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In severe injury, liver-cell progenitors may play a role in recovery, proliferating, and
subsequently differentiating into mature liver cells. Identifying these progenitors has
major therapeutic potential for ex vivo pharmaceutical testing, bioartificial liver

support, tissue engineering and gene therapy protocols. Potential liver-cell progenitors

have been identified from bone marrow, peripheral blood, cord blood, foetal liver, adult
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liver and embryonic stem cells. Differences and similarities are found among cells
isolated from rodents and humans. This review will discuss identifying markers and
differentiation potential in iz vitro and in vivo models of these putative progenitors in

cell differentiation, liver, oval cell, progenitor cell, stem cell, stem cell plasticity

Background and significance

If adult liver receives mild or moderate injury, repair depends
on the division of mature adult cells. In severe injury, however,
liver-cell progenitors may play a role in recovery, proliferating
and subsequently differentiating into mature liver cells. Bipo-
tential liver-cell progenitors, for example, known as oval cells,
capable of differentiating into either of the two epithelial cell
populations of the liver, hepatocytes and biliary epithelial
cells, occur in various liver injury models (Grisham & Hartroft

© 2005 Blackwell Publishing Ltd

1961; Solt et al. 1977; Evarts et al. 1987). During foetal devel-
opment, bipotential cells, known as hepatoblasts, are also
present in the liver (Shiojiri et al. 1991). Maturation of these
cells along the pathways into either hepatocytes or biliary
epithelial cells has been demonstrated both iz vivo and in
vitro.

Identifying liver-cell progenitors, particularly hepatocyte
precursors, has major therapeutic potential. They could be
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exploited ex vivo for pharmaceutical testing and liver support
systems, and could be used in tissue engineering and gene
therapy protocols. The proliferative potential that progenitor
cells have is a major advantage for therapeutic exploitation —
contrasting strikingly with mature hepatocytes, which have
little proliferative potential in vitro.

Nomenclature

The nomenclature of stem-cell biology is complex. The liver is
generally regarded as consisting largely of mature cells with a
variety of phenotypes (hepatocytes, biliary epithelial cells,
stellate cells, Kupffer cells and sinusoidal endothelial cells).
They are mitotically quiescent, although they are all capable
of undergoing division — for example — after partial resection
of the liver. Indeed, in some transplantation experiments,
notably the tyrosinaemic mouse model where implanted
wild-type hepatocytes have a survival advantage over the
endogenous mutant hepatocytes, these have huge proliferative
potential (Overturf ef al. 1996).

Progenitor cells are, generally, defined as cells, which can
divide rapidly, and may be unipotential or multipotential; the
oval cells both in adult liver and foetal hepatoblasts are clear
examples of liver-cell progenitors. Strictly, these are not true
stem cells, which are classically described as slowly cycling
and self-renewing, and give rise to more than one cell lineage.
Thus, when a true stem cell divides, it must give rise to one
identical daughter cell, but can give rise to other daughters to
become proliferating progenitor cells. However, the concept of
progressive differentiation, in the development or repair, from
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stem cell to proliferating progenitor and eventually along one
specific lineage to a terminally differentiated cell, has been
revised. The concept of stem-cell plasticity — the differentiation
of a stem cell associated with a particular tissue to yield a cell
characteristic of a different tissue — has emerged (Herzog et al.
2003). Transdifferentiation — the adoption of a different phe-
notype by a cell apparently committed to a tissue-specific cell
type — is now also well described, exemplified, for example, by
studies in which pancreatic acinar cells changed, without cell
division, in order to adopt a hepatocyte phenotype (Shen et al.
2000).

Recent research has indicated a number of sites from which
hepatocyte precursors might be isolated (Figure1). These
include bone marrow, cord and peripheral blood, spleen, and
foetal and adult liver. While some work has aimed at identify-
ing a true undifferentiated multipotent stem cell, more has
concentrated on identifying liver-cell progenitors, actively
dividing and already partially determined along the pathway
to liver epithelial cells, hepatocytic and/or biliary. There are
many interpretative difficulties with current studies. In those
which rely on transplantation of precursor cells into another
host, the recognition that stem cells can fuse with other cell
types has provided one such difficulty as discussed below
(Terada et al. 2002). In studies, which depend on in vitro
maturation of a putative precursor into a hepatocyte or biliary
cell, while the issue of cell fusion may not arise, there are other
difficulties. Criteria for recognizing liver-cell precursors before
they express markers of the mature lineages are not defined.
Manipulating an undifferentiated cell from an extrahepatic
source to express liver-cell phenotype may reflect a process

—> Occurs in vivo
— > Only in vitro

Figure 1 A schematic representation of
various sources of hepatocytes both in
vivo and in vitro.
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of transdifferentiation that regularly occurs in vivo, or be a
rare event only occurring under the extreme conditions of
experiment. Evidence of the adoption of a full hepatocytic
phenotype is often lacking, with reported phenotypes often
partial, for example, evidenced by mRNA expression rather
than protein measurement, and without convincing adoption
of liver-cell morphology. There are also differences in the cell
markers expressed by rodent cells and human cells, yet many
strategies to characterize progenitor cells in the human liver
build on the characterization of analogous cells in rodents.
Table 1 lists the various surface markers that have been used
to characterize progenitor cells. Table 2 summarizes the
marker combinations used in both human and rodent studies
of potential liver-cell progenitors, discussed in this review.

Bone marrow as a source of liver-cell
progenitors

Bone marrow contains haematopoietic stem cells, endothelial
cell progenitors and marrow stromal cells (which include
mesenchymal stem cells). Many of the concepts applied to the
liver derive from studies on haematopoietic cell differentiation.
Haematopoietic stem cells in the bone marrow, functionally
defined by their ability to reconstitute the bone marrow of a
myeloablated host, are contained in a population expressing
CD34 (CD34"). They also express CD117 (c-kit), the receptor
for stem-cell factor (SCF) produced by marrow fibroblasts and
endothelial cells (Smith ez al. 2001). Suggestive evidence (sum-
marized below) that haematopoietic stem cells may give rise to
liver cells, particularly in the presence of severe liver damage,
stimulated both transplantation experiments and in vitro stud-
ies in order to define the subpopulation of bone marrow cells
capable of generating liver cells.

