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ABSTRACT
Liver progenitor cells (LPCs) play a major role in the regeneration process following
chronic liver damage. LPCs can differentiate into hepatocytes and cholangiocytes and
thus are capable of replenishing the damaged liver. Due to their plasticity and robust
nature in culture systems, they are promising candidates for use in cell therapy.
However, to be able to use LPCs as tissue regenerating stem cell-like cells in the clinic,
we need to fully understand how they are controlled. Although a strong association
between LPCs and inflammation has been shown in many chronic liver diseases, the
role of the immune system in LPC-mediated hepatic regeneration is poorly understood.
We hypothesise that specific immune cells and mediators are needed to induce the LPC
compartment, and that these are common to the LPC response in different injury
settings. Therefore, the present study focused on the characterisation of the
inflammatory environment in the LPC response, which generates this niche. The aims
of this study were (i) to identify the immune cells that are important for the LPC
response, (ii) to define the cytokine profile and (iii) to determine the role of the cytokine
producing cells during liver regeneration.
To study hepatic inflammation following liver injury, a diet-induced model of liver
injury (choline-deficient, ethionine-supplemented diet, CDE diet) was compared to two
transgenic mouse models of immune-mediated hepatitis (Met-Kb, 178.3). Although all
three models are characterised by hepatitis, histological analysis revealed that LPCs
were only detectable in the CDE and Met-Kb livers. In the 178.3 model, livers
regenerated from proliferating hepatocytes. An LPC response could not be induced in
these mice even when liver damage was made more severe. In the other two models,
LPC numbers increased over time showing the highest numbers one week after the peak
of liver injury. LPCs were often found in close proximity to inflammatory cells, in
particular macrophages.
The inflammatory cells were analysed further by immunohistochemistry and flow
cytometry. F4/80+ macrophages and endogenous CD8+ T cells were found to be the
dominant cell types in liver infiltrates over a period of three weeks. Migration studies
confirmed that T cells and macrophages were attracted by liver homogenates of CDEtreated and Met-Kb mice. However, T cells were found to be not essential for the LPC
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response. T cell-deficient nude mice showed a 60% reduction of LPCs compared to
wild type (Balb/c) mice based on staining with the common biliary and LPC marker A6
after one week on the diet but reached comparable levels to wild type (Balb/c) mice
after two weeks. At this time point, nude mice had more macrophages than wild type
(Balb/c) mice on the diet. The macrophage population was dissected further into
invading monocytes/macrophages and endogenous Kupffer cells by immunostaining for
the surface receptors CD11b and CRIg, respectively. Both macrophage subsets were
increased during the LPC response but there were more invading macrophages in the
Met-Kb model than in the CDE model.
The second aim was to determine the cytokine profile in the liver injury models. Gene
expression studies identified tumour necrosis factor alpha (TNFĮ) as a critical cytokine.
TNFĮ expression was increased and sustained over a period of two weeks, in contrast to
interferon gamma, interleukin 6 and lymphotoxin beta that were elevated only
transiently. TNFĮ protein was elevated in injured livers and was found to be produced
by macrophages and CD8+ T cells. Macrophages also produced other cytokines such as
IL-6 and the TNF family member TNF-like weak inducer of apoptosis that have been
implicated in the LPC response.
To test for interactions between macrophages or T cells and LPCs in the inflamed liver,
the chemokine response was studied. Gene expression analysis revealed that LPCs
could attract T cells and macrophages via CCL2 and CX3CL1, respectively. Activated
macrophages in turn are capable of attracting T cells via CCL12. These findings
emphasise the close interaction between cells of the immune system and LPCs that
leads to expansion of the LPC population.
In conclusion, these data suggest that macrophages and T cells are actively recruited
into the damaged liver where they support LPC-mediated liver regeneration through
production of cytokines and interaction with other liver-resident cells. Duration and
source of the cytokine signal are important determinants of the regeneration pathway.
Knowledge of the hepatic inflammatory environment will form the basis for future
therapeutic approaches to treat chronic liver disease by modulating LPCs.
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GENERAL INTRODUCTION

This introduction is based on a literature review, which was current until December
2007, the time it was published in The International Journal of Biochemistry and Cell
Biology. More recent literature related to the field (current until March 2009) is
discussed in the experimental chapters 3-6 and the general discussion in chapter 7.

1.1 INTRODUCTION
1.1.1

Distinctive features of the liver

In many ways, the liver is a special organ. First, it carries out a wide range of functions
including metabolism and synthesis, detoxification and host defence, making it an
important and vital organ. Second, the liver has an enormous regeneration potential like
no other organ in the body: It can completely restore its weight and architecture when
reduced to 10% of its original mass. Unlike other tissues, e.g. muscle, this involves
adult liver resident cells, not stem or progenitor cells. When this repair mechanism is
impaired or exhausted, another cell type becomes involved in the regeneration process:
the liver progenitor cell (LPC)1. Third, although not generally considered a lymphoid
organ, the liver performs complex immune functions that are differentially regulated
from the well-studied immune responses triggered in lymphoid organs. Induction of
tolerance against food antigens and allogenic liver transplants are features that are still
not well understood.

