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Abstract

The liver plays an essential role in glucose and lipid metabolism, synthesis of plasma proteins, and
detoxification of xenobiotics and other toxins. Chronic disease of this important organ is one of
the leading causes of death in the United States. Following loss of tissue, liver mass can be
restored by two mechanisms. Under normal conditions, or after massive loss of parenchyma by
surgical resection, liver mass is maintained by division of hepatocytes. After chronic injury, or
when proliferation of hepatocytes is impaired, facultative adult hepatic progenitor cells (HPCs)
proliferate and differentiate into hepatocytes and cholangiocytes (biliary epithelial cells). HPCs
are attractive candidates for cell transplantation because of their potential contribution to liver
regeneration. However, until recently, the lack of highly specific markers has hampered efforts to
better understand the origin and physiology of HPCs. Recent advances in cell isolation methods
and genetic lineage tracing have enabled investigators to explore multiple aspects of HPC biology.
In this review, we describe the potential origins of HPCs, the markers used to detect them, the
contribution of HPCs to recovery, and the signaling pathways that regulate their biology. We end
with an examination of the therapeutic potential of HPCs and their derivatives.

1. INTRODUCTION

The mammalian liver has a remarkable ability to regenerate its functional mass in response
to tissue loss. In surgical models of liver resection, such as 70% partial hepatectomy (PH) in
rat, the remaining uninjured hepatocytes proliferate and replace the parenchyma within 20
days (Martins, Theruvath, & Neuhaus, 2008). Under circumstances in which hepatocyte
proliferation is blocked, as is the case after toxic liver injury, small cells that have scant
cytoplasm and oval-shaped nuclei proliferate in the portal area and are thought to contribute
to replacement of the parenchyma (Libbrecht & Roskams, 2002; Yovchev et al., 2008).
These hepatic progenitor cells (HPCs), also called “oval cells” due to their morphology
(Farber, 1956; Yovchev et al., 2008), can undergo bidirectional differentiation into
hepatocytes and cholangiocytes (biliary epithelial cells) at least in experimental conditions
(Fig. 10.1; Okabe et al., 2009; Shin et al., 2011). Hepatic progenitors are very different from
tissue-resident stem cells in other epithelial tissue such as intestine and skin. In the latter
tissues, stem and progenitor cells are required throughout life to replenish cells lost daily,
and without continued replication of the tissue-resident stem cells, the epithelia of intestine
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and skin fail rapidly. In contrast, hepatic progenitors are “facultative,” meaning (1) they are
not needed to replenish liver tissue under normal, healthy conditions and (2) that many
markers of HPCs are only expressed in the liver after injury and when the progenitor cells
are activated.

The terms “HPCs,” “oval cells,” “liver progenitor cells,” and “hepatic stem cells” describe
the heterogeneous population of cells that have been proposed to maintain and regenerate
liver during the repair process. To avoid confusion, in this review we will use the term HPCs
to denote the epithelial component located within ductular reactions in the injured adult liver
(Roskams et al., 2004). The “ductular reaction” is defined as the proliferation of apparent
ductules that accompanies leukocyte infiltration and deposition of extracellular matrix
(ECM) in response to liver injury (Roskams & Desmet, 1998; Roskams et al., 2004). The
markers, origin, fate, and regenerative capability of these HPCs remain the subject of
controversy in the field. In this review, we attempt to provide an overview of recent
advances and to point out unanswered questions.