Rodent studies

The bipotential oval-cell population that develops in the peri-
portal area of the liver in rats when liver damage is induced
but hepatocyte proliferation is inhibited has already been men-
tioned. Petersen et al. (1999) used lethally irradiated female
rats rescued with a bone marrow transplant from male rats,
subsequently placed on a protocol to generate oval cells
(2-acetylaminofluorene to prevent hepatocyte replication,
followed by CCly to induce liver damage). They demonstrated
that the host liver contained firstly oval cells and later hepa-
tocytes carrying genetic markers (Y-chromosomes and the
membrane protein DDPIV) derived from the implanted bone
marrow cells. They proposed that bone marrow cells could,
under certain circumstances, act as progenitors for several
types of liver cells. Subsequently, many similar observations
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were made in mice. Theise et al. (2000b) demonstrated that as
few as 200 CD34" bone marrow cells which were lin~ (i.e.
lacking markers of haematological or lymphoid differenti-
ation) transplanted into myeloablated mice could give rise to
hepatocytes in the recipient liver (up to 2.2% of the total
hepatocyte number). This was most strikingly shown in the
fumarylacetoacetate hydrolase (FAH)™~ (tyrosinaemic) mouse
strain. In this model, the FAH™™ hepatocytes can be protected
from the toxic effects of endogenously generated succinylace-
tone by administering NTBC (2-(2-nitro-4-trifluoro-methyl-
benzoyl)-1,3 cyclohexanedione), which blocks the metabolic
pathway upstream of the enzyme defect and prevents the gen-
eration of the toxic metabolites — just as is used therapeutically
in affected children. However, subsequent removal of the
NTBC again exposes hepatocytes to the toxin, and trans-
planted wild-type liver cells with intact FAH activity have a
striking survival advantage over the FAH™" cells (Overturf ez
al. 1996). Remarkable repopulation of the host liver occurred
following the transplantation of as few as 50 bone marrow
cells with surface markers of haematopoietic stem cells (Sca-
1*, Thy-1*, CD34", lin™ and CD45") (Lagasse et al. 2000).
They reported an initial engraftment, which occurred even if
there was no selection pressure, followed by the proliferation
of single engrafted cells when selective pressure was applied by
NTBC withdrawal (Wang et al. 2002). However, as already
discussed, recognition that stem cells may fuse with other cells
has led to re-evaluation of such experiments. Subsequent pub-
lications from this group suggest that fusion between the bone
marrow-derived transplanted cells and host liver cells was the
major mechanism underlying apparent transdifferentiation of
bone marrow-derived cells into liver phenotype in the FAH™~
mouse (Vassilopoulos et al. 2003; Wang et al. 2003d). It has
now been established that myelomonocytic cells are the major
source of hepatocyte fusion partners (Camargo et al. 2004;
Willenbring et al. 2004). It is worth commenting, of course,
that even if the mechanism is exclusively fusion, such bone
marrow transplantation approaches retain exciting therapeu-
tic potential if they prove to be exploitable in man. Character-
izing the bone marrow cells and processes involved may,
however, be more informative in respect of fusogenic potential
and fusion mechanisms rather than true liver-cell progenitor
status.

Purely in vitro studies, in which bone marrow cells express
hepatocyte characteristics either on isolation or after culture,
avoid the confounding issue of cell fusion, and demonstrate
the potential of bone marrow cells to differentiate towards
liver-cell phenotype. Most workers have studied bone marrow
cells, which express haematopoietic stem-cell markers, particu-
larly those which are also reported to be found on oval cells
(e.g. Thy-1 and Sca-1).
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Table 1 A list of surface markers used in order to characterize progenitor cells

Marker Also known as Function/expression
C1rRp complement protein receptor involved in classical complement pathway
CD7 gp40 expressed on pluripotent haematopoietic cells,
T-cells and thymocytes
CD13 gp150, aminopeptidase-N expressed on pluripotent granulocytes and monocytes,
bile ducts and bone marrow stroma
CD14 lipopolysaccharide receptor (LPS-R) expressed on monocytes and macrophages
CD29 GP11a, VLA-B, B1 integrin subunit expressed on hepatoblasts and maintained in
maturation of both hepatocyte and biliary epithelial cells
CD34 GP105-120, ligand for CD62 (L-selectin) expressed on pluripotent haematopoietic cells,
capillary endothelium and embryonic liver
CD38 T-10, ADP-ribosylcyclase augments B-cell proliferation and expressed on
lymphoid progenitors
CD44 H-CAM, Pgp-1, Hermes ag, expressed on leucocytes and erythrocytes
ECMR II, HUTCH-1, gp85
CD45 leucocyte common ag (LCA), B220, T200 expressed on leucocytes
CD49a VLA-1a, a1 integrin expressed on hepatoblasts, maintained in
hepatocyte and lost in biliary epithelial cell maturation
CD49B VLA-2q, a2 integrin expressed on mature biliary epithelial cells,
associates with CD29
CD49c¢ VLA-30a, o3 integrin expressed on mature biliary epithelial cells
CD49%e VLA-40, o4 integrin expressed on hepatoblasts, maintained in
hepatocyte and lost in biliary epithelial cell maturation
CD49f VLA-60, 06 integrin expressed on hepatoblasts, maintained in biliary
epithelial cells and lost in hepatocyte maturation
CD71 T9, transferrin receptor expressed on proliferating cells
CD106 Vascular adhesion molecule-1 ligand for VLA-4, expressed on endothelial cells
(VCAM-1), INCAM110
CD117 c-kit, stem-cell factor receptor (SCFR) expressed on haematopoietic progenitors,
mast cells and liver stem cells
CD123 interleukin-3 receptor (II-3Ra) expressed on bone marrow stem cells, granulocytes,
monocytes and megakaryocytes
CD124 interleukin-4 receptor (II-4Ra) expressed on haematopoietic precursors and mature
B - and T-cells
CD133 AC133, PROML1, haematopoietic stem cell ag expressed on haematopoietic stem cells
c-met hepatocyte growth factor receptor (HGFR) receptor for HGF which is a mitogen, motogen
and morphogen
CXCR-4 stromal-derived factor 1 (SDF-1R) role in attracting stem cells
Flk1 vascular endothelial growth factor expressed on early haematopoietic
receptor 2 (VEGFR2), KDR progenitor cells
Flt1 vascular endothelial growth factor expressed on early haematopoietic progenitor cells
receptor 1 (VEGF1) and monocytes and megakaryocyte precursors
lin lineage marker a combination of markers of haematological

MDR1, MRP1, MRP3
0C.2, OV6, BD1, A6 ab

0X43

0OX44
Sca-1

ATP-binding cassette transporter proteins

CDS53
stem cell antigen-1, lymphocyte
activation protein-6A (Ly-6A)

or lymphoid differentiation

ABC transporter proteins

antibodies raised against rodent and human oval
cells and biliary epithelial cells

expressed on macrophages, endothelial cells

and red-cell precursors

expressed on myeloid and peripheral lymphoid cells
expressed on haematopoietic

progenitor cells and oval cells
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SSEA-1 stage-specific embryonic antigen-1
SSEA-3 stage-specific embryonic antigen-3
SSEA-4 stage-specific embryonic antigen-4
TER119

Thy-1 CD90

Tra-1-61 keratan sulfate-associated antigen
Tra-1-80 keratan sulfate-associated antigen

Hepatocyte progenitors 5

expressed on undifferentiated rodent ES cells
and differentiated human ES cells

expressed on undifferentiated human ES cells
and differentiated rodent ES cells

expressed on undifferentiated human ES cells
and differentiated rodent ES cells

erythroid precursor marker

expressed on haematopoietic progenitors

and liver progenitors (oval cells)

expressed on undifferentiated ES cells
expressed on undifferentiated ES cells

Avital et al. (2001) identified B2micro/Thy-1* cells in rat
bone marrow which immunestained for albumin, AFP, CK8, 18
and 19 and C/EBPa, and were RT-PCR* for albumin, C/EBPax,
CYP3A2 and HNF4. These cells lacked characteristic haema-
topoietic stem-cell markers, being CD34~, CD38 and CD117",
and the authors named them bone marrow-derived hepatocyte
stem cells (BMDHSC). The proportion of bone marrow repre-
sented by such cells increased in rats with cholestasis. After co-
culture with and subsequent separation from hepatocytes,
BMDHSC from cholestatic rats could synthesize urea, and
after transplantation into the portal system of rats of a different
strain, under immunosuppression, they integrated into hepatic
cords. By contrast, Oh et al. (2000) and Miyazaki et al. (2002)
identified in normal rat bone marrow cells (approximately 3%)
which co-expressed the haematopoietic stem cell markers
CD34, Thy-1 and CD117, and expressed (by means of immu-
nohistochemistry) AFP and the hepatocyte growth factor (HGF)
receptor c-met. They also reported that unfractionated bone
marrow cells cultured with HGF (40-100 ng/ml) and epidermal
growth factor (EGF) (20 ng/ml) in 10% FCS gave rise within 2
weeks to colonies of polygonal cells staining for albumin, with
RT-PCR evidence of expression of enzymes characteristic of
terminal hepatocyte differentiation (tryptophan-2,3-deoxygen-
ase and tyrosine aminotransferase). Okumoto et al. (2003) used
negative selection to deplete rat bone marrow of non-stem cells
in order to obtain a population (5% of original bone marrow
cells) enriched for Sca-1, approximately 33 % positive for Thy-1
(CD90). When these cells were cultured with HGF, they began
to express (by means of RT-PCR) the liver-enriched transcrip-
tion factor HNF1la and the hepatocyte-associated cytokeratin
CKS8. Similarly a subpopulation of murine mononuclear bone
marrow cells isolated by chemotaxis to the a-chemokine stro-
mal-derived factor SDF-1 expressed mRNA for AFP (Ratajczak
et al. 2004), and a probably overlapping population enriched
for Sca-1 expressed mRNA for AFP, c-met and the liver-biliary
cytokeratin CK19.

