1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Prog Mol Biol Trans! Sci. 2010 ; 97: 229-249. doi:10.1016/B978-0-12-385233-5.00008-8.

Biology of the Adult Hepatic Progenitor Cell: “Ghosts in the
Machine”

Houda Darwiche* and Bryon E. Petersen’

*Department of Pathology, Immunology, and Laboratory Medicine, University of Florida,
Gainesville, Florida, USA

TProgram in Stem Cell Biology and Regenerative Medicine, College of Medicine, University of
Florida, Gainesville, Florida, USA

Abstract

This chapter reviews some of the basic biological principles governing adult progenitor cells of the
liver and the mechanisms by which they operate. If scientists were better able to understand the
conditions that govern stem cell mechanics in the liver, it may be possible to apply that
understanding in a clinical setting for use in the treatment or cure of human pathologies. This
chapter gives a basic introduction to hepatic progenitor cell biology and explores what is known
about progenitor cell-mediated liver regeneration. We also discuss the putative stem cell niche in
the liver, as well as the signaling pathways involved in stem cell regulation. Finally, the isolation
and clinical application of stem cells to human diseases is reviewed, along with the current
thoughts on the relationship between stem cells and cancer.

[. Introduction: The Oval Cell

The putative liver stem cell, usually referred to as the “oval cell,” is a heterogeneous
population of small portal zone cells with a high nuclear/cytoplasmic ratio and an ovoid
nucleus.! First observed in the rat liver, these cells can proliferate extensively when
activated. Although the exact mechanism of their activation has yet to be determined, one
condition for their stimulation is that hepatocyte proliferation must be severely impaired.

Once activated, oval cells migrate into the liver lobule, where they can differentiate into
hepatocytes and biliary cells. Also during the activation process, a myriad of cell types
including progenitors, mature duct cells, activated stellate cells, and fibroblasts emerge
nearby; therefore, it is unclear whether oval cells that arise in different species or as a result
of different insults are truly comparable. Liver progenitor cells that are observed in chronic
conditions of impaired hepatocyte proliferation or differentiation in human pathologies are
referred to as intermediate hepatobiliary cells; these cells bear a very strong resemblance to
their more extensively studied rodent analogs. However, for the purposes of this chapter, we
will use the term “oval cell” and “oval cell response” to describe liver progenitors and the
cellular changes that occur upon their activation in all species.

Researchers are working on identification of these cells via the use of cellular surface
markers, and it is very probable that descriptions of the different hepatic cell types will
include surface marker designations in the future.2 However, regardless of the final
nomenclature, the preponderance of available data suggests that the precursors to oval cells
are not mature hepatocytes.3 In fact, the most likely location for oval cell precursors in the
adult liver is the Canal of Hering, and it is widely believed that oval cells are a bipotential
transient amplifying population, derived from normally quiescent stem cells that reside in
this offshoot of the biliary tree.*® In normal liver tissue, oval cell numbers are so limited
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that they are almost beyond detection; however, oval cell activation leads to the profuse
replication of these cells in the periportal regions of the liver. Morphologically, oval cells
are small in size, only about 10 pm in diameter, with a large nuclear to cytoplasmic ratio and
an ovoid nucleus, giving them their name.

Oval cells possess characteristics similar to ductular cells in their distinct isoenzyme
profiles, expressing markers such as cytokeratin 19 (CK-19) and y-glutamyltranspeptidase
(GGT), and also have been shown to express a-fetoprotein (AFP).8:7 Characterization of
these progenitors can be achieved via the utilization of monoclonal antibodies such as OV-6
and thymus cell antigen 1 (Thy-1), at least in some species.8-10 Oval cells are thought to be
capable of generating both hepatocytes and biliary epithelial cells, thus qualifying them as
bipotential progenitor cells in adult livers.11:12 |t has been shown that delta-like protein
(DIK) can be used to isolate AFP-positive cells from fetal and adult regenerating rat liver.13
More recently, evidence has come to light showing that cells positive for epithelial cell
adhesion molecule (EpCAM) are also capable of repopulating the liver after injury, and that
these cells express the classic oval cell markers such as AFP, CK19, and OV-6.14

While most of the experimental evidence for oval cell bipotentiality has come from in vitro
differentiation of immortal liver cell lines upon oval cell activation,11:12 recent genetic
lineage tracing studies performed in vivo provided evidence for the presence of a bipotential
precursor during oval cell activation.® Periportal FoxI1-Cre marked cells yielded both
hepatocytes and cholangiocytes, and although the study did not conclusively address
whether a single cell could give rise to both cell types, it corroborates other data published in
the literature.16

Murine oval cells have been found to differ from their rat and human counterparts in their
expression profiles. In fact, until recently there was only one oval cell-specific antibody,
referred to as A6, available for detection of mouse oval cells.1” A panel of antibodies raised
against cells present in the mouse oval cell response has shown pervasive antigenic
heterogeneity among hepatic cells activated by DDC, as at least two distinct classes of
proliferating cells, distinguished by antigen expression and ductal versus periductal
localization, were identified.?

