” that iPSC-derived hepatocytes are
capable of replacing liver mass and function in an animal
disease model was demonstrated in a recent study by
Espejel et al. ([108]; see also commentary by L. Greenbaum,
reference [109]), in which the authors showed that iPSCs
implanted into FAH™'~ blastocysts completely repopulated
the liver and restored normal liver function.

Fetal liver stem/progenitor cells (FLSPCs)
Transplantation of fetal liver fragments

One hundred years ago, Lengemann [110] and Nichols
[111] mentioned in their studies the injection of small fetal
liver pieces into the vena jugularis or subcutaneously into
rabbits. In 1963, Leduc and Wilson infused tissue frag-
ments derived from embryonic day (ED) 13/14/18 fetal
livers into the spleen of syngeneic mice and observed
differentiation of fetal liver cells into hepatocyte-like cells;
as well, they reported long-term survival of up to
20 months post-injection [112]. Subsequently, Ebata et al.
[113, 114] isolated tissue fragments from fetal livers on
ED18/19 and transplanted them into the spleen of synge-
neic Wistar rats. They observed a marked proliferation of
bile ducts and hepatocytes which formed macroscopic
hepatic nodules in the spleen after transplantation ([113,
114]; Fig. 2). These studies provided the first evidence that
immature cells derived from fetal liver tissue are capable of
proliferating and differentiating into adult hepatic cells in
vivo.

3-5 days ] [ 7-14 days ] [ 2-4 weeks ] [ 1-12 months ]

1E

Appearance of * Marked Marked Q More remarkable
immature BDs in proliferation of BDs proliferation of BDs proliferation of BDs
the vicinity of
transplanted tissues
Differentiation of B> Proliferation of  BEJ» More remarkable
HCs (similar to individual HCs proliferation of HCs
neonatal liver)
Differentiation of Macroscopic
Formation of hepatic HCs hepatocytic nodules
cord structure on the spleen
Formation of large between 6-12 months
hepatocytic clusters
Small h ieti H ietic cells
cell clusters disappear

Fig. 2 Generation of “liver tissue” in the spleen of syngeneic Wistar
rats after transplantation of small liver fragments derived from fetal
livers on embryonic day 18. BDs bile ducts, HCs hepatocytes
(modified from Ebata et al. [114])

Characterization of putative fetal liver
stem/progenitor cells

By the time Ebata et al. [113, 114] had performed their
studies, it had already been established that hepatocytes
and bile ducts derive from the same precursor cells origi-
nating from the foregut endoderm [115-117]. Over the
years, substantial knowledge has accumulated to charac-
terize rodent FLSPCs (also known as hepatoblasts) which
express AFP on ~EDI10, followed by the expression of
albumin and, later, CK-19 [118-120]. On ~EDI2,
hepatoblasts are “bipotential” cells that can differentiate
into both hepatic epithelial cell lineages, hepatocytes and
bile duct cells [120-123], and on ~EDI16, the fetal liver
harbors already committed immature hepatocytes and bile
duct cells [120, 121]. To further characterize putative stem/
progenitor cells, several attempts have aimed to purify fetal
liver cells and prove their “stemness” in vitro and in vivo.
This has been problematic because specific cell surface
antigens have not yet been identified and antigen-specific
antibodies need to be available.

Using fluorescence-activated cell sorting (FACS) tech-
nology, Taniguchi and co-workers [124—126] found that
CD45 /Ter119™ /c-Kit~/CD49fT/CD29" cells, isolated
from murine ED13.5 fetal livers, exhibited clonogenic
colony-forming ability in vitro and expressed hepatocytic
(e.g., Alb, AFP, o;-antitrypsin) and cholangiocytic markers
(e.g., CK-19, vinculin). After transplantation into the
spleen of retrorsine/CCly-treated mice, these cells inte-
grated into the liver parenchyma and formed small hepat-
ocytic cell clusters [125]. Further fractionation of these
cells identified a CDA45 /Terl19™/c-Kit /CD49f""*/
c-Met™ cell population with multi-lineage differentiation
potential in vitro and in vivo, suggesting the existence of
self-renewing stem cells in the developing liver [126].
Another approach to isolate highly purified stem-like cells
from the fetal liver was developed by Nitou et al. [127],
using magnetic cell sorting (MACS) combined with an
E-cadherin-specific antibody. Tanamizu et al. [128] sug-
gested the use of a DIk-1/Pref-1-specific antibody to enrich
bipotent progenitor cells from murine fetal liver. Finally,
under highly selective conditions, isolated unfractionated
or highly purified mouse fetal liver cells that were trans-
planted into uPA/RAG-2 [129] or retrorsine/CCly-treated
dipeptidyl peptidase IV (DPPIV)-deficient mice [130],
differentiated into hepatocytes and were capable of
repopulating up to 80% of the liver mass at 4 months after
cell transplantation [130].