In such studies, the proliferative potential, the repertoire
and many quantitative aspects of hepatocyte function remain
undefined. Taken together, they demonstrate that a subpopu-
lation of bone marrow cells expresses some characteristics of
liver cells, and that the expression of such characteristics can
be enhanced iz vitro by growth factors relevant to liver growth
and development.

Human and other primate bone marrow studies

Alison et al. (2000) and Theise et al. (2000c) investigated livers
from sex non-identical bone marrow transplant patients and
also liver transplant patients. They demonstrated, as in rodents
(Theise et al. 2000a), the appearance of Y-chromosomal mar-
kers of bone marrow origin in liver cells (both hepatocytes and
biliary cells) in the liver of female patients. A number of other
studies by using various markers have reported similar phe-
nomena. While Theise’s initial studies reported 4-43% of
hepatocytes of bone marrow origin, others have indicated
that this is numerically a much less significant phenomenon
(e.g. 0-7%, Korbling et al. 2002; 1.6%, Ng et al. 2003).
Although not the main subject of this review, evidence for
the replacement of non-epithelial cells in donor livers by cells
of recipient origin (notably sinusoidal and endothelial cells)
emerges as common and indeed more frequent than replace-
ment of hepatocytes or biliary epithelial cells. Thus, in the
study by Ng et al. (2003), the low frequency of bone mar-
row-derived hepatocytes after orthotopic liver transplant con-
trasted with much higher proportions of tissue macrophage/
Kupffer cells. Hove et al. (2003) found endothelial cells of
recipient origin in four of five sex-mismatched livers, biliary
cells in three and hepatocytes in only one liver.
Transplantation into immunodeficient mice offers a more
controlled approach to identifying the liver-cell potential of
human bone marrow cells than observations made in the field
of clinical transplantation. Differing techniques may utilize
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Table2 A summary of markers expressed by cells observed in or derived from various sources which have the potential to develop into
hepatocytes

From bone marrow (haematopoietic stem cells)
CD34*lin~ (Theise)
Sca-1"Thy-1"CD34*lin”CD45™ (Lagasse)
B2micro Thy-1"Thy-1*Alb*AFP*CK8*CK18*CK19*C/EBPa*CYP3A2*HNF4*CD34 CD38 CD117 (Avital)
CD34*Thy-1*CD117*AFP*c-met* (Oh and Miyazaki)
Sca-1"Thy-1" (Okumota)
CXCR-4*AFP*Sca-1"c-met*CK19* (Ratajczak)
CD34*~CD45*CD387lin"C1rRp* (Danet)
CD34*CD38°CD7" (Wang and Ge)
B2micro” Thy-1*C/EBP*Alb* (Avital)
CD34*CD45™ (Fiegel)
CD34"CD133*AFP*CXCR-4" (Ratajczak)
From bone marrow (mesenchymal stem cells)
CD45 glycophorin-A~ (Schwartz) (Schwartz) (Jiang)
Str1*CD13*CD49a* CD49b*CD29*CD44*CD71*Thy-1*CD106"CD124*
CD34°CD44°CD45~CD117- MHC B2micro®CD133'“FIk'*VFlt'**CD13*CD49b*
From peripheral blood
AFP*CK19* (Ratajczak) (Ratajczak)
CD14* (Zhao)
From cord blood
CD34”‘CD45*CD38_lin_C1er+ (Danet)
CD34*CD38°CD7" (Wang and Ge)
CD34*~ (Kakinuma)
CD34* or CD45" (Ishikawa)
From foetal liver
AFP*Alb*GGT*AAT glutathione-S-transferase”
MHC class-I'TCAM-1" (Kubota and Reid)
OX43"OX44~ (Fiegel)
CD45 TER119-CD49f"°¥CD29*CD117 c-met* (Suzuki)
CD117°*“CD45"TER11 9_CD49f+/_alb+AFP*TTR*HGF*OSMR*C—met* (Minguet)
DLK*AIb*AFP*CK19" (Tanimizu)
Alb*AFP*CK19*CD49f Thy-1"CD45~ (Yasuchika)
HepPar1*CK19"CK14* (Haruna)
B1 and «1,5,6,9 integrin® (Couvelard)
AFP*GGT*CK8*CK19*CD34*plasminogen activator inhibitor 1* (Malhi)
From adult liver (Oval cells)
CK19*GGT*AFP*Thy-1*CD117*CD34*SCFrOV6*OC.2*BD1*CD457*Sca-1* A6*
CXCR4* (Hatch)
B2micro Thy-1* (Avital)
AFP*CD45 TER119°CD117 Thy-1"CD49f*CD29* (Fujikawa)
Alb* transferrin® CK8*CK18* (Mitaka)
OC.2*OC.5"CD34 Thy-1"AFP*CYP450~ (Gordon)
SP*CD45*" and minority CD34*CD117*Sca-1*Thy-1* (Wulf)
CK19*CD117* (Theise)
CD117*and/or CD34* (Crosby)
OV6* (Crosby)
CK14*CD117*CD34 Alb™ (Seki)
From embryonic stem cells
SSEA-1*"SSEA-3"SSEA-4~ (Henderson)
SSEA-1"SSEA-3*SSEA-4"Tra-1-60"Tra-1-81*Thy-1* (Henderson)
Oct-4" (Nichols) (Reubinoff)
SSEA-1"SSEA-3*SSEA-4*Tra-1-60"Tra-1-81*Oct4*hTERT*CD133* (Carpenter)

Rodent studies are in italic and human studies are in normal text.
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implantation into normal liver, damaged liver or liver subse-
quently damaged. Danet et al. (2002) indicated that CD34" or
CD347, CD45*, CD38 and lin~ cells from human bone mar-
row (or cord blood) expressing the complement protein recep-
tor ClqgrRp, injected into NOD/SCID mice, gave rise to
clusters of human hepatocytes (identified by means of immuno-
staining for human albumin and c-met) in the mouse liver,
although only at approximately 0.1% or less of liver cells.
They used fluorescent in situ hybridization (FISH) analysis
and argued that they had excluded cell fusion as a mechanism.

Wang et al. (2003c) used NOD/SCID and NOD/SCID/B-
2microglobulin-deficient mice as recipients for CD34* bone
marrow (and cord blood) cells and for further-purified
CD34"CD38°CD7" cells (a population which contains quies-
cent stem cells capable of maturing to both lymphoid and
myeloerythroid progeny). A month after transplantation,
liver damage was induced with carbon tetrachloride in some
mice. Human albumin (but not AFP) mRNA was expressed in
the mouse livers only after CCly; damage and expression was
enhanced if HGF was administered immediately after damage
was induced, with human albumin present in the serum.