In the rat model, oval cells can be isolated based on expression of the surface marker OV6;
furthermore, there are subpopulations with distinct biological behaviors.1® Oval cells
induced by carcinogen exposure in the rat have been shown to express genes typically
associated with hematopoietic stem cells, such as stem cell factor (SCF) and its receptor, c-
kit. During the early stages after partial hepatectomy in the 2-acetylaminofluorene/partial
hepatectomy model for oval cell activation, c-kit expression is observed in AFP-positive
oval cells, but SCF is expressed in both oval and stellate cells.1® While previous research
has shown that the hematopoietic marker Thy-1 is also highly expressed on rat oval

cells, 1020 recent studies suggest that Thy-1 may actually be a marker of myofibroblasts?®;
however, these data are inconclusive with regards to the immunohistochemical profiles of
these cells.

The expression of hematopoietic progenitor markers in oval cells is not unique to the rat, as
human liver oval cells can express CD34 as well as the bile duct marker CK19.22
Nonhematopoietic cells expressing c-kit have been shown to be present in pediatric liver
diseases such as extrahepatic biliary atresia (EHBA) and fulminant hepatic failure (FHF).22
Finally, DDC-activated mouse oval cells have been reported to express very high levels of
the hematopoietic progenitor marker Sca-1.23 Therefore, multiple independent studies
support the concept that a percentage of hepatic oval cells, but not regenerating hepatocytes,
can express genes also found in hematopoietic stem cells. These findings have contributed to
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the hypothesis that oval cell precursors might be found in the bone marrow, and further
emphasize the heterogeneity of oval cell populations.

As a result of these conflicting reports, attempts to uncover hepatic stem cells in adult
normal liver are still underway. A recent report demonstrated that normal murine liver-
derived cells in the nonparenchymal cell (NPC) fraction isolated through cell aggregate
formation contained bipotential progenitor cells.24 Also, colony formation assays using rat
adult liver cells revealed that 0.043% of the NPC fraction formed bipotential colonies and,
furthermore, that the frequency of such colonies did not significantly differ whether the cells
were obtained from normal intact liver or liver after partial hepatectomy.?® These results
suggest that hepatic stem/progenitor cells are in fact present in normal adult liver.

Protocols for the isolation, culture, and propagation of facultative hepatic progenitor cells
have existed for several decades. The phenotype of hepatic progenitors remains
controversial, and the relevance of hepatic progenitors after liver injury, particularly after
exposure to chemicals and carcinogens and as a source of transplantable cells, is not clear.
Intrahepatic progenitor cells from nondamaged fetal and adult liver offer a more clinically
relevant population. Recent data show that bipotential, epithelial colony-forming cells can
be successfully isolated from fetal and adult mouse liver by immunoselection for epithelial
cell adhesion molecule (EpCAM).26:27 This is an encouraging development, as EpCAM-
positive cells are putative hepatic progenitors in fetal and adult human livers, which are also
capable of forming colonies in culture.?8

In our laboratory, we have found that approximately 60%of EpCAM-positive cells also
express Thy-1, and of that population about 20% are positive for DIk-1 (H. Darwiche, N.
Steiger and BE Petersen, unpublished observations). Although it remains questionable if
EpCAM-positive cells in mice and humans represent cells of comparable functional
phenotype, inferences made from rodent studies using cells of the same
immunohistochemical marker could be extrapolated to facilitate the production of clinically
usable material.

Il. Canals of Hering: The Putative Oval Cell Niche

A stem cell niche is described as the cellular and extracellular microenvironment which
supports stem cells and contributes to sustain self-renewal.2? In fact, the interaction of stem
cells with other cell types in this microenvironment is thought to be essential for regulating
stem cell maintenance, as a plethora of different types of signaling and adhesion molecules
exist within the niche. Indeed, the stem cell niche has been attributed functions such as (i)
the maintenance of stem cell quiescence and (ii) the provision of proliferation or
differentiation-inducing signals when numerous progenitor cells are required to give rise to
transit-amplifying cells committed to producing mature cell lineages.2%-32

In the stem cell niches of many organs, that is, bone marrow, intestine, and brain, signaling
pathways such as Wnt, Notch, and Hedgehog function in concert. The presence of these
signals is thought to regulate the maintenance of stem cell quiescence, to control
proliferation, and to govern cell fate decisions. In particular, Notch and Wnt signals overlap
to control the detailed pattern of cell fate choices as stem cells divide and give rise to
differentiated progeny.32