2. CONDITIONS THAT ACTIVATE HPC PROLIFERATION

The mechanism of ductular reaction initiation and proliferation of HPCs are poorly
characterized. In humans, ductular reactions have been observed in multiple diseases such as
fulminant hepatic failure, focal nodular hyperplasia, primary biliary cirrhosis, primary
sclerosing cholangitis (Turanyi et al., 2010), cancer (Farber, 1956; Libbrecht & Roskams,
2002), pediatric nonalcoholic fatty liver disease (Nobili et al., 2012), genetic
hemochromatosis, alcoholic liver disease, and chronic hepatitis C (Lowes, Brennan, Yeoh,
& Olynyk, 1999). The number of HPCs correlates with the severity of liver diseases in
human and dog (Lowes et al., 1999; Schotanus et al., 2009). In humans, a minimum of 50%
hepatocyte loss is required for significant activation of the HPC compartment
(Katoonizadeh, Nevens, Verslype, Pirenne, & Roskams, 2006), and there is an inverse
correlation between the number of HPCs and the number of hepatocytes that express the
proliferation marker Ki67 (Katoonizadeh et al., 2006). This suggests that a combination of
hepatocyte loss and impaired hepatocyte proliferation is required to activate HPC
proliferation. In rats, treatment with carbon tetrachloride (CCly) preferentially induced
proliferation of hepatocytes, and proliferation of nonparenchymal cells required
simultaneous administration of D-galactosamine, which blocks RNA and protein synthesis
in hepatocytes (Dabeva, Alpini, Hurston, & Shafritz, 1993; Dabeva & Shafritz, 1993).
Furthermore, in rats that had undergone PH, the expansion of HPCs was negligible
(Dusabineza et al., 2012). Significant HPC induction was only observed when 2-
acetaminofluorene (2-AAF) was added to block cell cycle progression in hepatocytes
(Dusabineza et al., 2012; Trautwein et al., 1999). An inverse correlation between the
activation of HPCs and hepatocyte proliferation was also observed in the canine liver
(Schotanus et al., 2009), providing strong evidence that suppression of hepatocyte
proliferation is required for activation of the HPC compartment. In mice, however,
inhibition of the hepatocyte cell cycle might not be a definitive criterion for activation of the
ductular reaction. Various treatments such as CCly (Chu et al., 2011; Espanol-Suner et al.,
2012; Malato et al., 2011; Rountree, Barsky, et al., 2007), choline-deficient, ethionine-
supplemented diet (CDE) (Espanol-Suner et al., 2012; Knight & Yeoh, 2005; Tirnitz-Parker,
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Tonkin, Knight, Olynyk, & Yeoh, 2007), methionine choline-deficient diet supplemented
with ethionine (MCDE) (Huch et al., 2013), bile duct ligation (BDL) (Chu et al., 2011;
Malato et al., 2011; Sackett, Li, et al., 2009), PH (Malato et al., 2011), alpha-
naphthylisothiocyanate (ANIT) (Rountree, Barsky, et al., 2007), high-fat diet combined with
ethanol (Jung et al., 2008), and 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)
(Carpentier et al., 2011; Malato et al., 2011; Rountree, Barsky, et al., 2007; Sackett, Li, et
al., 2009; Shin et al., 2011) have been successfully used to induce proliferation of HPCs in
mice in the absence of impaired hepatocyte proliferation. Rountree, Barsky, et al. (2007)
tested multiple means of inducing HPC reaction in mouse models. CCl, preferentially
induced proliferation of hepatocytes, ANIT preferentially induced proliferation of
cholangiocytes, and DDC-induced cycling of both hepatocytes and cholangiocytes, and the
models also induced proliferation of HPCs (Rountree, Barsky, et al., 2007). Moreover,
another group reported that administration of CCl, or PH led to formation of new
hepatocytes from HPCs (Malato et al., 2011). These results suggest that inhibition of
hepatocyte proliferation is not necessarily a prerequisite for the activation of HPCs under all
physiological conditions.

Studies using genetic mouse models have provided further insight. Endo and colleagues
have demonstrated that deletion of damaged DNA-binding protein 1 (Ddbl), an adaptor for
Cullin4 ubiquitin ligase (Higa & Zhang, 2007), in hepatocytes led to the activation of HPC
proliferation (Endo, Zhang, Yamaji, & Cang, 2012). Ablation of Ddb1 caused only minor
liver damage compared to the degree of injury induced by administration of DDC. Deletion
of Ddb1 also led to a blockade of hepatocyte proliferation, which was partially due to
accumulation of p21. It is also worth noting that thermoreversible gelation polymer, a
synthetic material that polymerizes when exposed to temperatures above a defined
threshold, induced ductular reactions when injected directly into normal rat liver (Nagaya,
Kubota, Suzuki, Akashi, & Mitaka, 2006). This suggests that ECM can provide cues for
activation of the HPC compartment. In Section 5, we will delve more deeply into the
signaling pathways and molecular mechanism that regulate the biology of HPCs.

3. ORIGINS AND MARKERS FOR HPCs

While there is little doubt about the presence of facultative HPCs in the injured liver, the
existence and identity of HPC precursors in a healthy, uninjured liver remains controversial.
For example, a study using incorporation of 5-bromo-2’-deoxyuridine identified multiple
niches for label-retaining cells such as the proximal biliary branches, including the canal of
Hering and intralobular bile ducts (Kuwahara et al., 2008). This review summarizes the
ongoing debate about the possible origins of HPCs which include: (1) biliary epithelial cells,
(2) progenitor cells persisting from the fetal liver, (3) bone marrow cells, (4) hepatic stellate
cells, and (5) mature adult hepatocytes.

3.1. Biliary origin of facultative HPCs

Multiple lines of evidence suggest that cholangiocytes (biliary epithelial cells) serve as
facultative stem cells in the liver. Thus, these differentiated cells may acquire stem cell-like
characteristics under particular conditions (Yanger & Stanger, 2011). Recent work has
demonstrated the utility of protein markers in yielding insights into HSC physiology. Table
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10.1 summarizes markers that are commonly used to isolate or detect HPCs in different
injury models or disease contexts. Unfortunately, many of the widely used markers such as
epithelial cell adhesion molecule (EPCAM) (Inada et al., 2008; Jozefczuk et al., 2010;
Kamiya, Kakinuma, Yamazaki, & Nakauchi, 2009; Okabe et al., 2009; Schmelzer et al.,
2007; Yovchev et al., 2008), CD133 (encoded by the Proml gene) (Dorrell et al., 2011;
Jozefczuk et al., 2010; Kamiya et al., 2009; Rountree, Barsky, et al., 2007; Suzuki et al.,
2008), SRY (sex-determining region Y)-box 9 (Sox9) (Carpentier et al., 2011; Dorrell et al.,
2011), and osteopontin (OPN) (Espanol-Suner et al., 2012) are found both in HPCs of the
injured liver and in cholangiocytes and/or non-parenchymal cells of the healthy liver
(Dorrell et al., 2008, 2011; Espanol-Suner et al., 2012; Furuyama et al., 2011; Inada et al.,
2008; Rountree, Barsky, et al., 2007). Furthermore, facultative HPCs were reported to
express the ductal markers cytokeratin 19 (CK19) (Espanol-Suner et al., 2012; Furuyama et
al., 2011; Grozdanov, Yovchev, & Dabeva, 2006; Inada et al., 2008; Kamiya et al., 2009;
Takase et al., 2013; Theise et al., 1999; Yovchev et al., 2008) and MIC1-1C3 (Dorrell et al.,
2011).