As in rodents, in vitro studies show that human bone mar-
row cells can express some hepatocytic characteristics and/or
proliferate and differentiate into cells with liver-cell character-
istics. Avital et al. (2001) reported similar Thyl* B2micro™ cells
in human bone marrow cells, as they found in rats, expressing
albumin and C/EBPa by means of immunocytochemistry and
RT-PCR. Fiegel et al. (2003a) cultured CD34+ cells from
human bone marrow, most of which were CD45*, with
serum, HGF, EGF and insulin, and found after 28 days a
modest increase in cell number and expression of both albu-
min and CK19 mRNA. Ratajczak et al. (2004) purified human
bone marrow cells by means of SDF-1 chemotaxis, as they did
in mice. SDF-1 binds to the cell surface ligand CXCR-4, and is
thought to play a role in attracting stem cells. They showed
that the chemotactic cells were CD34" and CD133* and were
highly enriched for AFP mRNA, but also that they appeared
multipotential as they expressed some markers of muscle and
neural cells. They considered this population of pluripotential
cells distinct from the bone marrow mesenchymal stem-cell
(MSC) population, as they differed from MSC by being CD34*
and non-adherent. Characterization and functional assessment
were limited to RT-PCR data, without proliferation data.
Kucia et al. (2004) subsequently developed the general concept
of a circulating pool of tissue-specific progenitor cells, but
which can also be stored in bone marrow and can be mobilized
by agents, such as GCSF, and are recruited to tissues in need.
Interestingly, SDF-1 expression by biliary epithelial cells is
upregulated in inflammatory liver diseases (Kollet et al.
2003; Terada et al. 2003), and the homing of bone marrow-
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derived human CD34" cells to murine liver was enhanced by
local deposition of SDF-1 in the liver, abolished by neutraliza-
tion of CXCR4, and the accumulating CD34" cells could
differentiate into albumin-producing cells (Kollet et al.
2003); pre-treatment of the haematopoietic cells with a com-
bination of HGF and stem-cell factor (CD117 ligand)
enhanced recruitment to the liver.

In contrast to these studies on starting populations with hae-
matopoietic stem-cell characteristics, Schwartz et al. (2002)
found in human (as well as in rodent) post-natal bone marrow
a multipotent adult progenitor cell (MAPC) which co-purified
with MSC, and could undergo a prolonged proliferative phase
(35+ population doublings in humans and 80+ in mice) and
subsequently differentiate into cells with a variety of tissue-
specific characteristics, including hepatocytic. The relationship
between MSC and MAPC is unclear. Both are adherent, and
generated from mononuclear cells depleted of CD45" and
glycophorin-A* cells — i.e. negative for common leucocyte
antigen and erythroid-cell characteristics — and multipotential.
MAPC can apparently proliferate indefinitely, perhaps relat-
ing to their expression of telomerase, whereas MSC have a
finite life span. MSC can be differentiated into osteocytes,
chondrocytes and adipocytes, and they express Strl, CD13,
a-integrins CD49qa and B, CD29, CD44, CD71, CD90 (Thy-
1), CD106 (VCAM-1) and CD124 (Jiang et al. 2002). Because
the culture of MAPC is fastidious, and has been difficult to
replicate (but has been achieved in other laboratories), full
comparisons between MSC and MAPC are not yet available.
Schwartz et al. (2002) generated MAPC from a CD347,
CD44~, CD457, CD117" and MHC" cell population, with
low or very low levels of B2 microglobulin, CD133, Flk1
(VEGEF receptor 2) and Flt1, and high levels of CD13 (mem-
brane-bound amino-peptidase) and CD49b (a-2-integrin).
When taken from the proliferative cultures and plated at
high density in serum-free medium with HGF and FGF-4, on
a complex extracellular matrix, cells stopped proliferating
and progressively enlarged, and over 7-28 days adopted
hepatocyte-like markers (expression of albumin, CK18 and
HNEF-3B,1a and HNF4 detected immunochemically and by
means of RT-PCR), produced and secreted urea and albumin
(the latter at a level similar to that seen in rat primary
hepatocyte cultures) and demonstrated CYP450 enzyme activ-
ity and glycogen storage. These MAPC could also be induced
with other growth factor combinations in order to express
neuronal, adipocytic and other tissue characteristics.

In a non-human primate, the baboon, an ex vivo expanded
mesenchymal stem-cell population transduced with green
fluorescent protein (GFP) reinfused into adult baboons led to
GFP expression in many organs including the liver, but as
expression was demonstrated by means of RT-PCR rather
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than histology, the nature of expressing cells in the liver could
not be judged (Devine et al. 2003).

Thus as in the rodent, there is, in man, more than one sub-
population of bone marrow cells that express some character-
istics of liver cells, and such expression can be enhanced i vitro
by growth factors relevant to liver growth and development.

Human peripheral and cord blood as a source of
liver-cell progenitors

As accessible sources, peripheral blood and cord blood has
obvious advantages. Some studies have used peripheral blood
after mobilization of stem cells with growth factors, and
indeed human recipients of such ‘stem-cell transplants’ for
haematopoietic reconstitution show evidence of acquisition
of liver cells with genetic evidence of bone marrow origin —
similar to that seen after bone marrow transplantation proto-
cols and subject to the same caveats concerning cell fusion in
vivo already discussed.

Kakinuma et al. (2003) exposed primary cultures of cord
blood to combinations of growth factors and identified a
combination — FGF-1, FGF-2, LIF, SCF and HGF - as opti-
mum for initiating albumin mRNA between 7 and 21 days in
culture, associated with loss of spindle-shape and adoption of
a rounded cell shape. Glutamine synthetase, CK-18 and AFP
were also expressed to varying extents. A combination of
CD34" and CD34™ cells was required. Transplantation of
human cord blood cells into liver-injured SCID mice (2-AAF/
partial hepatectomy protocol) led to the presence of human
albumin mRNA and human X-chromosome-positive hepato-
cytes in mouse liver, and hepatocytes expressing a human
hepatocyte antigen were detected immunochemically. The
studies of Danet et al. (transplanting C1qRp* cord cells or
bone marrow cells into non-liver-injured NOD/SCID mice)
and Wang and Ge (CD34*CD38 CD7™ cord or bone marrow
cells into NOD/SCID or NOD/SCID B-2-microglobulin™ null
mice subsequently treated with CCly) have already been men-
tioned. Ishikawa et al. (2003) also transplanted CD34" or
CD45* human cord blood cells into NOD/SCID/B2-micro~
mice, leading to 45% of cells in the bone marrow being of
human origin, and the emergence of human-derived hepato-
cytes (by means of RT-PCR for human albumin). Newsome et
al. (2003) infused unsorted human cord blood mononuclear
cells containing approximately 1% of CD34" cells into subleth-
ally irradiated NOD-SCID mice with normal livers, leading to
bone marrow engraftment. They published histological evi-
dence of hepatocytes identified by means of HepPar-1 antibody
staining, and human—pattern heterochromatin staining charac-
teristics, without evidence of fusion, as a rare event (<0.01% of
cells) in the mouse liver from 4 weeks after infusion.

