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ABBREVIATIONS

2-AAF/PHx: 2-acetylaminoflourene combined with 70 % partial
hepatectomy

AFP: Alpha-fetoprotein

AQP1: Aquaporin 1

Dlk1: Delta-like 1 homolog

HESC: Human embryonic stem cells

ECM: Extracellular matrix

EpCAM: Epithelial cell adhesion molecule

HAI-1: Hepatocyte growth activator inhibitor type 1
HAI-2: Hepatocyte growth activator inhibitor type 2
HepParl: Hepatocyte Paraffin 1

K7: Keratin 7

K19: Keratin 19

Prss8: Protease, serine, 8

SOX9: SRY (sex determining region Y)-box 9

Spint1: Serine protease inhibitor, Kunitz type 1
Spint2: Serine protease inhibitor, Kunitz type 2
St14: Suppresion of tumerogenicity 14

Z0-1: Tight junction protein 1

INTRODUCTION AND AIMS

The liver is a both an exocrine and endocrine gland responsible
for a variety of important metabolic processes and complex func-
tions such as plasma protein synthesis, detoxification and glyco-
gen storage. In addition, mammalian liver possesses a regenera-
tive capacity so enormous that its ability to regrow was renowned
even in ancient times. In Greek mythology, Zeus punished the
titan Prometheus for stealing fire to Man by eternally chaining
him to a rock, where his liver was eaten daily by the Caucasian
eagle, only to regenerate at night (1). This ability to regenerate is
primarily ascribed to the immense proliferative capacity of the
hepatocytes, the chief parenchymal cell type of the liver (2).
However, in acute liver failure, as a result of sudden introduced
hepatic injuries, or in chronic liver diseases, caused by prolonged
insults, regeneration fails. Acute liver failure is relatively rare and
has an incidence between 1 and 6 cases per million people each
year in the developed world, accounting for 5-6% of liver trans-
plants in the United States (3;4). In Denmark, the United King-
dom, and the United States acute liver failure is most commonly
caused by excessive intake of the common over-the-counter
analgesic acetaminophen (paracetamol) (5-7) . Chronic liver dis-
eases are estimated to affect 170 million patients worldwide and
eventually progresses to fibrosis and in 25-30 % of these cases
ultimately cirrhosis (8). When hepatic regeneration is hindered,
orthotopic liver transplantation is the only treatment that radi-
cally improves the outcome of hepatic failure (8;9). However,
given the worldwide shortage of hepatic donor livers alternative
strategies are needed for therapeutic treatment. Stem/progenitor
cell based therapy could be employed as a novel intervention
strategy for treating liver patients.

Stem cells are cells that are characterized by their ability to not
only self-renew but also to develop into more differentiated
progeny, thereby maintaining tissue homeostasis and repair (10).
Adult stem cells are hypothesized to reside in specialized micro-
environments known as “niches” (11). These niches are anatomi-
cal entities typically composed of a microenvironment containing
support cells and an extracellular matrix scaffold that collectively
influence stem cell activity (11-14).

The possibility of isolating and culturing hepatic stem cells raise
the promise to treat liver patients even with autologous stem
cells (15-19). This procedure would thereby prevent the admini-
stration of lifelong immunosuppressive medication employed for
preventing allograft rejection. The lack of suitable markers for
their identification and isolation is, however, a major obstacle for
hepatic progenitor cell research (20-24). Nevertheless, observa-
tions suggest that activated adult hepatic progenitor cells reca-
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pitulate the phenotype of primitive hepatocytes during liver
development (25-29).

Identifying the components expressed in the hepatic progenitor
cell niche is important for understanding the factors that controls
stem cell differentiation if novel progenitor cell based strategies
are to be developed (30). The overall focus of the PhD thesis was
therefore to gain an increased knowledge of hepatic progeni-
tor/oval cell nature and the spatial composition of their niche.
This was achieved through studies conducted in both prenatal
and adult diseased human hepatic tissues and in rodent models
of liver regeneration. These studies resulted in the three papers
discussed in this PhD. In brief, the aims and hypothesis of the
three studies were the following:

1. To understand the spatial relationship between structures
and protein-expression in biological samples we developed
protocols for three dimensional visualizations. The protocols
resulted in a methods chapter published in the protocol
handbook “Methods in Molecular Biology” (31).

2. Hepatic tissue architecture has been much disputed and
several attempts of visualizing vessel branching have been
demonstrated. Furthermore, proteins expressed in the devel-
oping liver are often displayed by activated adult hepatic pro-
genitor cells. In this study we wished to improve our previous
protocols for 3D visualization and to characterize cholangio-
cytic tubulogenesis, thereby describing the hepatic progenitor
cell niche in prenatal and adult human liver (32).

3. The extracellular matrix components expressed in regenerat-
ing liver likely influences progenitor/oval cell activation and
behavior. The third study presented herein, therefore aimed
to characterize molecular components specific for the pro-
genitor mediated response and compare these in various
models of liver regeneration.

STEM CELL BIOLOGY

ADULT STEM CELLS

With an estimated loss of 20 billion cells per day, the human body
needs constant replenishment from renewing stem cells (33).
Although there is no exact definition of what characterizes a stem
cell, general consensus is that stem cells are cells that not only
possess a capacity for unlimited or prolonged self-renewal, but
can also give rise to at least one type of differentiated descendent
(34). In the course going from stem cell to terminally differenti-
ated progeny, there is usually an intermediate population of
committed progenitor cells, with less proliferative capacity,
known as transit amplifying cells (10;34). A function of the transit
amplifying cells is to increase the number of differentiated cells,
thereby reducing the need for division of the stem cell itself (34).

STEM CELL NICHES

Stem cells have been located in several tissues, including the hair
follicle (35-37), the hematopoietic system (38;39) and the intesti-
nal crypts (40;41) and are envisaged to reside in anatomical enti-
ties known as niches (11;34). The niche is defined as the microen-
vironment that harbors and maintains the stem cell population
(14). This typically constitutes the stem cells themselves, sur-
rounding support cells and the extracellular matrix scaffold,
though in some cases, a basal lamina and stem cells are the only
components (12;42). Cell-cell and cell-matrix interactions inte-
grate signals that are important regulators for stem cell behavior
(43). Within niches, the stem cell can undergo symmetric division

to amplify the stem cell population, or asymmetric division, in
which one daughter cell progresses to become a transit amplify-
ing cell which leaves the niche and differentiates (12;33;34;44).
However, leaving the niche does not necessarily induce differen-
tiation, as hematopoietic stem cells traffic between extrame-
dullary tissues and the niche in the bone marrow (45). Addition-
ally, the stem cells may influence the niche environment
themselves (46).Therefore, defining and understanding how the
niche influences stem cell behavior is likely to be of scientific and
clinical value, if therapeutic stem cell strategies are to be devel-
oped and employed (13;30).

LIVER BIOLOGY

ANATOMY

The liver is a vital organ that not only functions as an exo- and
endocrine gland but also possesses remarkable regenerative
capacity (1;8;15;47). Though many cell types are present, the
chief parenchymal cells are the hepatocytes and cholangiocytes.
Additional cell types include endothelial cells, myofibroblast,
stellate cells and Kupffer cells (48-53).