The hepatic stem cell niche is thought to exist in the biliary tree at the level of the Canals of
Hering. As is the case with niches in other organs, it is composed of numerous cell types,
including portal myofibroblasts, hepatic stellate cells, endothelial cells, hepatocytes,
cholangiocytes, Kupffer cells, pit cells, and immune cells. Any of these cell types can
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interact and cross-talk with oval cells, thereby influencing their proliferative and
differentiative capacities from within the niche itself.33

Whnt secretion, whether autocrine or paracrine, is clearly involved in the stem cell response
seen in mice, rodents, and humans.34-3¢ Also, Hedgehog signaling is essential for survival
of progenitor cells, as evidenced by the activation of the specific receptor Patched (PTC)
expressed by progenitors.3” Furthermore, inflammatory cells present in response to injury
are responsible for producing a range of cytokines and chemokines that could potentially
influence the progenitor cell response to liver injury.33 For example, T cells express a tumor
necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK) which can stimulate
progenitor cell proliferation by engaging its specific receptor, Fn14.38 Hepatic progenitors
can also potentially be stimulated by other various components of the inflammatory
response, such as lymphotoxin-p, IFNy, TNF-a, and even histamine.38:39 Furthermore, it has
been proposed that resistance to transforming growth factor (TGF)-p, which under normal
circumstances works to decrease proliferative capacity, allows progenitors to divide under
conditions that would normally inhibit hepatocyte proliferation.40

Recent research has also clarified the relationship between progenitor cells and hepatic
stellate cells.#1-44 Stellate cells serve as a key source of growth factors, such as TGF-o,
hepatocyte growth factor (HGF), and acidic fibroblast growth factor (aFGF). Because of the
wide panel of molecular intermediates they may produce and secrete, particularly after their
sustained activation in a disease state, hepatic stellate cells are definitely involved in various
liver pathologies, in addition to their well-known role in fibrosis and extracellular matrix
remodeling. Specifically, there appears to be an association between the degree of hepatic
injury, progenitor cell expansion, and fibrosis in many human liver diseases such as viral
hepatitis, steatohepatitis, and primary biliary cirrhosis.

It is possible that stellate cells can be activated directly by hepatic progenitors or that
activated stellate cells could promote progenitor cell expansion and drive their
differentiation into mature lineages. It is also feasible that activation of both cell types could
occur separately but simultaneously, through similar mediators or stimuli.*> A recent study
using murine models indicates that hepatic progenitors need a support matrix, thought to be
provided by stellate cells or myofibroblasts, to aid in migration and anchorage, as well as
progenitor cell differentiation and repopulation of the damaged liver.46

Moreover, studies performed in our laboratory have demonstrated that when activation of
stellate cells was inhibited, the oval cell response to 2-aceytlaminofluorene (2AAF)-PH
treatment was drastically reduced, as determined by expression levels of OV-6 and AFP.44
These observations reinforce the theory that niche compounds play a key role in progenitor
proliferation and differentiation. Further studies are necessary in order to delineate the
mechanisms for cross talk between progenitors, stellate cells, and the extracellular matrix in
human liver diseases.

Perhaps most significantly, there is little known about the functions of specific growth
factors and hormones present in the stem cell niche during the expansion of hepatic
progenitors. For example, numerous previous studies have demonstrated that cholangiocyte
proliferation during liver injury can be regulated by several factors such as steroid hormones
(i.e., estrogens, progesterone), growth factors (i.e., insulin-like growth factor 1, IGF1;
vascular endothelial growth factor, VEGF), and neurotransmitters (i.e., acetylcholine).4749
Moreover, cholangiocytes have been shown to secrete both autocrine and paracrine factors
that regulate proliferation as well as activate fibrogenic response of portal myofibroblasts
and hepatic stellate cells. Studies in our laboratory have shown that loss of such factors as
SDF-1 and IGFBP-3, which are produced by stellate cells, can lead to loss of activation of
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the oval cell compartment.>0:51 Furthermore, cholangiocytes might be able to undergo
epithelial-mesenchymal transition and thereby increase the number of fibrogenic cells in the
portal triad.4

One of the key factors in determining the developmental potential of a stem cell is its
environment. It has been demonstrated in a rat model that hematopoietic stem cells can give
rise to oval cells, which retain hematopoietic markers such as Thy-1 but also gain expression
of liver-specific markers such as AFP. Hematopoietic stem cells obtained from adult
peripheral blood retain a tremendous developmental plasticity.”-10:23 Taken together, this
indicates that hematopoietic stem cells and oval cells may share a common developmental
origin or may even arise directly from the same cell.