In peripheral blood of both mice and humans, and enhanced
after treatment with G-CSF, Ratajczak et al. (2004) detected
mRNA for AFP and CK19 (and also for muscle and neural
markers). In mice, if mobilization with G-CSF was combined
with inhibition of the CXCR4 receptor, there was a further
increase in tissue-specific gene expression. More strikingly,
Zhao et al. (2003) propagated a pluripotent stem cell from a
subset of human peripheral blood monocytes by using only
in vitro manipulation. CD14" adherent cells, cultured with
M-CSF, were then dispersed in single-cell cultures, and
fibroblast-like cells formed colonies over 40-50 days in the
presence of M-CSF, LIF and monocyte-conditioned medium.
These colonies, CD14*, CD34" and CD45", expressed differ-
entiation markers of lymphocytic, epithelial, neural and
vascular endothelial lineages at low levels. Some 100 ng/ml
of HGF caused cell rounding and ‘hepatocyte differentiation’,
although evidence was limited to marked upregulation of the
proportion of cells staining for albumin (8-75%), AFP
(6-81%) and CK7 (biliary type).

Foetal liver as a source of liver progenitors

Rodent studies

In mice, the liver buds from the foregut endoderm at 7.5-8.5
days post-coitus, and is engrafted by haematopoietic progeni-
tors at 9-10 days. The foetal liver is, thus, rich in haemato-
poietic cells as well as the site of proliferating and differentiating
liver-cell precursors. Expression of AFP (at that stage regarded
as an endodermal marker) occurs by 9 days and of albumin by
9.5 days. FGF1 and FGF2 are important in driving albumin
expression. During the period of 9-12 days, hepatoblasts pro-
gressively express AFP, albumin, GGT, o-1-anti-trypsin and
glutathione-S-transferase, and diverge along hepatocytic or
biliary pathways thereafter. Oncostatin-M and glucocorticoids
favour differentiation along the hepatic pathway (Kinoshita
et al. 1999), with hepatoblasts committed to hepatocyte or
biliary differentiation by 16 days, and continuing to divide.
Cells with morphological similarity to hepatocytes at 13 days
are capable of differentiating into biliary duct cells after trans-
plantation and re-implantation (Shiojiri 1984). Strick-Marchand
and Weiss (2002) derived bipotential liver cell lines from 14-day
mouse embryos; initially, the colonies expressed hepatocyte-
associated transcription factors but not albumin or other
liver-specific products. The cells could be differentiated
towards biliary phenotype by means of Matrigel, and towards
hepatocyte phenotype by means of aggregation, while maintain-
ing proliferation and removal of the environmental manipula-
tion (re-plating or disaggregation) reversed the differentiation.
Gene expression studies on hepatoblasts from foetal rat liver
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have documented the differences between foetal and adult liver
and serial changes during gestation (Petkov et al. 2004).

Recent studies have demonstrated the proliferative capacity
and differentiation of liver-cell progenitors from foetal rat
liver after transplantation into adult livers. Cantz et al.
(2003) tracked the maturation of 13.5-day hepatoblasts after
transplantation into adult (mouse) liver, with the development
of mature adult phenotype over 2—-6 weeks. Proliferation of
transplanted progenitors was encouraged, when normal hepa-
tocyte replication was inhibited (Dabeva et al. 2000; Sandhu
et al. 2001; Oertel et al. 2003) or when transplanted cells had
a survival advantage (Cantz et al. 2003). Foetal hepatoblasts
proliferated strongly even after transplantation into normal
liver, contrasting with the lack of proliferation of transplanted
adult hepatocytes under the same circumstances (Sandhu et al.
2001).

Hepatoblasts proliferate in vitro. Kubota and Reid (2000)
digested rat foetal liver and established clonogenic bipotential
hepatoblasts by culture on a feeder cell layer in a hormonally
defined medium, the progenitors being MHC class-1~ ICAM-
1*. Identification of cell markers of hepatoblasts, in order to
discriminate them from haematopoietic cell progenitors in
foetal liver, is clearly a major interest. Such identification can
be aided by strategies, such as depletion, by means of magnetic
cell sorting to exclude OX43* (macrophages, endothelial cells
and red-cell precursors) and OX44* (anti-CD53, myeloid and
peripheral lymphoid cells) in rats (Fiegel et al. 2003b). Suzuki
et al. (2000) studied CD45 TER119™ (i.e. positive for leuco-
cyte common antigen CD45 and erythroid precursors) cells
from mouse embryos, initially sorting cells for a6 (CD49f)
and B1 (CD29) integrin subunits, and CD117(c-kit). They
identified c-kir", CD49f*CD29" cells as markedly enriched
for the development of hepatic colony-forming units, particu-
larly when cultured on extracellular matrix-coated plates in
the presence of HGF (Zheng et al. 2000; Suzuki et al. 2003).
These colonies arose within 5 days, reaching several hundred
cells by 20 days. Both hepatocytic and cholangiocytic markers
were expressed in the colonies. Similarly, Minguet et al. (2003)
identified approximately 10% of liver cells in 11-day mouse
embryos as c-kit ' CD45"TER1197; they were bimodal with
respect to the expression of o6 integrin (CD49f), and
expressed albumin, AFP, TTR, HGF, OSMR and c-met.
They could be maintained iz vitro by long-term proliferation,
particularly in the presence of HGF or FGF-1, enhanced by
oncostatin-M and demonstrated bipotentiality by maturation
into functional hepatocytes (albumin® and CK197) and biliary
cells (albumin™ and CK19%). These cells could also repopulate
cell-depleted hepatic organoids.

Subsequently, Suzuki et al. (2002) refined their selection
strategy and used single-cell assays in order to demonstrate
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that CD45"TER119™ c-kit™ c-met*CD49f*/low cells from 13-
day mouse livers (0.3% of liver cells) were 560-fold enriched
for hepatic colony-forming units, compared to starting liver.
Single cells cultured on laminin-coated plates in the presence
of HGF/EGF and foetal liver-cell-conditioned medium gave
rise to colonies of up to 100 cells at 5 days; on longer culture,
cells expressing only both or only one of hepatocytic (albumin)
and cholangiolar (CK19) characteristics emerged, while multi-
potential cells also persisted. Multipotentiality was demon-
strated by the ability to differentiate in vitro into hepatocyte,
biliary, gastric and intestinal epithelium and to reconstitute
cells in liver, pancreas and intestine after transplantation into
those organs. At this stage, in some colonies, c-kit, Thy-1 and
CD34, markers associated with progenitor cells developing in
damaged adult rodent liver, became detectable. Early differ-
entiation into albumin expression was aided by HGF and
associated with CEBP activation, and inhibition of CEBP
stopped differentiation and restored proliferation (Suzuki
et al. 2003). The later differentiation into mature hepatocytes
expressing tryptophan-2,3-dioxygenase was enhanced by
oncostatin. The significance of this study lies not only in the
characterization of a multipotential (including hepatocyte)
progenitor by using single-cell assays, but in the demonstration
that some cell markers regarded as ‘early’ are phasically
expressed.

An alternative cell marker for hepatoblasts was defined by
Tanimizu et al. (2003) who identified a strong expression of
DLK, a membrane protein with 6 EGF-like repeats in its
extracellular domain, on mouse foetal liver cells between
10.5 and 16.5 days. Cells sorted with this marker expressed
albumin and AFP (immunochemically and by means of RT-
PCR), and CK19, and proliferated in response to HGF. Such
cells from a GFP-transgenic mouse could differentiate
into hepatocytes after transplantation into mouse spleen.
Yasuchika er al. (2002) investigated cells from 13.5-day
mouse livers that formed aggregates in suspension culture
and demonstrated that these cells included hepatic progenitors,
shown by albumin, AFP and CK19 expression by means of
RT-PCR and immunochemistry. The progenitors were
CD49f*Thy1"CD45~, but maturation into more terminal
hepatocyte differentiation (tyrosine aminotransferase and
tryptophan oxidase expression) was helped by means of
co-culture with Thy1* cells that also clustered within the
aggregates (Hoppo et al. 2004).