In the face of discussions regarding how to define the livers struc-
tural and functional entities, the histological unit “lobule” is fre-
guently used. The stylized lobule is a hexagonal structure deline-
ated by portal triads, each containing branches of the portal vein,
hepatic artery and bile ducts (27). One-cell thick plates of hepato-
cytes extend from the portal triads towards a central vein. The
hepatocytes are directly linked to the portal bile ducts through a
connecting structure lined by hepatocytes and cholangiocytes
known as the canal of Hering (16;27;54). Blood from the portal
veins and hepatic arteries converge in the fenestrated sinusoids
and flows past the hepatocytes towards the central vein. Bile, on
the other hand, transported from the hepatocytic network of
canaliculi empties directly into the bile ducts.

NORMAL HEPATIC TISSUE HOMEOSTASIS.

Almost all blood exiting the intestines, the stomach, the spleen
and the pancreas is transported to the liver through the portal
vein (15). Given the plethora of important metabolic functions
performed by the liver and its exposure to ingested environ-
mental toxins, evolutionary events are hypothesized to have
imparted the livers tremendous capacity for adaptation and re-
generation (15;55). As a result, at least two levels of regeneration
are known to exist (8;47). In normal liver, parenchymal cell turn-
over is slow with an average hepatocyte lifespan of 200-300 days
(56;57). This turnover was once thought to follow the streaming
liver hypothesis, in which hepatocytes originating periportally to
the portal triads, gradually progress towards the central veins
replacing aged hepatocytes (57). Although this hypothesis has
some scientific support (58) it is debated (59). Despite the general
quiescence of hepatocytes and cholangiocytes, experiments have
revealed a highly proliferative capacity. Serial transplantations
have shown that one hepatocyte can give rise to at least 50
mouse livers, while maintaining a fully differentiated state, thus
ensuring liver function (2;60;61). In rodents, resecting two-thirds
of the liver in accordance with the partial hepatectomy protocol
leads to complete compensatory regrowth in approximately 10
days (1;15;27;62). This surgical intervention can be repeated at
least 12 times without regenerative failure (61). Furthermore,
under circumstances in which the biliary epithelium is chronically
injured, as seen in instances of primary biliary cirrhosis and pri-
mary sclerosing cholangitis (63), periportally located hepatocytes
can transform into biliary cells (64). Therefore, during normal
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tissue homeostasis and in biliary diseases the hepatocytes can be
regarded as the livers functional “stem cells”.

LIVER REGENERATION IN FULMINANT HEPATIC FAILURE.

In spite of the livers formidable ability to regenerate, this capacity
can be compromised in several instances. Acute liver failure is the
manifestation of sudden severe liver injury that can have several
etiologies (3;65). Common causes are viral hepatitis or excessive
drug intake, frequently acetaminophen, leading to hepatic en-
cephalopathy, coagulopathy and often progressive multiorgan
failure (3;66). Chronic liver diseases are commonly caused by
prolonged hepatic insults such as alcohol consumption, non-
alcoholic fatty liver disease, hepatitis B or C infection (8). Regard-
less, these insults can lead to fibrosis followed by the end stage
cirrhosis in which hepatic architecture is greatly disturbed (65;67).
This form for wound healing response is characterized by the
presence of scar tissue encircled nodules of hepatocytes or the
formation of collagen-rich septae linking portal areas (65;67;68).
Whereas acute liver failure causes sudden massive cell death
(69;70), chronic liver disease is characterized by continuous cell
death (71). In both syndromes, a so-called “ductular reaction” is
noted at the portal triad interface (65;72-74). This reaction is
thought to represent the second level of hepatic regeneration, a
form for stem cell mediated response (30;47;75;76).

HEPATIC PROGENITOR CELLS AND THEIR NICHE.

Stem cells have been located in several tissues, including the hair
follicle (35-37), the hematopoietic system (38;39) and the intesti-
nal crypts (40;41). However, opposed to the liver, these organs
are generally under constant renewal, and require frequent stem
cell division for tissue replenishment. Stem cells in these organs
are therefore fulltime committed to stem cell function, whereas
the hepatic stem or progenitor cells are seldom activated (15). As
a result specific markers for hepatic stem cells have not been
identified (77). In response to insults impairing hepatocyte repli-
cation as is the case in fulminant hepatic failure, cells sprout from
the periportal zone and form an intertwined network of ductular
structures radiating into the liver lobule (27;28;48;54;78). The
result is an arborizing network of ductular structures classified as
an atypical ductular reaction due to their poorly defined lumen.
Early histological examinations by Farber revealed these pseu-
doductular structures to consist of small cells with a scant cyto-
plasm and oval-shaped nucleus (17;79). They are therefore
termed oval cells in rodents (79) but progenitor cells in humans as
rodent models and human diseases may not be exactly compara-
ble (16). However, we will refer to them collectively as progenitor
cells. Hepatic progenitor cells behave like bipotential cells capable
of biliary and hepatocytic differentiation and they are therefore
thought to represent transit amplifying cells (17;22;25-28;77;80-
85). Although the origin of the progenitor cells has not been
conclusively established, evidence points to the canal of Hering,
the terminal branches of the intrahepatic biliary system adjoining
the hepatocytes, as a source (16;19;48;81;86). Experiments have
revealed that ligation of the common bile duct induces prolifera-
tion of the larger bile ducts. The proliferating biliary cells do how-
ever not show any signs of hepatocytic differentiation (47;87-91).
Administration of the carcinogen 2-acetylaminofluorene (2-AAF)
to rodents followed by two-thirds partial hepatectomy (PHx), on
the other hand, blocks hepatocyte proliferation and initiates the
progenitor cell response or “ductular reaction” in which biliary
cells express hepatocytic markers (22;80;92-94). However, de-
struction of the entire biliary tree through 4,4'-methylene diani-
line administration inhibits progenitor proliferation, suggesting

the progenitor cells are descendants of the cholangiocytic lineage
(86). Furthermore, administration of dexamethasone similarly
blocks progenitor cell proliferation, but has no consequences for
large bile duct proliferation (91). The location of the Canal of
Hering therefore makes the prime candidate for the adult hepatic
progenitor cell compartment or “niche“(16;48;86). However, the
putative stem cells located in this structure, may not necessarily
be dedicated stem cells, but rather subpopulations of hepato-
cytes or biliary cells with increased stemness relative to other
cells of their lineage (15).

Although the morphological appearance of progenitor cells re-
sembles biliary cells, ductular reactions are phenotypically het-
erogeneous bipolar compartments (82). Whereas the end con-
nected to the biliary tree display cholangiocytic markers such as
cytokeratin 19, hepatocytic markers and transcription factors,
including Hepatocyte Paraffin 1 (HepParl) and HNF4, are ex-
pressed in the parenchymal facing end (82;93). Between these
extremes, intermediate hepatobiliary cells displaying cholangio-
cytic and hepatocytic markers to various degrees are found
(82;95). Although many hepatic progenitor cell markers have
been reported, none are specific for a pure population of hepatic
stem cells (20-23;82;96) and only delta-like protein
1/preadipocyte factor 1 (DIk1) is regarded as a progenitor cell
surface marker (24;97;98). In addition to DIk1 (24;98), hepatic
progenitor cells express a-fetoprotein (Afp) (84;98;99), both
proteins not normally expressed in normal liver, but observed
during hepatic development (100;101). Hepatic progenitor cells
therefore seemingly recapitulate a prenatal phenotype similar to
that of the so-called hepatoblasts or “primitive hepatocytes”
(100;102), the embryonic precursors of the hepatocytic and
cholangiocytic lineages during development (25-29;80;81).