To identify and characterize precursor cells in the rat
fetal liver, Kubota and Reid [131] used FACS to isolate
clonogenic RT1A'~/0X18'Y/intercellular adhesion mole-
cule (ICAM)-17 cells on ED13. These cells were capable
of differentiating into mature hepatocytes and biliary
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epithelial cells in vitro, proving their bipotency [131].
Lastly, similar to the mouse studies [126, 128], c-Met or
DIlk-1 antibodies have been used to isolate and enrich
hepatoblasts from rat fetal livers [132, 133].

Liver repopulation by transplanted FLSPCs in the rat

The most extensively described cell transplantation model
is the DPPIV-deficient Fischer (F) 344 rat [134], an
inbred strain that was originally utilized to follow the fate
of transplanted wt DPPIV' hepatocytes in DPPIV™
recipients [135]. To test whether FLSPCs were capable of
differentiating into hepatocytes and bile duct cells in vivo,
Dabeva et al. [136] isolated rat ED14 fetal liver cells
from wt DPPIV" F344 rats. Because fetal livers contain
more than 85% hematopoietic cells, isolated epithelial cell
suspensions were enriched by a panning technique using
rabbit IgG against red blood cells, as described by Sigal
et al. [137]. Using dual-label immunohistochemistry/in
situ hybridization for the detection of AFP, albumin, and/
or CK-19, Dabeva et al. [136] identified 3 epithelial stem/
progenitor cell populations within the ED14 fetal liver
cell suspension, i.e., cells expressing (a) AFP/albumin and
CK-19 (representing “bipotential” cells), (b) AFP/albu-
min, or (c) CK-19. At 4 weeks after cell transplantation
of enriched fetal epithelial liver cells into the portal vein
of mutant DPPIV™ F344 rats, in conjunction with two-
thirds PH, FLSPCs differentiated morphologically and
phenotypically into hepatocytic and cholangiocytic
lineages [136]. Using the same cell isolation and trans-
plantation protocol [136], Sandhu et al. [138] demon-
strated that isolated FLSPCs were capable of effectively
repopulating the normal rat liver long-term, with 6.6%
liver replacement at 6 months, suggesting ~10 cell
divisions of transplanted FLSPCs. Furthermore, because
the majority of cell clusters were of “mixed” phenotype
containing hepatocytic and cholangiocytic cells, the
authors concluded that the “bipotential” stem/progenitor
cells preferentially engrafted into the recipient liver [138].
Considering the fact that fetal liver cells are much smaller
than hepatocytes (10-12 vs. 20-35 pm, respectively; see
reference [136]), Oertel et al. [139] infused high numbers
(~5 x 107) of unfractionated ED14 fetal liver cells. The
level of liver repopulation of the normal liver increased to
23.5% at 6 months after cell transplantation. Similar to
the observations by Ebata et al. ([113, 114]; Fig. 2), fetal
liver-derived cells continued to proliferate for at least
6 months and the level of functional liver replacement
was maintained life-long ([139]; Oertel, Menthena, and
Shafritz, unpublished data). Further studies have demon-
strated that rat FLSPCs can be cryopreserved and stored
in liquid nitrogen for many months [140]. After thawing,
these cryopreserved cells retain their high proliferation
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capacity and differentiation potential in vitro, as well as
their repopulation capacity in vivo [140].

For future clinical applications, it is necessary to
develop protocols to enrich stem/progenitor cells and fur-
ther investigate the potential of candidate cells to repopu-
late the recipient liver. Because there was evidence that
Thy-1" cells within the fetal rat liver exhibited hepatic
progenitor characteristics [141, 142], the first attempt to
enrich FLSPCs was to purify EDI14 fetal liver cell sus-
pensions using a Thy-1-specific antibody and MACS
technology [143]. Highly enriched Thy-1" cells repre-
sented a population of progenitor cells that were capable of
repopulating the recipient liver only under strong selective
conditions; however, the Thy-1" cell fraction contained the
stem/progenitor cells, which could repopulate the normal
liver [143]. In a second study, ED14 FLSPCs were enri-
ched using an anti-DIk-1 antibody [133] in conjunction
with magnetic bead sorting [144]. FLSPCs were highly
purified and exhibited the cell culture and gene expression
characteristics of hepatic stem/progenitor cells [144]. After
cell transplantation, DIk-17 fetal liver cells proliferated and
differentiated into mature hepatocytes expressing unique
hepatocyte-specific proteins (e.g., albumin, glucose-6-
phosphatase, asialoglycoprotein receptor, UDP-glucurono-
syl transferase), as well as differentiated into mature bile
ducts expressing cholangiocytic markers (e.g., CK-19,
OV-6, EpCAM, and claudin-7), and effectively repopu-
lated the normal rat liver [144].