Human and other primate studies

As in rodents, human foetal liver contains both haematopoie-
tic and liver precursors. Cells co-expressing markers conven-
tionally associated with haematopoiesis (CD34*, CD117* and
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CD123*) are present, in fact in an increasing number, between
6 and 24 weeks (Gilles et al. 1997). Haruna et al. (1996)
identified cells with a combination of hepatocytic and biliary
lineage markers (HepParl and CK19) as early as 4-week
gestation. These, subsequently, expressed CK14. Some cells
then lost CK14 and 19 by 14-16 weeks, with persisting Hep-
Parl expression; others maintained CK19, lost HepPar1 and
CK14, and expressed vimentin. The expression of cellular
integrins also evolves as bipotential hepatoblasts mature
along one or other lineage (Couvelard et al. 1998). Hepato-
blasts express Bl and «1,5,6,9 integrins; maturation along
hepatocyte lineage is associated with the maintenance of B1,
al, 5 and 9 and eventual loss of a6 (by 30 weeks). Biliary cells
lose a1, upregulate a6 and maintain B1, but acquire 4, and o2
and a3. These authors comment on the relationship between
these integrin expression patterns and local expression of
extracellular matrix, notably laminin, in the ductal plate area
with biliary cells strongly expressing the laminin ligand, a.634.

Epithelial progenitor cells expressing markers of hepato-
cytes, biliary cells and oval cells, capable of maturing into
hepatocytes in vitro, have been isolated from foetal human
livers of 17-24 weeks of gestation (Malhi et al. 2002). The
starting material contained approximately 50% of cells
expressing both hepatocytic and biliary markers, and the pre-
cise origin of the cells giving rise to proliferating cultures is
unclear. Co-expression of biliary and hepatocytic markers
AFP, GGT, CK 8 and 19, and CD34 and plasminogen activ-
ator inhibitor 1 (together reminiscent of oval cells) persisted for
several passages. Limiting dilution cloning studies were suc-
cessful, when cells were grown on an irradiated feeder layer of
autologous cells with a collagen overlay, and again cells were
bipotential. Transplantation into either the peritoneum or via
the spleen into the liver of immunodeficient mice demon-
strated the adoption of hepatocyte morphology. Subsequently,
such foetal cells have been immortalized by using telomerase
reconstitution, maintaining their differentiative potential with-
out senescence over >300 cell doublings (Wege et al. 2003).
The hepatocytic functional profile included the expression of
C/EBPa and HNF-4, glycogen storage and glucose-6-phosphatase
activity by means of histochemistry, CYP expression by
means of RT-PCR and quantification of urea production at
>100 pg/cell/3 days (one would calculate 540pg for cells
from adult liver). In analogous experiments, Allain et al.
(2002) used SV40 large T transfection in order to immort-
alize primate cynomolgus monkey foetal liver cells, and
identified one clone (from 144 initially derived) that survived
long term, proliferated, had appropriate morphology and
expressed albumin®, AFP*CK8/18 and CK7/19.

Lazaro et al. (2003) disaggregated human foetal liver at
various ages from 8 to 18 weeks of gestation and grew hepa-

tocytes by attachment on collagen and culturing with EGF.
Cells expressing AFP, albumin, transferrin and anti-trypsin
were cultured with both CK18 and CK19 expression, inter-
preted as being hepatocytes at a late stage of differentiation
still maintaining some biliary markers. Oncostatin increased
proliferation and enhanced hepatocytic function (glycogen
deposition, Gé6Pase activity, biliary canalicular formation,
increased albumin and decreased AFP expression). Cultures
proliferated over several passages over months; after time,
‘blast-like’ cells, which were CD34~, CD90 (Thy-1)-, OV-6*
and B-micro~ were identified.

Adult liver as a source of progenitor cells

Rodent studies

Hepatic progenitor cells in adult liver were first recognized to
proliferate when liver mass is diminished; the normal
reparative response of the liver involving mature hepatocytes
was inhibited (Solt et al. 1977). The proliferation of oval cells,
adjacent to the portal tracts, has now been stimulated by
a variety of protocols, such as the administration of
2-aceto-aminofluorine (2-AAF) followed by partial hepatect-
omy, 2-AAF plus carbon tetrachloride, 0.1%-diethoxycarbo-
nyl-1,4-dihydrocollidine (DDC) (which affects hepatocyte
apoptosis but not replication), choline deficiency, galacto-
samine and allyl alcohol. Owval-cell proliferation can be
enhanced by HGF in vivo (Shiota et al. 2000), or (in a half
choline-deficient diet model) by a-1-adrenoreceptor antagonists
(Oben et al. 2003).

Various regimes lead to the proliferation of cell populations
with some differences in properties. In general, oval cells are
small (10 pm) with oval nuclei and a high nuclear—cytoplasmic
ratio. They proliferate and radiate from the periportal region
as ductular-like structures with poorly defined lumens. Rat
oval cells express CK19, GGT, and AFP, Thy-1, c-kit, CD34,
and also SCF, and can be recognized by a series of monoclo-
nals (e.g. OV6, OC.2 and BD1). They are CD45~ (Petersen
et al. 1998). Some of these markers are shared by biliary
epithelial cells (e.g. GGT, CK19 and CD34). Mouse oval
cells induced by the DDC protocol express Sca-1 and CD34
and in this protocol are CD45". They express AFP and the
marker A6 (shared by biliary cells and oval cells) (Petersen
et al. 2003).

Pulse-chase experiments have demonstrated the differenti-
ation of oval cells into hepatocytes, as well as biliary cells, in
vivo (Evarts et al. 1996). After transplantation, oval cells have
been therapeutic in rescuing the FAH™ mouse (Wang et al.
2003b), and have demonstrated their multipotentiality by
apparent transdifferentiation into macro- and microglia after
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transplantation into neonatal mouse brain (although fusion
was not rigorously excluded as a mechanism) (Deng et al.
2003). There is a dispute whether oval cells arise purely from
a dormant precursor in adult liver. Study by Wang et al. on the
FAH™" mouse could find no evidence of a bone marrow origin
of those oval cells which were successful in rescue. However,
other work already mentioned — before the impact of cell
fusion was appreciated — indicated a bone marrow origin of
oval cells under some conditions (Petersen et al. 1999). Hatch
et al. (2002) showed that mouse oval cells express CXCR4,
and in severe (but not mild) injury hepatocytes express SDF-1-
o, the only known ligand for CXCR4, offering a mechanism
for the homing of bone marrow-derived oval cells to the liver
(the potential role of SDF-1 in attracting bone marrow CD34*
cells has already been observed (Kollet et al. 2003).
Maturation of presumed oval cells into hepatocytes in vitro
has been the subject of a report with an important sting in the
tail. From the livers of rats treated 3 days before with a single
dose of allyl alcohol, but without other manipulation, and no
use of carcinogens, etc., colonies of proliferating epithelial
cells grew within 10 days on feeder cell layers, and were
subsequently passaged long term and clonal lines were
obtained (Yin et al. 2002). Some clones co-expressed CK14,
c-kit, albumin and AFP, with other lines/clones expressing
some but not all of these. Most cells expressed all of CD34",
CD45" and Thy-1%; one cell line also expressed three oval-cell
markers OC.10, OV1 and OVé6. On removing from feeder
cells, loss of CD34 and Thy-1 and adoption of hepatocyte-
specific phenotype (e.g. CYPIAII expression) were observed,
enhanced by the addition of oncostatin-M. However, sub-
sequent work identified that these markers were associated
with cells likely derived from the mouse embryonic feeder layer
rather than the rat (Zhang et al. 2003; Leffert & Sell 2004).
Identifying (and particularly culturing) liver-cell progenitors
in and from normal liver is more problematic than identifying
oval cells generated experimentally. Normal rat liver (includ-
ing immediately postnatal rat liver) was demonstrated by
Avital to contain a few p2micro-Thy-1" cells analogous to those
they reported in bone marrow, with strikingly increased num-
bers in cholestasis (Avital et al. 2001). Liver cells from a strain
of GFP™ transgenic mice, in which GFP expression was marked
in hepatocytes but not in non-parenchymal cells, could be
sorted to yield GFP*AFP* cells with high growth potential
which were CD45"TER119~ side scatter low, c-kir", Thy-17,
integrin a6*B1*, and capable of differentiating into both hepa-
tocytes and biliary epithelial cells (Fujikawa ez al. 2003). Wang
et al. (2003a) used a straightforward perfusion and centrifuga-
tion technique in order to yield progenitors which proliferated
and matured into hepatocytes in vitro, expressing oval-cell
antigens peaking at 2 weeks in culture, with a progressive
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increase in albumin expression. Recently, Azuma et al.
(2003) designed a complex culture technique, involving
shaking non-parenchymal cells from adult mouse liver under
hypoxic conditions. Cell aggregates, constituted 95% by vas-
cular endothelial cells and 5% by rapidly dividing small
epithelial cells, were obtained. The proliferating epithelial
cells demonstrated hepatocyte-like morphology (including
biliary canaliculi) and expressed mature hepatocyte functions
(by means of RTPCR) over several weeks after culture with
dexamethasone and dimethylsulfoxide.