The application of the above markers has been limited by their lack of cell-type specificity.
Forkhead box L1 (FoxI1) (Shin et al., 2011), Trop2 (encoded by tumor-associated calcium
signal transducer 2) (Okabe et al., 2009), and Lgr5 (leucine-rich-repeat-containing G-
protein-coupled receptor 5) (Huch et al., 2013) are three newly described markers expressed
exclusively by HPCs of the injured liver. Furthermore, FoxI1* cells and Trop2* cells express
EPCAM and CK19 (Okabe et al., 2009; Sackett, Li, et al., 2009; Shin et al., 2011), and
organoids expressing Lgr5 could be grown from biliary duct fragments in culture (Huch et
al., 2013), further supporting the concept that at least some types of HPCs can originate
from cholangiocytes. Furthermore, gene expression analyses comparing Foxl1* HPCs,
cholangiocytes, and hepatocytes demonstrate that the gene expression profile of Foxl1*
HPCs resembles that of cholangiocytes rather than hepatocytes, supporting the idea that
HPCs are derived from a cholangiocytic lineage (Shin et al., 2011).

Moreover, a number of reports have demonstrated that the proliferating HPC compartment is
connected to preexisting ductules, an observation that strongly supports a ductal origin for
HPCs (Alpini et al., 1992; Dusabineza et al., 2012; Theise et al., 1999). Interestingly,
although CD133* cells are found in both normal and injured liver, only CD133™ cells
isolated from injured liver were self-renewable (Suzuki et al., 2008). Kamiya et al. (2009)
described the existence of “cholangiocytic precursor cells” that were present in the healthy
liver. These cells expressed CD13 (also known as alanyl (membrane) aminopeptidase),
integrin alpha 6 (ITGA6 or CD49f), CD133, and CK19 in vivo, and when these cells were
cultured, they were self-renewable and began to express markers of HPCs (CD44) and
hepatocytes (albumin). These results further support the idea that at least a subset of
cholangiocytes can act as precursors of facultative HPCs. It has been difficult to ascertain
precisely how activated cholangiocytes and HPCs differ from each other, as the two
compartments share protein markers (Fig. 10.1; Kamiya et al., 2009). It is also worth
mentioning that cholangiocytes comprise a heterogeneous population of cells (Roskams et
al., 2004), and it would therefore be interesting to investigate whether cholangiocytic
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precursor cells are different from other cholangiocytes in terms of function, gene expression
profile, or physiology.

In humans, Schmelzer, Wauthier, and Reid (2006) identified cells found in the normal liver
from fetal and postnatal donors that are capable of being expanded in culture. These cells,
termed human hepatic stem cells (hHpSCs), expressed EPCAM, CK19, neural cell adhesion
molecule 1 (NCAM), claudin 3 (CLDN3), Kit, and aquaporin 4. The same group reported
that EPCAM-expressing cells exist in the Canal of Hering in the livers of postnatal donors,
and that these cells can repopulate the liver of immunodeficient mice (Schmelzer et al.,
2007). Furthermore, the existence of an even more primitive stem population in the biliary
tree has been reported. These stem cells are a heterogeneous population that give rise to
hepatocytes, cholangiocytes, and pancreatic islets. At least a subset of these multipotent
stem cells were positive for pancreatic and duodenal homeobox 1 (PDX1), SRY-box 17
(SOX17), and EPCAM (Carpino et al., 2012). At present, the relationship between the
fetally derived hHpSCs and the facultative hepatic progenitors that appear in the adult liver
following injury described earlier remains unresolved.