In summary, these studies demonstrate that isolated
epithelial cells derived from rat ED14 fetal livers exhibit 3
characteristics of stem cells: (1) capacity for self-renewal,
(2) multipotency (capable of differentiating into at least 2
lineages), and (3) long-term tissue reconstitution [48]. To
verify whether these cells are true stem cells, additional
studies have to be performed to show that fetal liver cells
can be serially transplanted through at least 2 generations
of recipient rats [48]. Therefore, at present, ED14 epithelial
cells are referred to as FLSPCs [139, 145].

Mechanism(s) of liver repopulation
by transplanted rat FLSPCs

The findings described above were observed under
non-selective conditions, but required two-thirds PH as a
proliferative stimulus to initiate liver repopulation by
transplanted FLSPCs [136, 138, 139]. In the absence of PH
or when PH was delayed for 1 day, only scattered cells or
small cell clusters were detected in the host liver; however,
efficient repopulation was observed when PH was per-
formed 1 day prior to or immediately before cell infusion
[139]. Liver size was restored to normal within 4 weeks
after PH; nevertheless, effective liver repopulation
by transplanted FLSPCs continued for up to 6 months
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[138, 139]. Several aspects will be discussed below to
explain this phenomenon.

Fetal liver stem/progenitor cells and host hepatic cells
are at different developmental stages at the time of cell
transplantation. ED14 FLSPCs represent a cell population
of undifferentiated precursor cells that are “programmed”
to develop a whole new adult liver (Fig. 3). At the same
time, host hepatocytes are already in a quiescent stage
(young/adult liver stage; Fig. 3), and are capable of
replacing liver mass within a short time, whereas FLSPCs
have to initially engraft and proliferate, become lineage-
committed, and subsequently differentiate. During the
lineage progression and liver growth (fetal, neonatal,
young, and adult liver stages), liver mass increases con-
tinuously for up to 3 months (Fig. 3). Because significant
repopulation levels were not observed until 2-4 months
after cell transplantation [138, 139], it is conceivable that
the expansion of FLSPCs in the host liver is delayed
compared to the development of a normal liver (Fig. 3).

The crucial factor in this process is the higher prolifer-
ative capacity of FLSPCs compared to host hepatocytes
[139], as well as the number of transplanted cells. To
obtain ~35 x 107 unfractionated fetal liver cells, many
ED14 livers have to be isolated. Assuming a substantial
FLSPC engraftment after transplantation, the recipient liver
subsequently harbors a much higher number of stem/pro-
genitor cells than a normal liver, which represents an
additional cell pool to generate new liver tissue.

Liver development

@ @ @ @
Fetal Neonatal Young Adult
Wy

Wy W
Liver repopulation

@ 2 @ @
O] @ ©)
Fig. 3 Dynamics of hepatic tissue growth during liver development
and liver repopulation. During normal liver development (stages 1-4),
hepatic cells undergo dramatic changes in their proliferative activity.
Liver mass increases continuously up to ~3 months and hepatic cells
enter into a quiescent state (stages 3 and 4; upper panel). After
transplantation of highly proliferative fetal liver stem/progenitor cells
(FLSPCs) into the liver of young or adult recipients (middle panel),
FLSPCs proliferate and differentiate into mature hepatic cells.

Compared to normal liver development, expansion of fetal liver cells
is delayed in the host environment (lower panel)

Because liver size does not increase over time, hepatic
host cells must be replaced to create space for the
expanding transplanted cells. Analyses showed that the
apoptotic rate in host hepatic cells was increased compared
to that in FLSPC-derived cell clusters [139]. These
observations resemble a process referred to as cell com-
petition, a mechanism in which faster-growing cells induce
apoptosis in slower-growing cells, which was originally
described in Drosophila wing development [146—148].
Furthermore, increased numbers of apoptotic host cells
were detected in the surrounding host parenchyma near the
boundaries with transplanted cell clusters [139], a char-
acteristic feature of cell competition, as demonstrated by
Li and Baker [149].

The important observation that transplanted cells
repopulate more effectively the aging host liver has con-
tributed towards a better understanding of the role of the
host liver microenvironment in promoting the expansion of
transplanted FLSPCs. Pasciu et al. [150] showed that
transplanted hepatocytes were capable of expanding in old
rats under non-selective conditions and suggested that
changes in the aging liver microenvironment influence the
repopulation capacity of transplanted cells. In a recent
study, Menthena et al. [151] reported much higher repop-
ulation levels after FLSPC transplantation into older versus
younger rats, and identified specific changes in the
expression of cell-cycle-related genes in the aging liver,
especially an increase of activin A and p15™ 4" levels, as
well as increased apoptosis. These authors also showed that
FLSPCs had reduced activin receptor expression, and they
demonstrated in vitro that FLSPCs were resistant to activin
A-induced growth-inhibitory effects, in contrast to adult
hepatocytes, in which p15™%*" and cell cycle arrest was
induced [151].