Mitaka and colleagues have particularly emphasized the
proliferative potential of small hepatocytes, 1-2% of the
adult hepatocyte population in rats (Mitaka et al. 1998;
Mizuguchi et al. 2001) identifying small hepatocytes as poten-
tial originators of hepatocyte clones. Over 10 days in culture,
these initially albumin™ transferrin® CK8" and CK18* cells
adopted the characteristics of terminal hepatocyte differenti-
ation (tryptophan 2,3 dioxygenase and connexin-32 expres-
sion). These cells are reminiscent of those described by
Gordon et al. (2000b) which were induced to proliferate in
rats when most hepatocytes were inhibited from proliferation
by the alkaloid retrorsine, and partial hepatectomy performed
or hepatic necrosis initiated. Under these circumstances, rather
than oval cells proliferating, there was a rapid expansion of
small hepatocyte-like progenitor cells, arising in any area of
the hepatic lobule. They expressed some oval-cell/bile-duct-
associated antigens (OC.2 and OC.5), lacked CD34 and Thy-1
and expressed mRNA for AFP and
associated transcription factors. They did not, however, prolife-

some liver-
rate in culture, although after transplantation they could insert
into the hepatic cords (Gordon et al. 2002). They lacked CYP450
expression, and the authors hypothesized that this enabled them
to avoid the toxic effect of the alkaloid (Gordon et al. 2000a).
Stem cells have been delineated by their ability to exclude
the Hoechst dye 33342. The property reflects the possession of
one of the ABC-binding cassette transporter pumps (Zhou
et al. 2001). On fluorescent-activated cell sorting, these cells
then appear as a separate ‘side-sorted’ population. Wulf et al.
(2003) exploited side scattering in order to isolate putative
stem cells from normal mouse liver, and directly injected the
side population into mouse liver in which hepatocyte growth
had been altered by the oval-cell DDC regime. The side popu-
lation comprised approximately 1% of liver mononuclear
cells, 75% were CD45™ (although CD45™ cells had the greatest
dye-effluxing potential) and a minority expressed various
other antigens (CD34, c-kit, SCA-1 and Thy-1). They could
give rise to mixed haematopoietic and hepatocytic colonies on
culture with haematopoietic growth factors (IL3, IL6, erythro-
poietin and SCF) but not by EGF, HGF or TGF-a. This group
then demonstrated (albeit by Y-chromosome marking) that
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these cells could contribute to hepatocyte and biliary
populations after direct injection into the liver, or indirectly
via reconstituting bone marrow in myeloablated animals. Side
scattering, associated with the ATP-binding cassette transpor-
ter ABCG2/BCRP1, has also been identified as a property of
rat oval cells induced by the 2AAF partial hepatectomy proto-
col (Shimano et al. 2003; Ros et al. 2003b).

Human studies

A number of classical histological studies on diseased liver —
both chronic (De Vos & Desmet 1992) and acute (Tan et al.
2002; Craig et al. 2004) — indicate the presence of likely
progenitors in man. These include small epithelial cells at the
margin of regenerating nodules and in fibrous septa in chronic
viral hepatitis (Xiao et al. 2003), cells in liver malignancies in
chronic hepatitis with small hyperchromatic oval nuclei
(Theise et al. 2003) and similar cells in areas of focal nodular
hyperplasia (Roskams ez al. 1996) and adenomas (Libbrecht
et al. 2001). Theise’s careful histological studies indicated the
presence of a CK19* cell population and c-kit* cells in the
Canal of Hering in normal liver in adults (Theise ez al. 1999).
In acute liver necrosis, such as after acetaminophen poisoning,
the periportal area shows CK19" cells taken as the correlate of
proliferating oval cells. Scarce c-kit*CD34" cells have been
identified in both normal and diseased human liver, predomi-
nantly around bile ducts but occasionally integrated within
bile duct epithelium (Crosby et al. 2001). In chronic liver dis-
ease (primary biliary cirrhosis and primary sclerosing cholan-
gitis), OV6* cells have been identified. Other studies have
shown CK14 and c-kit* ductule-like cells negative for CD34
and albumin in acute liver failure (Seki et al. 2003). Regener-
ating ductules in submassive hepatic necrosis stain strongly for
a number of ATP-binding cassette transporter proteins
(MDR1, MRP1 and MRP3), relevant, therefore, to a putative
side-scattering population in man (Ros ef al. 2003a).

Crosby et al. (2001) cultured CD34" and/or c-kit* cells from
human liver (normal or diseased) for up to 8 days and identified
biliary differentiation. Selden et al. (2003) identified (as a rare
event and after some weeks quiescence) colonies proliferating
from the non-parenchymal cell population isolated from a liver
with subacute hepatic necrosis, which expressed a combination
of hepatocytic and biliary markers as well as the embryonic
stem-cell marker Oct-4, and secreted albumin and a-anti-trypsin
into the medium over several months.

Embryonic stem cells

Embryonic stem (ES) cells, continuously growing stem cells
first isolated from the inner cell mass of blastocysts, are cap-

able of indefinite continuous culture and are multipotential for
every cell type. Mouse ES cells can be maintained in their
proliferative undifferentiated state on mouse embryonic fibro-
blasts or by culture with leukaemia inhibitory factor (LIF);
removal from the feeder layer or of LIF leads to aggregation
into embryonic bodies and differentiation into three interact-
ing germ layers. Hamazaki et al. (2001) demonstrated that
mouse ES cells cultured as hanging drops to induce EB forma-
tion and then plated on collagen began to express transthyr-
etin, followed by AFP, a-1-anti-trypsin and albumin; further
differentiation required the addition of growth factors, notably
HGF, or oncostatin, dexamethasone and insulin/transfer-
rin/selenium. Jones et al. (2002) confirmed these observations,
although they documented a faster onset of differentiation,
utilizing ES cells carrying a gene trap vector insertion into an
ankyrin-repeat-containing gene, resulting in the expression of
B-galactosidase when hepatocyte differentiation commences.
Kuai et al. (2003) reported that B-nerve growth factor also
promoted hepatocytic differentiation evidenced by means of
immunohistochemistry and RT-PCR for hepatocyte-specific
proteins. Yamada et al. (2002) identified indocyanin-green
(ICG) uptake by some cells differentiated from mouse embry-
oid bodies (by using an ES cell line expressing GFP), and
reported the expression of a panel of liver-specific mRNAs
by the ICG-accumulating cells. These cells (subsequently
tracked by GFP) were incorporated into hepatocyte-cords
after transplantation into mice via the portal vein. Other
transplantation experiments demonstrated that cells isolated
from embryoid bodies 9 or more days after LIF removal
expressed a panel of hepatocyte mRNAs, and could synthesize
urea, and when these cells were implanted into a damaged
liver they survived and expressed albumin (tracked by Y-chro-
mosome markers) (Chinzei et al. 2002). Yamamoto et al.
(2003) described an improved liver function when ES cells
were transplanted into mice with CCly-induced injury. Tabei
et al. (2003) report the derivation of a hepatocyte cell line
isolated from rat embryonic stem cells, which, grown with
LIF by using a collagen sponge gel system, produced albumin
and bilirubin.