3.2. Embryonic origin of HPCs

Hepatoblasts are bipotential cells found in the fetal liver (between E9.5 and E14.5 in mice)
that have the ability to differentiate into hepatocytes and cholangiocytes in vivo. Because
both hepatoblasts and HPCs are proliferating and are capable of differentiating to
hepatocytes and cholangiocytes, it has been suggested that fetal hepatoblasts give rise to
HPCs (Schmelzer et al., 2007). The fact that hepatoblasts and HPCs share the same markers,
such as delta-like 1 homolog (Jensen et al., 2004; Qiu, Hernandez, Dean, Rao, & Darlington,
2011; Yovchev et al., 2008) and alpha-fetoprotein (AFP) (Jensen et al., 2004; Yovchev et
al., 2008), is cited as evidence that HPCs are derived from hepatoblasts. Fetal cells also
share other characteristics of HPCs, such as clonogenicity and the ability to repopulate liver
in vivo. For instance, the CD13*DLK™ fraction of cells from murine fetal liver has the
ability to form colonies in culture (Kakinuma et al., 2009), and the AFP*CK19* fraction
from rat fetal liver has the ability to repopulate liver in vivo (Dabeva et al., 2000). As
previously mentioned, the existence of hHpSCs that are different from hepatoblasts has also
been reported in human fetal liver. These hHpSCs were observed in the ductal plate of the
fetal liver and in the Canal of Hering of adult liver (Schmelzer et al., 2007). In mice,
Carpentier et al. (2011) reported that the ductal plate of the fetal liver serves as the precursor
for cholangiocytes, periportal hepatocytes, and HPCs in adult liver. However, one cannot
rule out the possibility that the ductal plate gives rise to the fetal/neonatal adult
cholangiocytes, which in turn give rise to facultative HPCs when the need arises. The main
issue with this model, however, is that it requires that fetal hepatoblasts persist in the adult
liver. Most studies have not observed either a CD13*DLK* or a AFP*CK19* fraction of
cells in the healthy, uninjured liver, which argues against the continued presence of fetal
hepatoblasts in the adult organ. Furthermore, the expression of AFP in the adult liver is not
sufficient to prove descendancy from a persistent fetal hepatoblast, it could simply the case
that the Afp promoter (or that of other fetally expressed genes) is reactivated in adult
facultative HPCs. An analogous line of reasoning holds for hepatocellular carcinoma:
merely because some tumors share characteristics with fetal hepatoblasts (such as rapid
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cycling and AFP expression) does not prove that the tumors originated from fetal
hepatoblasts residing in the adult organ.

3.3. Bone marrow as the source of HPCs

In 1999, Petersen et al. (1999) demonstrated that when they transplanted bone marrow from
male rats into female rats, 0.14% of hepatocytes carried the Y chromosome. They also
reported that bone marrow-derived cells differentiated into hepatocytes, although the extent
of their contribution to the parenchyma was less than 1% (Piscaglia, Shupe, Oh, Gasbarrini,
& Petersen, 2007). The hypothesis that HPCs can originate from bone marrow is further
supported by the fact that HPCs and hematopoietic stem cells express the same markers,
such as Thy1 (Petersen, Goff, Greenberger, & Michalopoulos, 1998), CD34 (Omori et al.,
1997), and Kit (Fujio, Evarts, Hu, Marsden, & Thorgeirsson, 1994). Subsequently, two
independent groups transplanted bone marrow cells and detected donor-derived hepatic
nodules in the livers of fumarylacetoacetate hydrolase (FAH)-deficient recipient mice
(Vassilopoulos, Wang, & Russell, 2003; Wang et al., 2003). However, hepatocytes positive
for FAH derived from transplanted bone marrow cells were shown subsequently to be the
result of cell fusion rather than actual differentiation of bone marrow cells into HPCs or
hepatocytes (Wang et al., 2003).

To address this discrepancy, two independent research groups transplanted GFP-expressing
bone marrow cells or lacZ-transgenic bone marrow cells, respectively, and demonstrated
that bone marrow cells played a negligible role in liver regeneration when recipient mice
were subjected to CCly, ANIT, DDC, or CDE diet-mediated liver injury (Rountree, Wang, et
al., 2007; Tonkin et al., 2008). It has also been demonstrated that bone marrow cells do not
contribute to HPCs and hepatocytes in rats (Menthena et al., 2004). Finally, recent studies
demonstrated that EPCAM-positive HPCs do not express Thy1, Kit, and CD34 (Okabe et
al., 2009; Yovchev et al., 2008). Similarly, FACS-sorted CD34* and Thy1* cells do not
express genes associated with HPCs, hepatocytes, and cholangiocytes (Rountree, Barsky, et
al., 2007). In sum, these results strongly suggest that the bone marrow is not a major source
of HPCs.

3.4. Hepatic stellate cells

A recent report proposed hepatic stellate cells as a type of HPCs. This study was based on
the use of glial fibrillary acidic protein (GFAP), a marker of stellate cells, for genetic lineage
tracing with the Cre-loxP technology (Fig. 10.2). Gfap-Cre-labeled cells contributed to the
HPC compartment when mice were fed an MCDE diet (Yang et al., 2008). However, the
Gfap-Cre driver employed is not only active in hepatic stellate cells, but also in a subset of
cholangiocytes (Ueberham, Bottger, Ueberham, Grosche, & Gebhardt, 2010). Thus, the
authors could not exclude the possibility that the facultative HPCs observed in their mice
arose from cholangiocytes. In fact, a subsequent study by Scholten et al. (2010) provided
strong evidence that stellate cells do not contribute to the HPC compartment. Given that
stellate cells are derived from a different embryonic germ layer than are hepatocytes and
cholantiocytes (from the mesoderm and endoderm, respectively), the transdifferentiation of
stellate cells into HPCs might require too large a shift in the gene expression program to
occur naturally.
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3.5. Adult hepatocytes as facultative HPCs

Recently, Yanger and Stanger (2011) proposed that hepatocytes can undergo reprogramming
into biliary lineage. They injected AAV8-TBG-Cre into Rosa"™F mice to lineage trace fully
differentiated hepatocytes in the adult liver. Upon DDC treatment, cells that expressed both
biliary maker A6 and hepatocyte marker HNF4a emerged. Forty-one percent of these A6*
HNF4a™ cells were binucleated, and staining for YFP further confirmed that these cells
originated from hepatocytes. They identified a substantial number of YFP™ cells that
acquired a biliary morphology and expressed OPN, A6, Sox9, or CK19. They also identified
binucleated HPCs in the livers of DDC-fed mice but not in the livers of control mice. These
results suggest that hepatocytes can differentiate into cholangiocytes and/or HPCs in
response to liver injury.