LIVER DEVELOPMENT

In the human embryo, the earliest sign of prospective hepatic
development is observed at the 17 somite stage, corresponding
to 3 weeks +5 days post conception (103). At this stage, a thicken-
ing of endodermal cells in the embryonic foregut is discernible
that matures into the hepatic diverticulum, or “liver bud” (103).
Under influence of mesodermal signaling, particularly fibroblast
growth factors and bone morphogenetic proteins, cords of endo-
dermal cells positive for cytokeratin 19 and HepPar1, expand
from the liver bud into the adjacent septum transversum (104-
107). The endodermal cords anastomose around preexisting
endothelial-lined spaces, increase in mass and become more
organized, while displacing the septum transversum that form the
liver capsule (107-109).

The hepatocytic and cholangiocytic lineages are hypothesized to
descend from this early mass of hepatoblasts or “primitive hepa-
tocytes” (18). Consensus it that primitive hepatocytes in contact
with the mesenchyme surrounding the developing hepatic veins
change phenotype and display increased expression of cy-
tokeratins 8, 18 and 19 relative the remaining parenchymal cells
(110;111). This structure known as a “ductal plate” can be imag-
ined as a biliary sleeve surrounding the developing veins that
eventually forms the portal triad. The ductal plate becomes bilay-
ered, with lumina forming between the mesenchymal and paren-
chymal facing layers. Certain areas of the ductal plate then mi-
grate into the portal mesenchyme and mature to form the
intrahepatic bile ducts, while the remaining ductal plate regresses
(112-114). The biliary development and maturation process is
therefore said to go through a series of remodeling stages, cate-
gorized as the “ductal plate”, “remodeling” and “remodeled bile
duct” stages (104;114;115).
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The ductal plate is suggested not only to constitute the pre- and
perinatal hepatic progenitor niche, but also to be directly antece-
dent to the canal of Hering, the proposed adult progenitor cell
niche (19;116-118). However, during hepatic development, Dlk1
(24;97;100) and AFP (117) are expressed by the hepatoblast, but
both proteins are down regulated when hepatoblasts mature into
hepatocytes or ductal plate cells. The down regulation of DIk1 and
AFP in cholangiocytic structures and the reemergence in hepatic
progenitor cells have therefore led authors to speculate, that
expression of DIk1 and AFP is a feature of transit-amplifying cells
primed for the hepatocytic lineage and does not mark the actual
putative hepatic stem cells (98;117). Given that elevated AFP
levels are associated with a favorable prognosis for patients with
fulminant hepatic failure these observations support the notion
that AFP marks cells capable of at least hepatocytic differentiation
(119;120).

THE HEPATIC PROGENITOR CELL MICROENVIRONMENT.
EXTRACELLULAR MATRIX COMPOSITION.

A key to understanding the development and response of the
hepatic progenitor cell niches lies within the composition of the
extracellular matrix and the microenvironment, or niche, contain-
ing stem and progenitor cells (43). The extracellular matrix is
defined as the complex multi-molecular material that surrounds
cells (121). A major component are the collagens, but also a wide
range of other protein families, including laminins, proteoglycans,
glycosaminoglycans and elastins are represented (121-124). The
extracellular matrix not only functions as a physical scaffold, but
also influences cellular adhesion, migration, patterning and phe-
notype (122-125). Many of these actions are due both to the
presence of growth factors embedded in the matrix and direct
interaction with cellular surface receptors, of which integrins are
of particular importance. Integrins comprise a family of dimeric
transmembrane receptors linked to the cytoskeleton. Through
direct interactions with extracellular matrix molecules, such as
collagens, laminins and fibronectin, integrins transmit signals to
the cytoskeleton, consequently influencing cellular behavior (126-
131). Moreover, when transplanting stem cells from old animals
where self-renewal and differentiation capacity has declined, to
young animals or their extracellular matrix, stem cell function is
rejuvenated to a level comparable to that observed in young
animals (132;133). These recent experiments suggest that aging
has a negative and detrimental effect on niche composition with
direct negative influence on stem cell function (132;133). Physical
features such as matrix rigidity and geometry also affect cellular
phenotype and behavior and can even direct stem cell lineage
specification (121;125;134;135). Many of these features have
directly been shown to affect how stem cells contribute to tissue
homeostasis and repair.

EXTRACELLULAR MATRIX IN THE HEPATIC PROGENITOR CELL
NICHE.

Whereas the hepatic progenitor cells are well studied, knowledge
of their microenvironment is limited (30). Based on the blueprint
from other stem cell niches it should include a basal lamina, sup-
port cells and the stem or progenitor cells themselves (12). Previ-
ous studies have established that a laminin and type IV collagen
rich basement membrane are contributors to ductal plate forma-
tion in prenatal life and associate with mature bile ducts
(112;136). However, when hepatic progenitor cells are activated,
laminin and type | collagen intimately accompany the ductular
reactions (30;48;52;137;138). In addition to certain extracellular

matrix components some cellular participants have also been
recognized in the hepatic progenitor microenvironment. Myofi-
broblasts, stellate cells and Kupffer cells, are not just recognized
as intimate companions with the ductular reactions, but the latter
two are directly needed for the invasion of hepatic progenitor
cells into the hepatic parenchyma (48-53). Direct cellular proc-
esses through the basement membrane are observed between
stellate cells and hepatic progenitor cells suggesting some sort of
intercellular communication and coordination to occur (48).
Kupffer cells, on the other hand, possibly aid invasiveness through
their capacity to remodel the extracellular matrix and produce
chemoattractants (49). What is more, apart from physically inter-
acting with progenitor cells, myofibroblasts and stellate cells are
regarded as the main synthesizers of extracellular matrix compo-
nents in the liver thereby directly influencing the composition of
the niche microenvironment (52;139-142). Surprisingly, the im-
mune system, represented by T-lymphocytes and natural killer
cells, is also needed for hepatic progenitor cell proliferation par-
tially through their local production of the cytokines tumor necro-
sis factor-a and interferon-y (46;143).

THREE-DIMENSIONAL RECONSTRUCTIONS OF BIOLOGICAL DATA.
Although some markers expressed by hepatic progenitor cells
have been reported and certain contributors to the hepatic pro-
genitor cell niche are documented much work is still needed to
identify pure progenitor cell markers to facilitate their isolation,
and to unravel what local conditions control their differentiation.
These pieces of information are absolutely essential to elucidate
before novel strategies for therapeutic stem cell treatment are to
be employed.