The role of these substances in the regulation of the stem cell niche, as well as possible cross
talk between the progenitors and cholangiocytes, need to be further elucidated.
Understanding of the signaling pathways that regulate progenitor cell proliferation during
the progression of liver diseases and/or injury could open the possibility for the development
of therapeutic strategies. The hepatic progenitor compartment could represent an important
target for new therapeutic approaches to liver diseases through a correct pharmacological
modulation. Regardless of origin, however, all stem cells execute their developmental
programs by regulating gene expression. Determining which signals are responsible for such
processes as induction of differentiation, self-renewal and/or maintenance of
pluripotentiality will lead to a better understanding of the biology of oval cells and their role
in the liver.

lll. Oval Cell-Mediated Liver Regeneration

The liver is one of the few organs that are known to be capable of rapid regeneration. This
process usually takes place in response to liver injury resulting from surgical resection or
exposure to destructive agents. Although this ability is referred to as regeneration, what is
actually occurring is a process of compensatory growth or hyperplasia. Rather than the
resected liver tissue growing back, the portions of the liver remaining, for example, after a
two-thirds partial hepatectomy, increase in size to make up for the loss of tissue.> This
expansion continues until the mass of the “regenerated” liver reaches within approximately
10% of the original liver mass. Completion of this process usually takes approximately 2
weeks in rodents, but can take up to 2 months in humans. While the original mass of the
liver may be restored, the original anatomical form of the liver is not, indicating that
regenerative growth after partial hepatectomy is a closely regulated process synergistic with
the body’s demand for liver functionality, independent of its anatomical form.53

There have been many studies investigating the possibility that hepatic progenitor cells can
modulate the regeneration process following partial hepatectomy; however, no experimental
evidence exists to confirm this hypothesis. In fact, based on data that has been published
over the last century, hepatocytes irrefutably are the cells responsible for regeneration after
partial hepatectomy.3 However, in the last decade, a clear distinction has been made
between regeneration after partial hepatectomy alone and regeneration after partial
hepatectomy combined with inhibition of hepatocyte proliferation. Many studies have
shown that oval cells can be activated by suppressing mature hepatocyte proliferation. For
example, administration of 2-acetylaminofluorine blocks hepatocyte proliferation by
interfering with their ability to divide properly. When followed by partial hepatectomy or
CCly treatment, the liver mounts an active regenerative response. As the mature hepatocytes
are unable to divide, the oval cell compartment is activated and oval cells become the
dominant cellular source for regeneration.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2011 June 24.
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Oval cell replication is important in many models of liver injury including carcinogenesis
induced by azo dyes and choline-deficient/ethionine-containing diets (CDE diet), injury
caused by o-galactosamine, and injury produced by 2AAF, dipin, or CCl, treatment in
combination with PH.>455 |n fact, oval cells may constitute more than 70% of the liver mass
during regeneration caused by administration of 2AAF/PH; it is thought that the cells form a
transit-amplifying compartment that includes undifferentiated progenitors, medially
differentiated transit cells, and newly differentiated hepatocytes.>® Recent work has also
indicated that oval cells may have a role in carcinogenesis. The mechanisms controlling
progenitor activation are under intense investigation, and whilst a number of inflammatory
cytokines and growth factors have been described in rodent models, recent studies have
indicated an important role for Hedgehog signaling in progenitor activation in alcoholic
steatohepatitis in mice and humans.>6:57

Multiple growth factors (i.e., TGF-a, EGF, HGF, and SDF-1) can stimulate oval cell
growth,>3 and in fact, oval cells can produce and respond to several of their own cytokines.
NPCs, such as stellate cells, can enhance oval cell growth and differentiation via secretion of
growth factors, and also by direct cell-cell interactions.16 Oval cells are similar to
hepatocytes in that both require growth factors for cell cycle progression and both cell types
also require a “priming” process in order to respond to these stimuli®8; however, global gene
expression patterns, as well as expression of specific markers, are different between the two
cell types. For example, expression of genes related to the interferon-y signaling network is
greatly increased in oval cells when they are mediating liver regeneration, but these genes
are not activated in the regenerating liver after partial hepatectomy alone.>®

IV. Molecular Regulation of the Oval Cell Response

There are four distinct components of the oval cell response: activation, proliferation,
migration, and differentiation.>® Some of the factors involved in regulation of the oval cell
response have been identified through genetic studies using murine models, as well as by in
vitro studies of oval cell lines in culture. As previously indicated, there are a multitude of
epithelial, hematopoietic, and mesenchymal cell types present during hepatic progenitor
activation, and therefore in most cases it is still unclear which cells transmit and which
receive important molecular signals. This is made even more complicated by the fact that the
signals impacting these processes can do so either directly (by acting on the proliferating
epithelial cells), or indirectly by signaling to a nonepithelial cell type which can, in turn, act
on oval cells.