ES-derived cells have a propensity to develop teratomas on
implantation into animals. While this introduces a major
caveat in respect of any naive utilization of them clinically,
this has been used in order to demonstrate their hepatocytic
potential, with the teratoma tissue developing in the spleens of
nude mice after injection of mouse ES cells showing some
areas of hepatocyte cord formation (Choi et al. 2002).

ES cells express a wide variety of antigens, the function of
many of which remains unclear. These include stage-specific
embryonic antigens (SSEA) 1, 3 and 4 and keratan sulfate-
associated antigens Tra-1-60 and Tra-1-81. SSEA-1 is a lactoseries
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oligosaccharide; SSEA-3 and SSEA-4 are globoseries glyco-
lipids. Undifferentiated mouse ES cells express SSEA-1 and
increase the expression of SSEA-3 and SSEA-4 when differ-
entiating. However, the opposite is seen with human ES
cells. Undifferentiated human ES cells express SSEA-3, SSEA-
4, Tra-1-60, Tra-1-81 and Thy-1 and differentiation is
characterized in the increased expression of SSEA-1 and down-
regulation of SSEA-3 and SSEA-4 (Thomson et al. 1998;
Reubinoff et al. 2000; Draper et al. 2002; Henderson et al.
2002). ES cells also express the transcription factor Oct-4, a
POU domain transcription factor, essential for the develop-
ment of pluripotential cells in the mouse embryo, and which
can either repress or activate target gene transcription. In ES
cells, the expression of Oct-4 is downregulated with differen-
tiation. Oct-4-deficient embryos develop to the blastocyst
stage, but the inner cell mass cells are not pluripotent (Nichols
et al. 1998; Reubinoff et al. 2000). We have already mentioned
the expression of Oct-4 in the presumed progenitor colonies
we cultured from adult human explant liver (Selden et al.
2003). It is a reasonable hypothesis that progenitor cells in
adult tissues may re-express ES-associated proteins.

Carpenter et al. (2003) reviewed 26 human ES cell lines and
showed that all retain normal karyotype, had similar expres-
sion patterns of SSEA-3, SSEA-4, Tra-1-60 and Tra-1-81 as
well as markers associated with pluripotency, e.g. Oct-4. The
cells express high levels of telomerase activity and hTERT
expression and appear to have indefinite growth potential.
Furthermore, Carpenter et al. observed CD133 expression in
all lines tested, although the marker was only expressed by
50-60% of cells, compared to 70-100% expression of SSEA-4,
Tra-1-60 and Tra-1-81.

Human ES cell lines are gradually being developed, which
though still requiring feeder layers or feeder cell-conditioned
medium for culture, are ‘laboratory-friendly’ as they are tryp-
sin—stable and antibiotic-resistant (Cowan et al. 2004).
Human feeder layers are being developed (Richards et al.
2002), as is the use of extracellular matrix (Xu et al. 2001).
As in the mouse, ES-derived cell lines that have formed embry-
oid bodies can also differentiate into derivatives of all three
germ layers and demonstrate receptors for a variety of growth
factors. Schuldiner et al. (2000) showed that HGF and nerve
growth factor encouraged differentiation into the three
embryonic germ layers. However, of eight growth factors
inducing differentiation (including also EGF, TGF-p1 and
BFGF), none induced the differentiation into one specific cell
type. Rambhatla et al. (2003) used sodium butyrate in order to
induce hepatocyte differentiation in human ES cells, shown by
morphology, albumin and o-1-anti-trypsin and CK8 and
CK18 expression and inducible CYP450 expression and glyco-
gen accumulation. Levenberg et al. (2003) used biodegradable
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scaffolds in order to induce tissue-like structures after seeding
with embryonic stem cells or cells from embryoid bodies, and
found hepatocytic differentiation under the influence of
activin-A and IGF. Ishizaka et al. (2002) were able to produce
hepatocyte-like cells from human ES cells after transfection
with HNF-3B gene. The cells were cultured with FGF-2 in a
three-dimensional culture system; they produced albumin and
triacylglycerol and could synthesize urea.

Cells from other organs

Cells within the pancreas, notably the exocrine acinar cells,
have the capacity after manoeuvres, such as copper depletion
and repletion in vivo, to undergo metaplasia to hepatocyte
phenotype. In organ cultures of pancreatic buds, these exo-
crine cells were shown to undergo true transdifferentiation
rather than activation of a progenitor stem-cell population,
as this could occur without cell division (Shen et al. 2000). For
transdifferentiation into hepatocyte phenotype, the expression
of CEBPB was shown to be a critical master-switch. A rat
pancreatic cell line, the parent cell line of which had been
shown to express neuron-like properties after treatment with
activin-A (Ohnishi et al. 1995), can be differentiated in vitro
into hepatocyte phenotype, expressing albumin and functional
cytochrome P450s, after treatment with dexamethasone (Shen
et al. 2000; Marek et al. 2003). Finally, in the FAH”™ model,
wild-type pancreatic cells lead to the rescue of tyrosinaemic
recipients with the appearance of hepatocytes carrying donor
genetic material (Wang et al. 2001). As this effect was not
enhanced with ductal cell-enriched transplants, and not seen
with purified ducts, the authors argued that a progenitor cell,
rather than mature ductal cells, be responsible for the rescue.
The paper derives from before the time that the significance of
fusion was appreciated.

Conclusions

As in all exciting biological science, this survey of the origins
and potential of hepatocyte precursors in animals and in man
reflects ‘unfinished business’. Over the last decade, the simple
concept that regeneration and repair in adult liver depends
exclusively on the division of mature hepatocytes has been
significantly revised. It is important to observe that the most
striking deviations from this dogma have been demonstrated
in extremely adverse circumstances or in highly contrived
experimental conditions. The hepatocytic potential of bone
marrow cells — whether true stem-cell plasticity or manifesta-
tion of cell fusion with pre-existing hepatocytes — is most
strikingly demonstrated in the unique FAH™ model; in man,
highly contrived conditions, such as bone marrow or liver
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grafting, are required. It remains an open question whether a
far more subtle, low level of transdifferentiation or fusion
takes place during a normal life span when the liver responds
to far less dramatic stresses, or whether such events contribute
to normal cell turnover in the liver. Furthermore, the generation
of oval cells in man is best documented in clinical conditions
when it has been an unsuccessful survival strategy - i.e. in
explant livers removed when liver transplantation has been
performed for acute liver failure. Nonetheless, the potential of
manipulating hepatocyte precursors, to aid in strategies for
tissue repair and gene therapy, to provide cellular tools both
for biological liver support or tools for the assessment of drug
metabolism and toxicity, remains a hugely attractive challenge.
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