Immunohistochemistry represents a technique employed for
visualizing protein expression in tissue sections through the use of
labeled antibodies directed against certain antigens. When ana-
lyzing histological liver sections, a somewhat unvarying composi-
tion of hepatocytes, cholangiocytes and vessels is demonstrated.
This dull appearance nonetheless conceals a highly complex tissue
with an architecture that is poorly understood and frequently
debated (16;144;145). Visualization of tissue in three dimensions
yield useful information that allows better understanding of the
shapes and spatial relationships between structures and gene
expression patterns (146;147). However, three dimensional (3D)
shapes cannot be inferred from standard two dimensional sec-
tions. Despite the peculiar fascination 3D imaging has always held
for scientist, creating 3D reconstructions is often still a laborious
task. Basically, visualization of objects can be achieved through
two distinct approaches: volume rendering or image segmenta-
tion (148). Volume rendering is one of the most widely applied
methods to visualize tomographic data three-dimensionally (149).
Tomographic data are typically consecutive grayscale images
obtained from X-ray computed tomography (CT) or magnetic
resonance imaging (MRI) scanners (149). Volume rendering cre-
ates a 2D projection of the consecutive 3D image stack from any
desired viewpoint (148;149). Image segmentation is the process
of outlining objects of interest thereby assigning them with X, Y
and Z coordinates, that can be visualized as surfaces and meas-
ured upon (148). While volume rendering is a direct and fast way
of presenting data, image segmentation is a tedious and laborious
process, due to the frequent complexity of biological structures
that have to be manually outlined

Several technologies for 3D visualization are available, each with
certain benefits and drawbacks. Confocal laser scanning micros-
copy is a popular method in which 3D images are generated by
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creating optical sections through a tissue. Confocal laser scanning
microscopy suffers from a limited tissue penetration depth of
about 100 pum, though technical setups can increase both pene-
tration depth and the area of interest considerably (150;151).
Optical Projection Tomography is a relative newcomer to this field
that allows 3D visualization of cubic tissue blocks up to 15 milli-
meters thereby making reconstructions of even entire smaller
animals possible. (152-154). Though capable of generating im-
pressive images, none of these techniques incorporate the bene-
fits of light microscopy with respect to properties such as contrast
options, resolution and color presentation.

For 3D rendering many software packages are available. None-
theless, they are often expensive, lack functionality, have a very
long learning curve and few of them are designed for light mi-
croscopy (148). Techniques for 3D reconstruction date back cen-
turies and many different recipes for 3D visualization has been
published (155-161). In relation to our project these procedures
suffer from several shortcomings. The protocols generally rely on
either volume rendering or image segmentation, but not the two
combined. Moreover, the available protocols are seldom suitable
for high resolution reconstructions, presentation of immunohis-
tochemical staining or serial tissue sections, despite the latter
founding the basis for ancient visualization techniques (162-165).
The use of serial histological sections, however, has certain prac-
tical advantages, given that standard immunohistochemical stain-
ing techniques can be applied to classical archived paraffin-
embedded material (146). Using serial sections, we were there-
fore forced to evaluate and develop protocols for an extensive
range of 3D imaging programs through trial and error, finally
resulting in manuscript | (31). Our two initial protocols presented
in manuscript | were developed to depict protein expression in
serial sections of human embryonic cell cultures and prenatal
liver through the process of image segmentation alone.

A TWO- AND THREE-DIMENSIONAL APPROACH FOR VISUALIZING
HUMAN EMBRYONIC STEM CELL DIFFERENTIATION

When Thomson et al. first derived human embryonic stem cells
(hESC) from blastocysts in 1998, it was expected that cell cultures
were homogenously undifferentiated (166). Contrary to this
assumption, later studies suggested micro heterogeneity in ex-
pression of hESC markers, and thereby differentiation, in these
cell cultures (167;168). To study this phenomenon we wished to
stain the same hESC culture for a number of hESC markers and
simultaneously present their localization. For this process serial
sections of hESC cultures were dehydrated, embedded into paraf-
fin and serially sectioned.

Alternating sections were immunohistochemically stained for
single proteins, covering either transcription factors and surface
markers associated with undifferentiated hESCs (OCT4, NANOG,
TRA-1-60), or markers of the more differentiated germ layers,
endoderm (HNF-3), mesoderm (CD34) or ectoderm (p63)
(166;169-175). The sectioning and mounting of tissue sections on
glass slides prior to the staining procedure results in sections that
are not perfectly aligned with respect to their original position in
the tissue block. Our earliest attempt to circumvent this problem
relied on the cumbersome process of importing each micropho-
tograph into the imaging software Adobe Photoshop, making 2
consecutive sections at a time semitransparent, rotating them, so
they visually fitted with respect to each other, and then saving
them. This process known as neighborhood alignment, or non-
rigid registration, is not perfectly correct as it relies on aligning
neighboring sections to fit visually with respect to each other,

without taking into consideration the some structures may be
more dynamic than others or that stretching of individual sections
often occur (146;176). Therefore errors in alignment can be in-
troduced, when rigid markers are not incorporated into the tissue
block or section stretching is not adjusted for. Alignment can be
improved by embedding socalled fiducial markers for reference
with the tissue of interest (147;177-179), or constructing a Case
Cryo-imaging system for episcopic image acquisition (159;160).
Tissue stretching can be mathematically corrected through the
use of statistical image filters (149). However, fiducial markers are
generally only applicable for imaging of larger sections and not for
high-power microscopy, while Case Cryo-imaging systems are
large and expensive technical setups, not readily applicable for
standard laboratories. Therefore we settled with the neighbor-
hood alignment procedure, regardless of its inherent inaccura-
cies.

Following alignment in Adobe Photoshop, we imported the mi-
crophotographs images into Mimics (Materialise, Leuven, Bel-
gium), a software package allowing 3D reconstructions of bio-
medical data. In order to segment or label the images, it was
necessary to digitally separate the cell cultures from background.
Our initial process simply involved adjusting the contrast on each
image and defining a threshold interval for what part of the im-
ages should be considered cell culture. This semi-automated
segmentation process is somewhat crude and we therefore
manually curated the segmentation on each image. Subsequently
Mimics converted the segmented sections to an actual 3D struc-
ture, onto which we could manually draw in the areas that
stained for the proteins of interest. Using this procedure we
visually illustrated that micro heterogeneity in multiple marker
expression occurs within a culture of otherwise supposedly undif-
ferentiated hESCs.

The experience obtained from this initial approach to 3D recon-
struction was much elaborated to incorporate segmentation of
immunohistochemical staining on consecutive tissue sections. To
circumvent the cumbersome process of pre-aligning images in
Adobe Photoshop, we turned to 3D-Doctor (Able Software Corp,
MA, USA) as this 3D imaging software has built-in algorithms for
alignment of tomographic material. Certain software packages,
such as TissuemorphDPtm (Visiopharm, Hoersholm, Denmark),
incorporate color recognition software. However, a major nui-
sance with 3D reconstruction software is that they only accept
grayscale image files. This setup renders segmentation of immu-
nohistochemical staining problematic, since dark staining is diffi-
cult to distinguish from tissue in nuances of gray. We dealt with
this problem through simple contrast and exposure enhance-
ments. Overexposure of immunohistochemically stained tissue
sections under the microscope leads to a reduction of visible
tissue, leaving darker material, such as immunostaining, behind.
However, we had to make a balance between overexposure and
visibility of tissue for proper alignment. 3D-doctors built-in align-
ment algorithm for automated alignment relies on identifying
edges or similarities in intensity between consecutive sections
(176). However the overexposure decreased visible tissue,
thereby rendering this approach impossible. We were therefore
forced to use hepatic vessels present on all consecutive sections
as reference points for matching between sections. The reduction
in background, however, enabled us to segment the immu-
nostains semiautomatically by entering threshold values followed
by manual corrections on each section. The approach described
herein allowed us to convert classical immunostained liver sec-
tions into a 3D structure by means of segmentation.
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THREE-DIMENSIONAL RECONSTRUCTIONS OF INTRAHEPATIC BILE
DUCT TUBULOGENESIS IN HUMAN LIVER.