3.6. Summary

The contradictory findings regarding the origins and location of HPCs may suggest multiple
origins (Kuwahara et al., 2008) or multiple maturational stages. The existence of multiple
stages of HPCs has been discussed (reviewed in Duncan, Dorrell, & Grompe, 2009; Turner
et al., 2011), but conclusive evidence is lacking. Future work will be required to address the
exact lineage relationships between different types of precursor cells reported in the
literature over the past 20 years.

4. THE CONTRIBUTION OF HPCs TO LIVER REGENERATION

Expansion of proposed HPCs has been observed in various disease contexts in human as
well as in rodents (Table 10.1). However, the contribution of HPCs to restoration of
parenchymal architecture and liver function has been assumed, but not proven (Takase et al.,
2013). Thus far, it has been demonstrated that HPCs form both typical and atypical ducts
with poorly defined lumina (Libbrecht & Roskams, 2002; Yaswen, Hayner, & Fausto,
1984), and it remains unclear whether these ducts are fully functional. While formation of
tube-like structure in culture has been used as indication of HPCs’ ability to differentiate
into cholangiocytes (Kamiya et al., 2009; Shin et al., 2011), this assay does not provide
definitive proof that HPC-derived cholangiocytes are fully integrated into the biliary tree.
Conclusive evidence to support the hypothesis that endogenous HPCs form functional ducts
invivo is still lacking.

The contribution of HPCs to hepatocytes was also the subject of debate until recently.
Genetic lineage tracing using Foxl1-Cre; Rosa-2¢Z mice demonstrated that the number of f-
gal*/HNF4a* cells increased significantly 2 weeks after BDL, suggesting that FoxI1-Cre
marked HPCs can form new hepatocytes (Sackett, Li, et al., 2009). In addition, a hepatocyte
fate tracing using an adeno-associated viral vector AAV8-Ttr-Cre in combination with
Rosa" P mice was employed in multiple disease models such as PH, DDC, BDL, and CCly4
(Malato et al., 2011). The authors found newly formed hepatocytes derived from progenitor
cells, although the contribution was limited. Similarly, another group has reported the
existence of rare CK19" or GSTP*CK19~ intermediate hepatocytes in the 2-AAF/PH rat
model (Dusabineza et al., 2012). In humans, intermediate hepatocytes that express CK7 or
CK19 have been observed as well (Katoonizadeh et al., 2006).
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Sackett, Gao, et al. (2009) demonstrated the correlation between impaired ductular reactions
and impaired liver regeneration in FoxI1~/~ mice after BDL. The expansion of the CK19*
ductular area was reduced 14 days after BDL in the FoxI17/~ livers, while the control livers
exhibited a progressive increase in CK19* ductular area. This effect correlated with elevated
serum AST levels, delayed proliferation of hepatocytes, and increased parenchymal necrosis
in Foxi1™/~ mice compared to the control mice. These results strongly support the idea that
HPCs contribute to liver regeneration. Similarly, Takase et al. (2013) demonstrated that
forced expression of fibroblast growth factor 7 (FGF7) causes an increased HPC response in
conjunction with attenuated liver damage and mortality following DDC-induced injury.
FGF7, which is induced in the liver during the HPC response, was suggested to stimulate
proliferation of HPCs (Takase et al., 2013). In this model, newly formed A6*CK19~
hepatocytes were dramatically increased around A6*CK19* HPCs in Fg f7-transgenic mice
but not in control mice. They demonstrated that Fg f7-deficient mice exhibit decreased HPC
expansion as well as higher mortality and hepatic injury upon DDC treatment.

The small number of HPC-derived hepatocytes may be explained by the finding that ECM
deposition during HPC activation prevents expansion and migration of progeny to
parenchyma (Espanol-Suner et al., 2012). When mice were exposed to a CDE diet for 3
weeks and then to chow diet for 2 weeks, the number of hepatocytes originating from Opn-
iCreERT2* HPCs was significantly increased compared to the mice exposed to the CDE diet
alone, indicating that HPCs might play a role during the recovery phase rather than during
disease progression. In sum, HPCs contribute to parenchyma of the liver following injury,
and although the extent to which they do so may be minor in the experimental models tested,
expanded HPCs might still be targeted for the treatment of liver diseases.

5. SIGNALING PATHWAYS AND NICHES THAT REGULATE THE BEHAVIOR

OF HPCs

The signaling pathways that promote proliferation and activation of the HPC compartment,
the migration of HPCs, and subsequent cell fate specification have been extensively studied.
Knowledge of these pathways is essential for targeting HPCs to promote expansion and
differentiation in patients with liver disease using small molecules or growth factors.