In addition to describing cellular topology, future studies must examine the temporal
sequence of signaling events. As previously stated, the involvement of interferon-y in oval
cell activation appears to be critical. Mice that are deficient for interferon-y have an
attenuated oval cell response, but increased liver regeneration potential after partial
hepatectomy.89:61 On the contrary, the addition of interferon-y to TNF and
lipopolysaccharide (LPS), both growth factors known to be present during liver growth,
leads to an arrest in proliferation of cultured hepatocytes but appears to promote oval cell
activation.52

Another pathway has been associated with oval cell activation even in the absence of injury.
Transgenic mice expressing TWEAK in hepatocytes actually exhibit a spontaneous oval cell
response. Furthermore, the resulting proliferating ducts also express the TWEAK receptor
Fn14.38 TWEAK-Fn14 signaling in the liver appears to be progenitor specific, as Fn14 is
absent from hepatocytes, and hepatocyte proliferation occurs at normal levels despite
TWEAK expression.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2011 June 24.
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Recent evidence has indicated an important role for the hedgehog signaling pathway in liver
progenitor activation, particularly in alcoholic fatty liver disease. In mice and humans,
alcoholic steatohepatitis induces proliferation of immature duct cells in the portal tracts.>6->
This is accompanied by transcriptional upregulation of Hedgehog family members (Sonic
hedgehog and Indian hedgehog) and expression of Hedgehog target genes in the
proliferating ducts as well as the adjacent myofibroblasts.>6 Hedgehog inhibitors can impair
progenitor proliferation.>” Indirect evidence suggests that activation of hedgehog signaling
might be downstream of TGF-p (i.e., the inflammatory response).

It has also been demonstrated that TGF-f can induce differential regulation of mature
hepatocytes and immature oval cells. TGF-p is an activator of apoptosis in mature
hepatocytes but does not affect oval cells or biliary epithelia.>® Thus, one of the emerging
themes of hepatic progenitor activation is that inflammatory cytokines have opposite effects
on hepatocytes and progenitors. Another molecule involved in the oval cell response is
interleukin-6, which appears to regulate progenitor activation and proliferation. Mice
lacking interleukin-6 and given a choline-deficient diet have a significantly reduced level of
progenitor activation.®3 The absence of TNF-a has also been shown to impair oval cell
activation,4 although mice deficient in the TNF receptor seem to have a normal oval cell
response.

Acting as a downstream effector molecule for TGF-p is connective tissue growth factor, or
CTGF. CTGF is a secretory protein that is known to act on many cell types to stimulate
fibrotic processes, promote fibroblast proliferation, migration, and the production of
extracellular matrix.55We found that CTGF upregulation occurred concomitantly with
increases in TGF-p. Furthermore, inhibition of CTGF was associated with a significant
decrease in oval cell proliferation as well as a lower level of expression of AFP, showing

that CTGF induction is essential for a robust oval cell response following 2AAF-PH in the
rat.65.66

Among the large variety of cytokines secreted by stellate cells, TGF-B likely represents that
with the highest impact on collagen overproduction and accumulation in liver fibrosis. But,
liver fibrosis is also characterized by important changes in extracellular matrix remodeling, a
process that is critical for proper regeneration of the liver lobule. Quiescent and early
activated stellate cells are involved in extracellular matrix degradation by producing
metalloproteinases, in other words, by exhibiting a matrix-degrading phenotype. It is well
known that animals deficient for critical metalloproteinases have defective regeneration
capabilities. During perpetuation of injury, aside from enhanced degradation of normal liver
matrix, stellate cells overproduce tissue inhibitors of fibrillary collagen degradation, namely
tissue inhibitor of metalloproteinase-1, -2 (TIMPSs) that maintain fibrosis.5’

V. From Bench to Bedside: Isolation of Hepatic Progenitors and Their Use
in Medicine

The existence of a hepatic stem cell compartment gives rise to expectations regarding its
clinical applications. With the increasing interest in characterizing oval cells with respect to
their origins, questions arise regarding the mechanism of their recruitment and their
differentiation potential. Given the biological properties of stem/progenitor cells, isolation
and transplantation of hepatic progenitors could represent a novel source of clinically
applicable therapies for many human liver diseases, ranging from congenital metabolic
diseases to end-stage cirrhosis to hepatocellular carcinoma (HCC).68-70