Analysis of consecutive sections immunostained for potential
stem cell markers previously established the extent and composi-
tion of the human hair follicle stem cell niche (180). With a similar
strategy in mind we wished to define the hepatic progenitor cell
niche, describe cholangiocyte tubulogenesis and to improve our
protocols for digital three-dimensional visualization in paper Il
(32). For this purpose we sought for hepatic progenitor cell niche
candidate proteins through two distinct approaches. One ap-
proach involved identifying markers for the hepatic and cholan-
giocytic lineages through literature studies. The other approach
was bioinformatical and relied on identifying mainly surface pro-
teins highly upregulated in an Illumina GeneArray conducted on
livers from rats subjected to the AAF/PHx protocol. By means of
these two approaches we selected the following proteins for
exploration: keratin 7 (K7), K19, epithelial cell adhesion molecule
(EpCAM), HepParl, sex-determining region Y (SRY)-box 9 (SOX9),
aquaporin 1 (AQP1), and zone occludens 1 (ZO-1). Laminin and
nestin were chosen as markers of extracellular matrix deposition.
Our two initial approaches for converting biological material into
3D structures were somewhat crude and unsophisticated. Two
events changed this completely. First, attention was drawn to the
software platform Amira® (Visage Imaging, Berlin, Germany).
Amira is a highly adaptable software platform that allows data
manipulation through a plethora of built-in modules applicable
for many scientific disciplines, several of these directly suited for
light microscopy and section alighment. Amira also allows execu-
tion of own developed computer libraries and algorithms permit-
ting downstream 3D integration into other file formats for inter-
active presentation (181). Second, a method developed by
Stephan Handschuh dealt with volume rendering microphoto-
graphs of serial cut sections in Amira (149). Thus we could pre-
serve the advantages of light microscopy with respect to resolu-
tion and presentation of histologic sections in original colors
(149).

The flexibility of Amira permitted us to modify the aligned micro-
photographs with professional imaging tools in Adobe Photo-
shop® and thereby modify copies of the same image stack for
different visualization purposes. That way one image stack was
adjusted, so hepatic vessels could better be discriminated from
tissue, while color recognition tools permitted the detection and
altering of immunostains in another copy of the same stack.
These preprocessing modifications greatly facilitated vessel and
immunostain segmentation in later grayscale images in Amira.
Successively, contrast and brightness were modified in a third
copy of the same image stack so the immunostains prominently
stood out from the hepatic parenchyma in the final volume ren-
dering. In the following volume rendering in Amira, the immu-
nostains were therefore highly visible throughout the image
stack, while the background from the hepatic parenchyma was
diminished. Our developed protocol therefore managed to com-
bine the two fundamental approaches of 3D visualization of the
same material and can even display them simultaneously. Given
that segmentation is a subjective process a major strength of this
protocol is that the volume rendering is a direct visualization of
original data and therefore verifies the manual segmentation
conducted by the operator.

K19 is a marker of human cholangiocytes (19;105). Analyses of
adult hepatic sections stained for K19 demonstrate not only bile
ducts, but also scattered epithelial cells around the portal area
(105). The nature and origin of these elusive cells was uncertain
and even suggested to be remnants of the ductal plate or a sort

of progenitor cell (105). Through manual tracing and coloring in of
K19 on consecutive sections Theise revealed that the seemingly
isolated cells represented the canals of Hering and were con-
nected to the bile ducts (19). Using our developed protocols for
3D reconstruction we recapitulated this study in both adult hu-
man liver and from a case of paracetamol poisoning resulting in
fulminant hepatic failure (32). The volume rendering and seg-
mentations directly illustrated that in normal liver bile ducts were
slender structures that had direct connections to the canals of
Hering. The reconstruction of the paracetamol intoxicated liver
illustrated the high proliferative capacity inherent to the canals of
Hering through the depiction of numerous ductular reactions
directly connected to the biliary tree. For both reconstructions it
holds that had we not applied a 3D approach, K19 cells in the
parenchyma could easily have been regarded as isolated cells
thereby supporting previous misinterpretations (105).

We next wished to study the formation of the biliary tree, and
thereby the developing human progenitor cell niche using both
classical immunohistochemistry and our 3D protocol. For this we
therefore identified the three major developmental stages of
biliary development, i.e. the ductal plate stage (the most primi-
tive biliary stage), the remodeling bile duct stage and the remod-
eled bile duct stage (104;114;115). Based on staining for K7, K19,
EpCAM and SOX9 3D reconstructions of the biliary/progenitor
lineages illustrated that in embryonic liver K19 and EpCAM
marked both ductal plate cells and the primitive hepatocytes
throughout the entire image stack (110;182-184). In the remodel-
ing (fetal) and remodeled (adult) liver, however, these proteins
only marked biliary cells, thereby corroborating the notion that
K19 expression is a characteristic of not only primitive hepato-
cytes but less differentiated cells in general (104-106). K19 has for
the same reason been called a neutral cytokeratin (185). The
opposite is true for K7, as expression of this filament is regarded
as a marker of final commitment into the cholangiocytic lineage
(110;186). In agreement with this notion we did not detect K7 in
the ductal plates and remodeling bile ducts until 13% weeks post
conception. At approximately the same time the primitive hepa-
tocytes lost K19 and EpCAM staining, marking their commitment
to the hepatocytic lineage. The relative late expression of K7 was
never the less earlier than previously published (110;116-118).
SOX9 is a transcription factor involved in chondrogenesis and
male gonad development (187-190). More importantly, it is also
expressed in the intestinal stem cell niche (191), and is necessary
for the maintenance of transit amplifying cells in the hair follicle
(192;193). Recently it was shown to be the earliest maker of
biliary commitment identified yet (184). This observation was
supported by our 3D-models, which depicted strong SOX9 expres-
sion in the ductal plate, whereas the hepatoblast had only weak
staining. Our thorough analyses of SOX9, EpCAM and HepParl on
histological sections from approximately 6 weeks post conception
furthermore revealed a remarkable aspect of cholangiocytic
tubulogenesis. Several organs, such as the kidneys, lungs and
pancreas, contain tubular structures facilitating transport of gas
and liquids. Multiple different events can to the organization of
cells into tubular organs. These events are presently characterized
as wrapping, budding, cavitation, cord and cell hollowing tubu-
logenesis (194-197). In parallel with our investigations, studies in
mouse liver revealed intrahepatic development to occur through
a special mode of asymmetric cholangiocyte tubulogenesis. In this
process, the mesenchymal facing ductal plate cells instruct
neighboring primitive hepatocytes to form the parenchymal
ductal plate layer and thereby differentiating into cholangiocytes.
In support of these observations our immunohistochemical analy-
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ses of the bilayered ductal plate depicted a peculiar expression
pattern. While the mesenchymal facing layer only expressed the
cholangiocytic markers SOX9 and EpCAM, the parenchymal layer
only stained for the hepatocytic marker HepParl. The observed
reciprocal expression pattern indicate that a similar form of lat-
eral recruitment of primitive hepatocytes also occurs in humans
(198). However, how the intrahepatic bile ducts expand along the
longitudinal axes was not dealt with in that or in our study and is
still unresolved.