5.1. The source of signaling molecules that interact with HPCs

The ductular reaction comprises not only the expansion of HPCs, but also that of
mesenchymal and inflammatory cells that surround HPCs, as well as the subsequent
deposition of ECM (Roskams & Desmet, 1998; Roskams et al., 2004). Macrophages and T-
cells interact with HPCs to regulate proliferation, differentiation, and migration of HPCs
(Boulter et al., 2012; Lorenzini et al., 2010; Van Hul, Abarca-Quinones, Sempoux,
Horsmans, & Leclercq, 2009; Viebahn et al., 2010). Hepatic stellate cells or myofibroblasts
have also been observed in close proximity of HPCs both in mouse (Sackett, Li, et al., 2009)
and in patients with liver diseases (Schotanus et al., 2009), suggesting that these cells may
interact with HPCs. In addition, two reports demonstrated that Thy1* mesenchymal cells can
act as the niche for HPCs (Takase et al., 2013; Yovchev et al., 2008). In addition, the ECM
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can also be a factor that regulates HPC activity and function (Carpentier et al., 2011; Lozoya
etal., 2011; Van Hul et al., 2009).

5.2. Signaling pathways that regulate activation, survival, and proliferation of HPCs

Two growth factors, FGF7 and granulocyte-colony stimulating factor (G-CSF), have been
proposed to act as mitogens for HPCs (Piscaglia et al., 2007; Takase et al., 2013). FGF7
promotes the expansion of HPCs in vivo, and Thy1* cells can act as a niche for activation of
HPCs (Takase et al., 2013). G-CSF also has been shown to stimulate proliferation and
migration of HPCs in rats (Piscaglia et al., 2007). Additionally, mice deficient of Bmil, a
component of the polycomb repressive complex 1 (Wu & Yang, 2011), exhibited reduced
expansion of HPCs in response to DDC injury (Fan et al., 2012). Tirnitz-Parker and
colleagues demonstrated that injection of “tumor necrosis factor-like weak inducer of
apoptosis” to CDE-fed animals led to an increased number of HPCs and invasion of HPCs
into the parenchyma. This effect correlated with activation of NF-xB (Tirnitz-Parker et al.,
2010). Small molecule inhibitors of signaling pathways have also proven useful for the
investigation of HPC biology. For example, SC-236, an inhibitor of cyclooxygenase 2,
attenuated the CDE-induced HPC response (Davies et al., 2006). Treatment of CDE-fed
mice with the PPAR gamma agonist ciglitazone resulted in reduction of HPC response as
well (Knight, Yeap, Yeoh, & Olynyk, 2005).

The EPCAM™ cells containing HPCs isolated from human fetal livers are enriched for
components of hedgehog signaling pathway, specifically Indian hedgehog and patched 1.
Cyclopamine, an inhibitor of hedgehog signaling, induced cell death of EPCAM™* cells in
culture, implying that hedgehog signaling plays a role in maintaining survival of this cell
population (Sicklick et al., 2006). In addition, the Rho-associated protein kinase inhibitor
Y-27632 significantly improved clonogenicity of HPCs in culture (Kamiya et al., 2009; Shin
et al., 2011). Thus, multiple signaling pathways act in concert to effect the activation and
proliferation of HPCs, and understanding their specific contributions will require further
study.

Multiple cytokines are involved in the activation of the ductular reaction and proliferation of
HPCs. These cytokines include tumor necrosis factor (Knight & Yeoh, 2005; Viebahn et al.,
2010), lymphotoxin alpha (Knight & Yeoh, 2005), lymphotoxin beta (Akhurst et al., 2005),
interferon gamma (Akhurst et al., 2005), interleukin-22 (Feng et al., 2012), and interleukin 6
(Yeoh et al., 2007). Signal transducer and activator of transcription 3 signaling has been
suggested as the central mediator of activation of the HPC response to interleukins and
interferon gamma (Akhurst et al., 2005; Feng et al., 2012; Yeoh et al., 2007). These findings
suggest that the inflammatory response to liver injury plays a key role in the activation of
HPC response.

5.3. Signaling pathways that regulate the specification of HPCs

There is increasing evidence to suggest that the Wnt and Notch signaling pathways are key
regulators of fate determination of HPCs in rodents and humans (Boulter et al., 2012; Spee
et al., 2010). In humans, acute necrotizing hepatitis causes activation of the Wnt signaling
pathway (Spee et al., 2010), and Notch signaling was activated in HPCs in patients with
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primary biliary cirrhosis. These results imply that the Wnt pathway is involved in directing
HPCs toward the hepatocytic fate, while the Notch pathway promotes differentiation of
HPCs toward the biliary lineage (Spee et al., 2010). Similarly, in mice, myofibroblasts were
identified as a source of Jagged 1, which activates Notch signaling in HPCs and promotes
specification of cholangiocytes. In contrast, Wnt3a expressed by macrophages led to
specification of HPCs to hepatocytes (Boulter et al., 2012).

Interaction between HPCs and the ECM may also influence the fate of HPCs. In the liver of
CDE-fed mice, deposition of ECM occurs prior to the expansion of HPCs (Van Hul et al.,
2009). Inhibition of transforming growth factor beta-induced accumulation of ECM resulted
in an increased number of HPC-derived hepatocytes, suggesting that the ECM is also
involved in fate determination of HPCs (Espanol-Suner et al., 2012).