The many types of hepatic progenitor cells offer a cellular basis of stem cell therapy for the
treatment of liver disease. Stem cell-derived hepatocytes can be used for drug screening and
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disease modeling, human bioartificial liver construction, and potentially transplantation
therapy. The ability to use human cell types in the pharmaceutical industry not only allows
expedition of novel human drug development but also takes into account variability in drug
metabolism because of cytochrome P450 polymorphisms. Phase I trials employing a
bioartificial liver device have already shown promise as patients exhibited improvement in
neurological state and hemodynamics, but these are currently very limited by the use of
xenogeneic materials. These devices permit some restoration of liver metabolic function and
are likely to act as a bridge to liver transplantation in patients with advanced or end-stage
liver failure.”1.72

There may be several advantages to using stem/progenitor cells as opposed to mature
hepatocytes for transplantation. Numerous studies utilizing rat models of primary hepatocyte
transplantation revealed that transplantation leads to influential donor chimerism that can
rescue animals from lethal hepatic failure.”3~75 Hepatocyte transplantation has been
performed formore than 15 years in humans with varied degrees of success.”®-"® The main
problems with using hepatocytes for cell-based therapies include the limited number of
donor organs as well as the fact that the cells being used are usually not in optimal
condition. Attempts of immortalization of primary hepatocytes are currently only partially
successful as proliferation and hepatocellular function appear mutually exclusive.89 The
recently developed human hepatoma cell line HepaRG8! retains some attributes of primary
hepatocytes, but nonetheless remains a cancer cell line, and therefore is restricted in its
application to in vitro modeling of human drug toxicity and incorporation in extracorporeal
support devices.

In two clinical trials, hepatocyte transplantation was shown to be effective for the treatment
of liver-based congenital metabolic disorders. Transplantation of allogeneic hepatocytes into
the liver of a patient with Crigler—Najjar syndrome was shown to be successful in some
measure, as the patient survived for 11 months and his hyperbilirubinemia was partially
corrected.82 Furthermore, it has been reported that transplantation of cryopreserved
hepatocytes into patients with inherited factor V11 deficiency led to a gradual reduction in
their requirement for recombinant factor V1la until, after 8-10 weeks, patients were
receiving only about 20% of their original dose of factor V1l1a.83

The ability of hepatocyte transplantation to contribute to the long-term rescue of hepatic
metabolic disorders remains unclear. Moreover, in vitro expansion of mature hepatocytes is
not feasible because long-term cultivation of hepatocytes results in hypofunction of
hepatocytic metabolism. Therefore, transplantation of mature hepatocytes in the setting of
acute liver failure should only be viewed as a bridge to liver transplantation, as it can
temporarily improve the metabolic status of extremely ill patients.’6:77

Transplantation of stem/progenitor cells could make for better long-term repopulation and
sustained metabolic activity, due to the constant propagation of new hepatocytes; however,
numerous issues remain to be addressed before progenitor cells can be used in clinical
practice. Perhaps most significantly, isolation of hepatic progenitor cells from human
material has proven to be very difficult. Although hepatic progenitor cells are a distinct
population based on the expression of several markers, indisputable isolation of a pure
fraction has been a major obstacle in liver progenitor cell research.84 Hepatic progenitors
represent a dynamic cellular compartment that continuously changes morphology,
phenotype, and cell surface marker expression, making it difficult to isolate and maintain
uniform progenitor populations. Moreover, many of the described markers are not
completely specific, thereby limiting their use for isolation of viable cells.85:86
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Darwiche and Petersen Page 9

Two different clinically relevant populations of hepatic progenitors have recently been
isolated from nondamaged fetal or adult human livers using epithelial cell adhesion
molecule (EpCAM) or Thy-1 as markers.87:88 It was demonstrated that purified EpCAM™*
cells from fetal or postnatal livers are able to engraft the livers of immunodeficient adult
mice (with or without prior injury) and to give rise to mature human liver parenchymal cells.
The efficiency of the isolation of EpCAM™ cells from human livers, the demonstration of
their pluripotency, and the evidence that they can generate mature liver tissue after
transplantation are encouraging for clinical use.8’ Similar results have been obtained by
Weiss and colleagues through the isolation of Thy-1* cells from adult human livers and their
transplantation in a mouse model.88 It should be noted that the engraftment efficiencies in
these studies using these surface markers for isolation are quite low, approximately 5% for
Thy-1-positive cells and 2% for EpCAM-positive cells.