MOLECULAR COMPOSITION OF THE REMODELING EXTRACELLU-
LAR MATRIX COMPONENTS IN HEPATOCELLULAR REGENERATION
FROM PROGENITOR CELLS.

The aforementioned study of human liver directly visualized bile
duct branching and suggested an asymmetric form of tubu-
logenesis to govern intrahepatic bile duct formation and thereby
niche development. However, biliary proliferation and morpho-
genesis is a complex interplay between cholangiocytes, support
cells and extracellular matrix components and the molecular
composition in the niche is thought to change in favor of progeni-
tor cell proliferation upon massive injury to hepatocytes.

Indeed, extracellular matrix deposition and activation of matrix-
producing cells have been observed to appear prior to hepatic
progenitor cell expansion and lay down a matrix for progenitor
cells to invade (49;52). Subsequent studies in which isolated
hepatic progenitor cells were seeded on different matrices pro-
vided evidence that laminin, in particular, was important for
sustaining the biliary/hepatic progenitor cell phenotype (30).
However, the exact molecular composition of the niche is un-
known. Central questions to ask are therefore: Assuming that the
canal of Hering truly constitutes the hepatic progenitor cell niche,
which proteins are then expressed in the niche and which specific
extracellular matrix molecules regulate the hepatic progenitor cell
response? Of particular interest is also to clarify whether there
are selective differences in extracellular matrix-composition in
different models of hepatic regeneration with proliferating biliary
cells. This could provide clues to the identification of factors
specifically necessary for hepatic progenitor cell activation and
proliferation. At present, few studies have investigated extracellu-
lar matrix (ECM)-remodeling in the activated hepatic progenitor
cell niche.

To address the proposed questions we first constructed a hypo-
thetical extracellular matrix structure based on findings in the
literature. We then reasoned that some of the transcripts up-
regulated on global gene expression arrays from rats with acti-
vated progenitor cells would locate to the niche. We therefore
employed lllumina GeneArray techonology to identify cell surface
proteins and extracellular matrix molecules differentially ex-
pressed when using the 2-AAF/PHx protocol. With emphasis on
the extracellular matrix components the identified transcripts
were categorized into four major groups important for defining
the microenvironment: Hepatic progenitor cell markers, mesen-
chymal cell markers, extracellular matrix proteins and a network
of proteases comprising matriptase, its target prostasin, and its
cognate inhibitors HAI-1 and -2, encoded by the St14, Prss8,
Spintl and Spint2 genes, respectively. Matriptase is a broad-
spectrum serine protease capable of degrading extracellular
matrix components and is implicated in cancer invasion and me-
tastasis (199-205). Previous studies have identified components
of this network in the hepatic progenitor cell response and we
suspected it to be involved in hepatic progenitor cell proliferation
and invasion (96). Additionally, given that matriptase and its

inhibitors are transmembrane surface proteins, they possessed
the potential to be useful for cell isolation studies. Transcriptional
profiling of whole liver is unspecific for the hepatic progenitor cell
compartment and transcripts upregulated in silico may not neces-
sarily give rise to increased expression of protein. However, we
realized that screening transcripts by correlating their signal
intensities against K19 (Krt19) or desmin (Des) provided us with
several interesting ECM components that strongly correlated with
either the hepatic progenitor cell response or mesenchymal sup-
port cells. To verify microarray data we chose to investigate the
predicted up-regulation of the matriptase network and Krt19
through real-time RT-PCR in unharmed rat liver, in the bile duct
ligation model and in two models of hepatic progenitor cell pro-
liferation. As predicted, transcripts for the matriptase network
components and Krt19 were particularly upregulated in hepatic
progenitor cell response.

With the purpose of identifying partakers in the hepatic progeni-
tor cell response and compare expression pattern with that of bile
duct ligation or unharmed liver, we applied immunohistochemis-
try for protein localization. This approach allowed us to make
direct comparisons between the atypical ductular response, the
ductular response and unharmed liver. Immunohistochemical and
immunoflourescent stainings revealed matriptase and HAI-1 to
decorate both the intrahepatic biliary tree and the entire prolifer-
ating hepatic progenitor cell compartment. Unfortunately, co-
localization of matriptase with HAI-1 was not possible due to
cross-reaction between antibodies. However, other studies have
shown that matriptase and HAI-1 not only co-localize, but also
that HAI-1 remarkably functions as a chaperone necessary for
matriptase folding, function and inactivation (200;204;206-209).
Having established matriptase and HAI-1 as markers of biliary
cells, we related expression of ECM components selected from
the array analysis to matriptase, HAI-1 and the two known mark-
ers of biliary/progenitor cells, DIkl and OV6. OV6 is an antibody
that recognizes epitopes shared between keratin 14 and 19 and
therefore decorates the entire intrahepatic tree (210).

From the array analyses we decided to dissect the expression
pattern of laminin, a recognized marker of the basement mem-
brane (211) the glycoprotein nidogen 1 (212), proteoglycan agrin
(213;214) and type | collagen. Type 1 collagen, represented by its
subunit collagen 1al, is a heterotrimeric fibrillar collagen, which is
primarily associated as being the main component of scarring
tissue in cirrhotic liver (68;90;215). Regardless of the animal
model investigated, we established that the same extracellular
matrix components enclosed both the intrahepatic biliary tree,
the typical and atypical ductular reactions. For laminin, this was
unsurprising, as previous studies have shown similar patterns of
expression and demonstrated laminins importance for maintain-
ing the cholangiocytic phenotype (30). Nidogen 1 and agrin have
both been recognized for their abilities to cross-link the extracel-
lular matrix with the cytoskeleton and, important in our study, to
bind laminin. Their pattern of expression was thus similar to that
observed for laminin. More unexpectedly, was the observation,
that collagen 1al, had a comparable expression pattern, as other
studies have found no relationship with hepatic progenitor cells
(30) or suggested that type | collagen does not support the biliary
phenotype in vitro (216;217). However, our results suggest that
type | collagen is not merely a component of scar tissue, but in
fact a participant in the progenitor cell niche. Interestingly, in the
progenitor cell response, some of the progenitor cells adjoining
the hepatocytes were not enclosed by ECM-molecules, yet still
expressing the biliary markers, HAI-1 and OV-6. This led us to
suspect that the extracellular matrix form a sharply limited niche
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in which cells can amplify while retaining the biliary phenotype,
and upon exit from the niche, differentiates towards the hepato-
cytic lineage. In this way, the hepatic progenitor cell niche much
resembles the classical niches observed in Drosophila species
(13). However, as we are unaware of the nature of the putative
stem cells, it is also conceivable that certain hepatocytes or other
cell types, connected to the canal of Hering transform into biliary
cells.