Interestingly, a recent report demonstrated that HPCs can also express resistin and glucagon-
like peptide-1, and their expression levels correlated with the degree of fibrosis and steatosis
in pediatric nonalcoholic fatty liver disease, implying existence of signaling from HPCs to
the surrounding cells (Nobili et al., 2012). Further investigation of the crosstalk between
HPCs and their surrounding niche will be required in order to effectively direct first
proliferation and then differentiation of these cells in culture so that they can be tested as a
cell therapeutic.

6. CELL THERAPY

The utilization of HPCs for cell therapy is an attractive alternative to organ transplantation
for the treatment of liver disease. There are several advantages to using HPCs instead of
primary hepatocytes or whole organ transplantation. First, a single HPC can be expanded in
culture without losing its bidirectional differentiation potential (Shin et al., 2011; Suzuki et
al., 2008). Second, the fact that HPCs are found in the liver with various types of disorders
(Lowes et al., 1999; Nobili et al., 2012; Turanyi et al., 2010) suggests that HPCs can be
isolated from diseased livers that cannot be used for organ transplantation. Third, it might be
possible to isolate HPCs from a patient who has liver disease, expand them in culture, and
transplant back to the patient. This autologous transplant protocol would obviate the need
for immunosuppression after transplantation. Finally, HPCs are smaller than hepatocytes,
and it has been suggested that smaller cells might have less of a tendency to cause portal
hypertension following injection into the portal vein (Sandhu, Petkov, Dabeva, & Shafritz,
2001).

Multiple laboratories have demonstrated that transplanted HPCs have the ability to
differentiate into hepatocytes in vivo (Dorrell et al., 2011; Endo et al., 2012; Kamiya et al.,
2009; Suzuki et al., 2008; Yovchev et al., 2008). Currently, preconditioning of the recipient
liver is required for engraftment and expansion of transplanted cells. For example,
engraftment of hHpSCs was enhanced when the recipient mice were treated with CCly
(Schmelzer et al., 2007). The Fah-deficient mice, a model of tyrosinemia (Grompe et al.,
1993), are the most widely used recipient mice for transplantation of cells into liver in
numerous studies (Dorrell et al., 2011; Huch et al., 2013; Qiu et al., 2011). FAH is a critical
enzyme for tyrosine catabolism (Davern, 2001), and disruption of this enzyme results in the
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accumulation of toxic metabolites and cell-autonomous destruction of host hepatocytes. 2-
(2-Nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) is an inhibitor of 4-
hydroxyphenylpyruvate dioxygenase (an enzyme upstream of FAH in the tyrosine catabolic
pathway) (Grompe et al., 1993; Holme & Lindstedt, 1998), and it is added to the drinking
water of Fah-deficient mice to maintain their liver function before transplantation.
Withdrawal of NTBC favors engraftment of transplanted cells because host hepatocytes are
quickly lost.

However, efficient engraftment and restoration of full liver function following
transplantation of HPCs remains difficult. For reasons that are not well understood, the
engraftment efficiency of HPCs is very low compared to that of primary hepatocytes
(Dorrell et al., 2011; Huch et al., 2013). When HPCs were injected intrasplenically into Fah-
deficient mice, engraftment was observed only in two out of 20 transplanted mice (Dorrell et
al., 2011). Another report also demonstrated that injection of clonal HPCs expanded from a
single cell to immunodeficient Fah-deficient mice (Fah™~Rag2~/~112rg'~ mice) resulted in
less than 0.1% of engraftment of the liver (Huch et al., 2013), suggesting that the low
engraftment efficiency is not due to rejection of transplanted cells by the host immune
system. The low engraftment efficiency may be improved by optimizing the differentiation
protocol in culture (Dorrell et al., 2011; Huch et al., 2013). Current differentiation protocols
fail to differentiate HPCs into fully mature hepatocytes in culture (Shin et al., 2011).
Another potential problem of cell therapy is that injected cells can be dispersed to the
ectopic sites throughout the body. Turner et al. (2013) demonstrated that mixing cells with
specific biomaterials can improve targeting of HPCs to the liver.

The route of cell transplantation is another subject that requires investigation. While
intrasplenic injection is the most widely used method for injection of hepatocytes, it has
been demonstrated that small cells are more likely to become entrapped in the spleen (Cheng
et al., 2009), suggesting that intrasplenic injection may not be an optimal method for the
delivery of HPCs. In addition, although cell therapy possesses great potential, the injury of
the host liver associated with cell transplantation should not be underestimated. Intrasplenic
injection of hepatocytes or nonparenchymal epithelial cells caused disruption of gap
junctions and ischemic liver injury (Gupta et al., 2000). Whether HPCs can be tumorigenic
is also a concern, although it has been shown that HPCs were nontumorigenic when
transplanted subcutaneously into nude mice (Tirnitz-Parker et al., 2007). In sum, although
HPC-based therapies pose significant advantages compared to organ or primary hepatocytes
which cannot be expanded in culture, further optimization of the technology is required
before clinical application can become a reality.

7. CONCLUDING REMARKS

Recent progress in molecular biology has enabled investigation of the origin, physiology,
and therapeutic potential of HPCs. However, additional studies are required to reconcile
conflicting findings from different research groups based on different injury models, species,
and use of markers for detecting and isolating HPCs. For example, studies revealed the
heterogeneity of HPCs between rat, mouse, and human (Bisgaard et al., 2002; Jelnes et al.,

Curr Top Dev Bial. Author manuscript; available in PMC 2016 January 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shin and Kaestner

Page 12

2007). In addition, protocols for the differentiation and transplantation of HPCs must be
optimized before this exciting cell population can be translated into clinical application.
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Figure10.1.