The exact phenotype of the isolated hepatic progenitor cells remains unclear, which presents
a problem for their isolation and subsequent transplantation. Differential expression of AFP
was thought to be a potential mechanism for distinguishing between adult progenitors and
hepatoblasts, but this is controversial as this marker is shared by hepatic progenitor cells.
Moreover, Thy-1, initially introduced as a marker of progenitor cells, is not expressed by the
progenitors themselves but by the neighboring stellate cells or progenitors of the
mesenchymal lineage.84 Until scientists are better able to determine the relationships
between differentiation state and expression of these markers, as well as the overlap between
surface marker expression, transplantation efficiency based on cell sorting with any surface
marker as a basis will remain relatively low.

Activation of progenitor cells has been demonstrated in several disorders of the liver; this is
not surprising, as the vast majority of human liver diseases are characterized by various
levels of damage, loss, and impaired regeneration of mature hepatocytes and/or biliary
epithelial cells. In fact, there are only a handful of human liver diseases in which activation
of hepatic progenitors does not occur. For example, there is no documentation of progenitor
cells after acute and complete extrahepatic biliary obstruction, most commonly caused by
bile stones. The ductular reaction seen in these cases is the result of proliferation of mature
biliary epithelial cells, and is thereby fundamentally different than what is seen in other liver
diseases, where progenitor cell proliferation/differentiation is known to occur.8%-91

Following acute massive necrosis of hepatocytes, there is a massive induction of
proliferation in the progenitor compartment in the liver. In addition, a significant progenitor
activation has been exhibited in the advanced stages of a majority of chronic human liver
diseases.?2-94 A threshold of a 50% loss of hepatocytes, together with a significant decrease
in proliferation of the remaining mature hepatocytes, is required for an extensive activation
of hepatic progenitors. Under these conditions, activation of progenitor cell proliferation
occurs within 1 week, and their differentiation into mature hepatocytes and biliary epithelial
cells begins within 2 weeks. Furthermore, there is a positive correlation between progenitor
cell activation and clinical parameters of disease severity, such as the Model for End Stage
Liver Disease (MELD) score, as well as an influence on the prognosis of the pathological
condition in question.?4

Activation of hepatic progenitor cells is also associated with inhibition of hepatocyte
replication in long-term chronic liver diseases. In the majority of chronic liver pathologies,
progenitor cell proliferation is determined by the extent of fibrosis.%> Activation and
localization of progenitors can also correlate with the localization of inflammatory infiltrate,
as seen in chronic viral hepatitis. In cases of moderate-to-severe lobular inflammation,
progenitor cells were haphazardly dispersed throughout the parenchyma and surrounded by
intermediate hepatocyte-like cells, suggestive of progenitor migration away from the
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periportal regions and into the lobular parenchyma, where their differentiation into mature
lineages finally occurs.9

Another avenue for the clinical use of stem cells presents itself with the advent of
bioengineered organs and tissues. The development of tissue scaffolds for the seeding of
stem cells has immense potential, but until recently the clinical applications of these
scaffolds have been limited. The most clinically relevant engineered tissue has been the
cartilage.9% The injection of tissue-engineered cartilage into osteoarthritic as well as
nonarthritic knees and other joints were reported to have greatly improved joint stability and
motion; however, further long-term studies must be made to determine the stability and
long-term effects of these grafts.%” The growth of autologous cells on decellularized human
heart valves and subsequent implantation of these valves has also been clinically
worthwhile.98 Another engineered tissue that has been evaluated in a clinical study is the
bladder. Here, patients received bladders engineered with autologous urothelial and muscle
cells; these patients demonstrated clinical benefits from the implanted tissue for up to 5
years postimplantation.® The successes seen with bladders, heart valves, and cartilage
demonstrate the possibilities for the clinical use of stem cells.

However, in order for stem/progenitor cells to make the jump “from bench to bedside,”
several obstacles will need to be overcome. For example, the maintenance of progenitors in
culture has surfaced as a major hurdle. Developing this technique is critical because any
therapeutic use of these cells will require the expansion of a small population of cells ex vivo
prior to transplantation. The second impediment has been selectively directing the
differentiation of oval cells down a hepatocyte or cholangiocyte committed pathway as
needed. It is likely that the signals mediating these differentiation processes will be
sufficiently complex as to disallow their exact replication in vitro. Factors governing oval
cell differentiation may include contact dependence, extracellular matrix contact, or
exposure to soluble signaling proteins in the serum. To circumvent the need for overcoming
this second hurdle, cells could be transplanted in their precursor form with the natural
microenvironment of the liver dictating their differentiation, but this approach has yet to be
validated.