When we analyzed tissue sections, DIkl was, as previously re-
ported, only observed in the hepatic progenitor cell response. Co-
staining DIk1 with extracellular matrix components marked a
subset of hepatic progenitor cells positive for DIk1, in slender
tube-like ECM structures. These observations encouraged us to
triple stain sections from the hepatic progenitor cell response for
Dlk1 in combination with biliary markers and extracellular matrix
components, as this would provide us with more information of
the spatial relationship between the proteins. This approach
directly provided evidence that, while HAI-1 and OV6 marks the
hepatic progenitor cells, DIk1 expression is restricted to a sub-
population within the extracellular matrix. In order to establish if
these descriptions were applicable to larger portions of the liver
and not just chance findings, we reapplied our developed 3D-
reconstruction protocols to investigate the spatial relationship of
Dlk1, HAI-1 and agrin. Reconstructions of 208 um control and
AAF/PHx hepatic tissue, clearly highlighted, that throughout the
image stacks, HAI-1 marked both portal bile ducts and hepatic
progenitor cells, which were enclosed by agrin, whereas Dlk1 only
stained a subset of hepatic progenitor cells.

The implications of this study with respect to the extracellular
matrix molecules are therefore that, the exact same components
participate in biliary proliferation, regardless of initiating insult
and are no different from components found in unharmed liver.
We therefore speculate that a function of these proteins is to
maintain the biliary phenotype, rather than actually govern dif-
ferentiation. This niche therefore resembles a transit amplifying
compartment as observed in other animals and organs, in which
hepatic progenitor cells can proliferate before leaving the niche
(23). It seems that upon leaving this sharply restricted microenvi-
ronment the biliary phenotype is no longer supported and thus
the hepatic progenitor cells differentiate towards the hepatocytic
lineage. However, it is not known what governs the presumed
differentiation from a cholangiocyte lineage towards the hepato-
cytic. However, Lorenzini et al. examined the functional roles for
several extracellular matrix components and established that
laminin was important for maintaining the biliary/hepatic pro-
genitor cell phenotype (30). Type | and IV collagen was, however,
incapable of preserving the biliary phenotype. Paku et al. demon-
strated direct connections between activated stellate cells and
the hepatic progenitor cell niche suggesting an important com-
munication function for the mesenchymal cell compartment in
the hepatic progenitor cell response (48). Moreover, both cell
types are laminin producers, implying that not only the support
but also the progenitor cells influence the composition of the
progenitor cell niche (30). Non-parenchymal cells in the liver,
including stellate cells and myofibroblast, are the main synthesiz-
ers of collagen, and are found scattered throughout the lobule
(218-220). As type | collagen has a similar expression pattern, and
laminin alone sustained the biliary phenotype in vitro, these
finding imply that both type | collagen and desmin positive stel-
late cells are not essential components of the hepatic progenitor
niche. However, it is difficult to conclude on cells from the mes-
enchymal compartment in general, as several cell types are pre-
sent in the liver, and their relationships are uncertain and has

previously led to misconclusions (220). Deszo6 et al. for instance
demonstrated that Thy-1, a protein once thought to be a progeni-
tor cell marker, actually was expressed by the hepatic myofibro-
blast (219). For both laminin and collagen, multiple isoforms exist.
However, in both Lorenzinis paper and our study, relatively few
components were immunohistochemically examined (30). We
nevertheless made attempts to dissect the molecular composition
of the niche by staining for several of these isoforms, but only
antibodies for the mentioned components functioned. We were
therefore forced to describe only total laminin, collagen 1al,
agrin, nidogen-1 and desmin. With this limited battery of extracel-
lular markers, we nevertheless observed that, with the exception
of DIk1, the exact same components were expressed similarly in
both unharmed liver, the bile duct ligation model, and in the
progenitor mediated form of hepatic regeneration. These findings
support our notion, that the investigated proteins were important
for the biliary phenotype, rather than activating the progenitor
mediated response.

The role and expression pattern of DIkl is somewhat enigmatic.
Dlk1 a transmembrane protein with EGF-like repeats, that is a
member of the EGF-like homeotic family (221-223). DIk1 is often
described as an inhibitor of differentiation and expressed in less
differentiated cells (222;224). Forced expression has for instance
been found to inhibit adipogenesis, whereas suppression pro-
motes this process (222). Importantly Tanimizu et al. found that
this protein was expressed in primitive hepatocytes capable of
differentiating into both the hepatocytic and cholangiocytic line-
ages (100). It is therefore possible that DIk1 has a negative impact
on transit amplifying cell differentiation, thereby allowing these
cells to multiply without differentiating, as seen in other niches
(13). In this way, a large number of transit amplifying cells can be
produced, before leaving the niche. We often found DIk1 cen-
tered in the ductular reactions not directly adjoined to the hepa-
tocytes. Our study therefore suggest the presence of a cellular
hierarchy within the ductular reactions in which centrally located
DIk1 positive progenitor cells gives rise to HAI-1 positive progeny
that then differentiates into hepatocytes.

CONCLUSIONS AND PERSPECTIVES

The overall aim of this project was to gain knowledge of the he-
patic progenitor cell niche. We achieved this goal by first develop-
ing protocols for visualizing hepatic structures and protein ex-
pression. We thereafter dissected protein-expression in both
developing and diseased human liver, and across independent
models of hepatic regeneration.

Using one particular form of digital 3D reconstruction, our initial
study illustrated that human embryonic stem cell cultures
thought to be homogenous are actually heterogeneous and dis-
play markers for differentiation into the three germ layers. By
means of a different approach for 3 modeling we were able to
create a reconstruction of the ductal plate, or hepatic progenitor
cell niche, during human development. These two early protocols
for 3D modeling were crude and unsophisticated, but taught us
valuable lessons about 3D-modelling and provided us with ideas
on how to improve our protocols. Discovering the software plat-
form Amira was in this respect the game changer that released us
from the modeling strains of previous restrictive platforms and
allowed us to employ our ideas. We therefore managed to build a
strong protocol that combines two benefits of the two basic
methods for 3D modeling; volumetric rendering and segmenta-
tion based reconstruction. This protocol was furthermore well-
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suited for sections from paraffin embedded tissues, a common
storage solution for preserving specimens.

With this protocol in hand we not only depicted the developing
hepatic progenitor cell niche but directly visualized ductular reac-
tions in a case of ALF. This connection had previously been estab-
lished by tedious manual drawings, but our protocol not only
directly visualized this connection in 3D, but can be applied to
unraveling similar questions in other organs. However, there are a
few shortcomings with this protocol. Even though we managed to
employ color recognition techniques, the segmentation process is
still painstaking work. This is not just a shortcoming of our proto-
col, but a general problem within the field of 3D-modelling and
more refined approaches for automated cell and color recogni-
tion needs to be developed. We have however recently expanded
our protocol, so we are capable of exporting the segmentation
based structures and both incorporate them into the Portable
Document Format (PDF) and present them in augmented reality
scenes. The latter is a technique in which 3D structures are pre-
sented in real environment through the use of digital cameras. As
volumetric renderings do not contain structures assigned with x, y
and z coordinates their presentation with these techniques is
more complicated. We are nevertheless attempting to accomplish
this through the use of certain computer libraries originally cre-
ated for Astronomy.