Adult hepatic progenitor cells. A subset of cholangiocytes is activated upon injury and gives
rise to HPCs that can differentiate into hepatocytes and cholangiocytes.
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Figure10.2.
Lineage tracing using the Cre-LoxP approach. Rosa26 promoter is ubiquitously active in

mice. However, transcription of YFP reporter is blocked because of the transcriptional stop
sequence (Srinivas et al., 2001). The Cre recombinase excises the sequence located between
two loxP sites thus allowing for the expression of YFP in a specific cell type.
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Table 10.1
Markers for HPCs
Marker  Diseases (models) Species  References
A6 DDC, CDE, viral hepatitis, deletion of Ddbl Mouse  Endo et al. (2012), Fan et al. (2012), and Tonkin, Knight, Curtis,
Abraham, and Yeoh (2008)
AFP Acute necrotizing hepatitis, HCV, primary Human  Spee et al. (2010)
biliary cirrhosis
2-AAF/PH Rat Jensen et al. (2004) and Yovchev et al. (2008)
CD44 Acute necrotizing hepatitis, HCV, primary Human  Spee et al. (2010)
biliary cirrhosis
2-AAF/PH Rat Yovchev et al. (2008)
DDC, deletion of Ddbl Mouse  Endo et al. (2012) and Shin et al. (2011)
CD133 Alcoholic hepatitis, acute necrotizing hepatitis, Human  Porretti et al. (2010), Sancho-Bru et al. (2012), and Spee et al. (2010)
HCV, HBV, primary biliary cirrhosis
2-AAF/PH Rat Yovchev et al. (2008)
DDC, ANIT, CCl, Mouse Dorrell et al. (2011), Rountree, Barsky, et al. (2007), and Suzuki et al.
(2008)
CK7 Pediatric nonalcoholic fatty liver disease, Human  Nobili et al. (2012), Sancho-Bru et al. (2012), and Spee et al. (2010)
alcoholic hepatitis, HCV, primary biliary
cirrhosis
2-AAF/PH Rat Yovchev et al. (2008)
DDC Mouse  Suzuki et al. (2008)
CK19 Acetaminophen-induced necrosis, genetic Human  Feng et al. (2012), Lowes et al. (1999), Spee et al. (2010), and Theise
hemochromatosis, alcoholic liver disease, etal. (1999)
HCV, HBV, acute necrotizing hepatitis,
primary biliary cirrhosis
2-AAF/PH Rat Dusabineza et al. (2012) and Yovchev et al. (2008)
DDC, CDE, deletion of Ddbl Mouse  Carpentier et al. (2011), Endo et al. (2012), Fan et al. (2012), and
Takase et al. (2013)
CLDN4  2-AAF/PH Rat Yovchev et al. (2008)
Deletion of Ddbl Mouse  Endo et al. (2012)
DLK1 Retrorsine, 2-AAF/PH Rat Jensen et al. (2004)
EPCAM  Alcoholic hepatitis, HCV, HBV Human  Porretti et al. (2010) and Sancho-Bru et al. (2012)
2-AAF/PH Rat Yovchev et al. (2008)
DDC, deletion of Ddb1 Mouse  Endo et al. (2012), Fan et al. (2012), Okabe et al. (2009), Shin et al.
(2011), and Takase et al. (2013)
FoxI1 BDL, DDC Mouse  Sackett, Li, et al., (2009) and Shin et al. (2011)
GGT 2-AAF/PH, GaIN Rat Dabeva and Shafritz (1993) and Yovchev et al. (2008)
ITGB4 AAF-PH Rat Yovchev et al. (2008)
Deletion of Ddbl Mouse  Endo et al. (2012)
ITGA6 HCV, HBV Human  Porretti et al. (2010)
2-AAF/PH Rat Yovchev et al. (2008)
Lgr5 CcCl,, DDC, MCDE Mouse  Huch et al. (2013)
M2PK Genetic hemochromatosis, alcoholic liver Human  Lowes et al. (1999)
disease, HCV
CDE Mouse  Davies, Knight, Tian, Yeoh, and Olynyk (2006)
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Marker  Diseases (models) Species  References
NCAM HCV, HBV, acute necrotizing hepatitis, Human  Porretti et al. (2010) and Spee et al. (2010)
primary biliary cirrhosis
OPN DDC, CDE, CCly,, PH Mouse  Carpentier et al. (2011) and Espanol-Suner et al. (2012)
Sox9 DDC, CDE Mouse  Carpentier et al. (2011)
Trop2 DDC, CDE Mouse  Carpentier et al. (2011), Okabe et al. (2009), and Shin et al. (2011)

2-AAF, 2-acetaminofluorene; ANIT, alpha-naphthylisothiocyanate; CCly, carbon tetrachloride; CDE, choline-deficient, ethionine-supplemented
diet; Ddbl, damaged DNA-binding protein 1; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; GalN, D-galactosamine; HBV, Hepatitis B virus;
HCV, Hepatitis C virus; MCDE, methionine choline-deficient diet supplemented with ethionine; PH, partial hepatectomy.
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