Taken together, these studies suggest that highly pro-
liferative FLSPCs have a growth advantage through their
resistance to activin A and therefore, they are able to
repopulate the normal recipient liver, which is mitoinhib-
ited via activin A/p15™**" signaling, through cell com-
petition (Fig. 4).

Isolation and characterization of human fetal liver cells

Haruna et al. [152] investigated hepatic lineage marker
expression during liver development between 4 and
40 weeks of gestation. CK-19 and HepParl were first
expressed in early progenitor cells at 4 weeks, followed by
CK-14 between 8 and 14 weeks. During this time, bipo-
tential progenitor cells became committed into immature
hepatocytes (indicated by reduction of CK-19 and CK-14
expression) or biliary epithelial cells (loss of HepParl and
CK-14 expression after 14 weeks) [152]. Subsequently,
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Fig. 4 Mechanism(s) of liver tissue replacement after transplantation
of rat fetal liver stem/progenitor cells (FLSPCs) into adult recipients

extensive studies were performed to isolate human fetal
liver-derived stem/progenitor cells from different devel-
opmental stages of gestation and to characterize them in
vitro and in vivo [153-163]. Malhi et al. [153] and Lazaro
et al. [154] isolated human progenitor cells, which
expressed several hepatocytic and bile duct epithelial
markers, and demonstrated their clonogenic capacity and
long-term proliferative activity in vitro. Fetal liver cells,
isolated between 10 and 16 weeks of gestation, harbor a
multipotent progenitor cell population (CD34*, CD90*,
c-kitt, EpCAM™, c-Met", stage-specific embryonic anti-
gen [SSEA]-4", CK-18", CK-19%, Alb~, AFP™, CD44h™,
and vimentin®) that is capable of differentiating into
hepatocytes and replacing 0.8—1.7% of the liver after
transplantation into immunotolerant Rag2™"yc™~ mice
[157]. Characterization of human fetal liver cells, isolated
between 16 and 20 weeks of gestation, identified two
pluripotent progenitor populations, referred to as hepatic
stem cells (CK-19", neural cell adhesion molecule
[NCAM]", EpCAM™, claudin-3", AIb'", AFP~; repre-
senting the precursors of hepatoblasts) and hepatoblasts
(AFPT, Alb*, CK-19'°%, NCAM™, claudin-37) [158].
Transplantation of EpCAM-enriched stem cells into NOD/
SCID mice resulted in cell clusters expressing human Alb
and transferrin [160].

Under non-selective conditions, rodent cell transplanta-
tion studies demonstrated a dramatic reduction in the
repopulation potential of transplanted rat FLSPCs isolated
after hepatic lineage commitment [164]. Similarly, after the
transplantation of human fetal liver cells obtained at 11 to
13 weeks of gestation into the normal mouse liver, up to
10% liver repopulation was achieved [155]; however, using
human FLSPCs derived from later developmental stages
(17-24 weeks), only small repopulating cell clusters were
observed under non-selective conditions [153, 161].
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Fig. 5 Transplantation centers worldwide where human hepatocyte
transplantations have been performed

Concluding remarks

Numerous studies have been published in the past 2 dec-
ades demonstrating the possibility of repopulating the
rodent recipient liver with transplanted hepatocytes or
stem/progenitor cells. Additional studies are needed to
determine the specific factors and conditions leading to the
efficient engraftment of transplanted cells, as well as fac-
tors in the host liver microenvironment that are able to
regulate and promote the proliferation and differentiation
of transplanted stem/progenitor cells into the specific
hepatic lineages required to restore normal liver function in
diseased tissue. Studies in F344 rats have shown that
transplanted FLSPCs are capable of proliferating and dif-
ferentiating into mature hepatocytes and bile duct cells in
the recipient liver and replacing functional liver paren-
chyma without preconditioning of the host. This informa-
tion will help not only in defining the essential steps
governing the competitive repopulation of liver tissue by
transplanted cells, but also in establishing a set of
requirements occurring naturally in the host that will per-
mit effective liver repopulation by any hepatic epithelial
cell or cell line to be developed in the future.

Studies utilizing human hepatocytes or fetal liver cells
for cell transplantation in patients with acute liver failure or
those with metabolic or chronic liver diseases have been
performed at several centers worldwide (Fig. 5). To date,
although the number of patients that have been transplanted
with isolated cells is limited (detailed information in ref-
erences [165-168]), restoration of liver function by thera-
peutic cell transplantation holds great promise for the
future.
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