Other contributions from our studies to the field of hepatic re-
search involved identifying the transcription factor SOX9 as an
early marker of the cholangiocytic lineage in humans. Most im-
portantly, this study also revealed that formation of the human
intrahepatic biliary tree occurs through a newly identified form of
asymmetrical tubulogenesis. Unraveling exactly how the mesen-
chymal ductal plate layer apparently instructs primitive hepato-
cytes to develop into cholangiocytes could provide useful infor-
mation for replicating this process in vitro for future therapeutic
treatment. Moreover, the question of how the biliary tree
branches into the developing liver is also unresolved.

Even though the impact that extracellular matrix components can
have on cell phenotype and behavior is well known, presently few
studies have dissected the microenvironment in the activated
progenitor cell response. The array approach used in our study
identified several candidate genes for both hepatic progenitor cell
surface markers and their niche. Through immunohistochemistry
and immunofluorescence we located the protein product of
several of these genes. We found that the niche forms a re-
stricted zone in which hepatic progenitor cells proliferate before
leaving the microenvironment to differentiate into hepatocytes.
However, this niche was no different from that observed in un-
harmed liver or in other models of hepatic injury. In order to
evaluate if the microenvironment truly is different in progenitor
mediated hepatic regeneration, it will therefore be necessary to
perform immunohistochemical staining’s for additional candidate
components in future studies. We did however identify matrip-
tase and HAI1 as surface markers for both cholangiocytes and
progenitor cells. The implication of this is that in future studies
these two proteins can be used for cell isolation experiments in
conjunction with DIk1 to shed light on differences in “stemcell-
ness” of biliary subpopulations. Interestingly we observed that
expression of several transcripts strongly correlated with markers
of hepatic progenitor cells or the mesenchymal compartment. It
would be of interest to evaluate trough in situ hybridizations, if
this simple calculation can be used as a predictor of what cell
types express which extracellular matrix components.

Taken together the three studies have provided protocols for
digitally reconstructing tissue and provided us with knowledge of

the development and tubulogenesis of the intrahepatic biliary
system. Important, we gained deeper insights into the molecular
composition of the hepatic progenitor cell niche.

SUMMARY

End-stage liver diseases represent major health problems that are
currently treated by liver transplantation. However, given the
world-wide shortage of donor livers novel strategies are needed
for therapeutic treatment. Adult stem cells have the ability to
self-renew and differentiate into the more specialized cell types
of a given organ and are found in tissues throughout the body.
These cells, whose progeny are termed progenitor cells in human
liver and oval cells in rodents, have the potential to treat patients
through the generation of hepatic parenchymal cells, even from
the patient’s own tissue. Little is known regarding the nature of
the hepatic progenitor cells. Though they are suggested to reside
in the most distal part of the biliary tree, the canal of Hering, the
lack of unique surface markers for these cells has hindered their
isolation and characterization. Upon activation, they proliferate
and form ductular structures, termed “ductular reactions”, which
radiate into the hepatic parenchyma. The ductular reactions
contain activated progenitor cells that not only acquire a pheno-
type resembling that observed in developing liver but also display
markers of differentiation shared with the cholangiocytic or hepa-
tocytic lineages, the two parenchymal hepatic cell types. Interac-
tions between the putative progenitor cells, the surrounding
support cells and the extracellular matrix scaffold, all constituting
the progenitor cell niche, are likely to be important for regulating
progenitor cell activity and differentiation. Therefore, identifying
novel progenitor cell markers and deciphering their microenvi-
ronment could facilitate clinical use.

The aims of the present PhD thesis were to expand knowledge of
the hepatic progenitor cell niche and characterize it both during
development and in disease. Several animal models of hepatic
injury are known to induce activation of the progenitor cells. In
order to identify possible progenitor cell markers and niche com-
ponents, we examined several genes upregulated in a global gene
expression array conducted on one of these models, in which
progenitor cells are activated. The protein expression patterns
were evaluated in our collections of human embryonic and fetal
livers, human liver diseases, and rodent hepatic injury models.
When analyzing standard histological liver sections underlying
connections and tissue architecture are not immediately evident.
We therefore developed models for digitally reconstructing not
only protein expression in serially cut tissue sections, but also
vessels of the portal area.

Article | constituted our earliest attempts to create three-
dimensional reconstructions of biological material. Human em-
bryonic stem cell cultures were previously thought to consist of
homogenously undifferentiated cells. The protocols for three
dimensional reconstructions developed in this study demon-
strated micro heterogeneity in expression of differentiation
markers and provided the basis for later reconstructions of he-
patic tissues.

In article Il we examined the expression patterns of chosen pro-
teins seen upregulated in the gene array as well as classical hepa-
tocytic and cholangiocytic markers in human liver disease and
during prenatal development. Previous studies had indicated
direct connections between activated progenitor cells apparently
isolated in the parenchyma and the intrahepatic biliary tree. Our
developed protocols for 3D reconstructions visually demon-
strated direct connections between these entities. Analysis of
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protein expression in prenatal liver revealed the formation of the
intrahepatic tree to occur through a special form of asymmetric
tubulogenesis, only recently described in mice.

In order to describe the composition of the hepatic progenitor
cell niche and the localization of cell surface proteins in article IlI,
the expression patterns of certain genes upregulated in the gene
array analysis were analyzed in different models of rodent liver
regeneration. We observed that the extracellular matrix mole-
cules collagen 1al, laminin, nidogen-1 and agrin embraced the
biliary cells and sharply defined the hepatic progenitor cell niche,
which was encircled by desmin positive support cells. In all injury
models biliary cells expressed the cell surface proteins matriptase
and HAI-1. However, in the so-called 2-AAF/PHx model of pro-
genitor cell activation, a subpopulation of hepatic progenitor cells
was positive for DIk1. 3D reconstructions clarified that the DIk1-
subpopulation was entirely located in the portal area periphery,
and connected to the bile ducts via HAI-1 positive biliary cells. The
heterogeneous expression patterns of matriptase, HAI-1 and Dlk1
in this particular injury model indicate the presence of a cellular
hierarchy containing possibly less differentiated DIk1-positive
hepatic progenitor cells.

In conclusion, our studies characterized the hepatic progenitor
cell niche in humans and rodents. We successfully developed
protocols for digitally visualizing, not only hepatic, but virtually
any tissue through two fundamentally distinct approaches. The
identification of an asymmetric form of tubulogenesis in humans
added new knowledge to the development of the intrahepatic
biliary tree, and thereby the formation of the progenitor cell
niche. The identification of heterogeneously expressed cell sur-
face proteins and extracellular matrix components provided
knowledge of the constituents defining the niche. These pieces of
information are important for future isolation and characteriza-
tion studies of biliary subpopulations and their differentiation
abilities in vitro.
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