Finally, the suitability of hepatic progenitor cells for hepatic repopulation in the clinical
setting still needs to be assessed. In fact, a major obstacle in the transplantation of hepatic
progenitor cells in human patients and in their application in clinical trials is represented by
the production of these cells in the respect of strict guidelines and laws. As recently
suggested, the standardization of the processes from basic research to the development of
clinical trials will be essential to ensure cell-based therapies for chronic liver diseases.’®
This process will include the use of standardized methodologies to characterize the cells to
be grafted using a common and validated set of phenotypic markers, as well as a standard set
of in vitro functional studies. Animal models should be used for preclinical assessment of
the repopulation ability of hepatic progenitor cells or their capability to differentiate into a
progeny able to functionally replace liver cell loss. Finally, clinical trials using hepatic stem/
progenitor cells or their differentiated progeny should be planned, with the development of
standardized protocols for validated procedures to define the nature of cells, the patients
enrolled, the transplantation procedure and pretreatment of the liver, as well as standard data
collection regarding efficacy, and possible side effects.”0

VI. Hepatic Stem Cells and Liver Cancer

It has been suggested that human hepatic stem cells may be able to give rise to HCC as well
as cholangiocarcinomas (CCC).>76 In these models, a periportal population of small
“primitive” oval epithelial cells proliferate either in association with or before hepatocyte
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multiplication. Multiple studies have demonstrated that a substantial number of HCCs
contain a progenitor cell population. Furthermore, detailed immunophenotyping of HCCs
indicated that 28-50% of HCCs express markers of progenitor and biliary epithelial cells
such as CK7 and CK19. These tumors also consist of cells that have an intermediate
phenotype between progenitors and mature hepatocytes. In fact, HCCs that express
hepatocyte and biliary cell markers such as albumin, CK7, and CK19 carry a significantly
poorer prognosis and higher recurrence after surgical resection.’” Nevertheless, these
coordinative studies have not yet proven that HCC is derived from or driven by oval cells.

One of the goals in this type of research is the identification of markers specific to cancer
stem cells in the liver as well as other organs. However, the problem with this lies with the
ability to isolate these cells from normal liver or from HCC samples, and the subsequent
functional and molecular characterization. Strict double and triple immunohistochemical and
confocal labeling is necessary to identify marker-positive stem cells. Such rigorous labeling,
however, has not been consistently adhered to. Furthermore, definitive experiments showing
serial transplantability of marker-positive-cells has yet to be demonstrated. Moreover, it is
difficult to identify gene products that are specifically associated with putative progenitors
or with HCC. The challenge lies in defining the markers specific to these cells at varying
stages of differentiation, in HCC, and the elusive liver cancer stem cell.100

The observation that many reagents that activate oval cells in rodents are carcinogenic
supports the idea that alterations in the frequency or proliferative capacity of oval cells can
contribute to liver cancer. In mice and rats, some HCCs and CCCs have been proposed to be
of oval cell origin.191.192 The detection of c-myc, Ras, and AFP after oval cell activation is
consistent with this hypothesis.193.104 |n humans, oval cells/intermediate hepatobiliary cells
have also been observed in samples from patients with liver cancer or chronic diseases.%2
HCCs sometimes express markers of the bile duct lineage, such as CK7 and CK19, despite a
predominantly hepatocytic phenotype.10°

Recent studies have suggested CK19 as a prognostic marker for early neoplastic lesions.
These studies are also indicative of a progenitor cell derivation for HCC in a rat RH
(resistant hepatocyte) model. CCCs, conversely, have been observed to yield intermediate
hepatocytes.’8 These tumors often incorporate oval cell activation in the form of a ductular
reaction. Thus, progenitor cells might have a role in the emergence and maintenance of
some liver tumors. Elucidating the molecular processes of oval cell activation may lead to
novel strategies to be employed in the field of cancer therapeutics.

VIIl. Conclusions

Currently, liver progenitor cells represent a key area in the development of new therapeutic
strategies for liver disease. These cells represent a “stand-by” stem cell compartment that
can be activated and driven to differentiate into mature lineages through modulation of
cytokines and growth factors. Signals that govern progenitor cell proliferation and
differentiation into mature parenchymal liver cells are still not clarified. Likewise, the role
of the niche in the modulation of the resident progenitor cell compartment remains to be
elucidated. Moreover, the shortage of liver donors and the well-known limits of liver
transplantation underscore the need and the possibility of applying a stem cell therapy to
end-stage chronic hepatic diseases and to acute massive liver injury.

It is pivotal to elucidate the underlying disease pathophysiology, identify key developmental
factors, and optimize tissue culture environments if the true potential of stem cell derivatives
is to be realized. Future studies should observe guidelines recently published by a
collaborative workforce to standardize progenitor cell definition, preclinical animal models,
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d endpoint parameters. One of the next essential steps will be to define the parameters of

safety and efficacy that need to be attained before the possible application of cellular liver
therapies.’0
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