1.1.2

Importance of liver regeneration

The increased incidence of chronic liver diseases such as hepatitis B, hepatitis C,
alcoholic liver disease and hepatocellular carcinoma (HCC) for which the only available
therapy is organ transplantation and the fact, that organ demand far exceeds availability,
mandate we find alternative therapeutic approaches. Understanding the molecular and
cellular mechanisms underlying the complex events of liver regeneration is a key to
developing new therapeutic approaches. LPCs have evolved as stem cell-like cells,
which can contribute to liver regeneration when the hepatocyte pool is exhausted. They
are excellent candidates for cell therapy and represent a potential solution to the
problem of organ shortage, and thus have gained much interest recently. In this
introduction, our current understanding of LPCs will be discussed with a particular
focus on (1) growth factors and cytokines that induce the proliferation and

1
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differentiation of these cells and (2) the hepatic inflammatory environment that triggers
this regenerative response.

1.1.3

Historical perspectives

LPCs were first described by Kinosita (1937). Almost 20 years later these cells were
given a name: ‘oval cell’ as their nucleus appeared oval-shaped in liver sections (Farber
1956). Since then, further morphological characteristics have been described: a large
nucleus-cytoplasm ratio, basophilic staining and much smaller cell size compared to
hepatocytes. Although LPCs were described 50 years ago their clinical significance has
been recognised only in the last two decades when their potential to restore human liver
tissue, independent of hepatocytes, was shown (Haque et al. 1996).

1.1.4

Liver progenitor cells in chronic liver disease and cancer

LPCs are linked with chronic liver disease; they have been shown to be present in a
variety of pathologies e.g. hepatitis C, non-alcoholic and alcoholic liver disease, as well
as in metabolic diseases such as hereditary haemochromatosis and Wilson’s disease. A
positive correlation between LPC numbers and disease severity has been established
(Lowes et al. 1999; Roskams et al. 2003b). Furthermore, an association with the
exhaustion of the hepatocyte pool (Falkowski et al. 2003), fibrosis (Roskams et al.
2003b) and inflammation (Libbrecht et al. 2000a; Lowes et al. 1999) has been
demonstrated. Thus, the activation of the LPC pool appears to be important in the liver
regeneration process in specific pathologies. However, whether LPCs are suitable
candidates for therapy is still debated as some studies suggest they may be a source of
HCC as a result of chronic liver disease (Alison and Lovell 2005; Braun et al. 1989;
Hacker et al. 1992; Libbrecht et al. 2000b; 1998; Roskams et al. 2003b). Presently it is
unclear whether HCC are derived from transformed LPCs only, hepatocytes or both.
The observation of LPCs in cancerous liver tissue is a circumstantial association; it
cannot be concluded whether these cells are a cause or an effect of the malignancy. This
uncertainty underlines the necessity to characterise LPCs further in terms of
proliferation, differentiation and their potential for transformation.

1.1.5

Nomenclature

Different nomenclatures for LPCs exist depending on the organism studied. A group of
liver pathologists (Roskams et al. 2004) has proposed the following: in rodents, LPCs
are termed ‘oval cells’ based on the historical finding of an ovoid nucleus in cross3
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sections (Farber 1956); in humans, they suggest ‘intermediate hepatobiliary cells’. LPCs
that arise during development in the fetus are known as hepatoblasts. The relationship
between these populations is unclear. In this introduction we will use the general term
‘liver progenitor cell’ (LPC) for both animal and human studies.

1.1.6

Origin of liver progenitor cells

The origin of LPCs is constantly debated. Understandably, they are hardly detectable in
healthy liver but appear in injured liver when the hepatocyte-driven regeneration
process is exhausted or impaired. Thus, their exact origin is undefined. Both,
endogenous and exogenous sources have been proposed. The location of LPCs in the
canals of Hering (the smallest branches of the biliary tree) led to the theory that LPCs
derive from within the liver. It is also proposed that fetal hepatoblasts, set aside during
development, are a possible pool for LPCs as they share not only morphological
characteristics but also markers with LPCs. However, direct comparisons are not
possible as some studies utilise primary cultures while others are based on established
immortalised LPCs. Recent findings of plasticity of hepatocytes (Michalopoulos et al.
2005) have led to the hypothesis that LPCs could be derived from de-differentiated
hepatocytes (Fougere-Deschatrette et al. 2006; Santoni-Rugiu et al. 2005). On the other
hand, Petersen suggested an exogenous origin of LPCs citing the shared markers
between haematopoietic stem cells and LPCs (Petersen et al. 1998). Many studies have
investigated whether LPCs can derive from bone marrow cells. Despite technical
challenges, resulting in various interpretations of the data, the consensus is that bone
marrow-derived LPCs might exist but that this pathway is of minor significance during
liver regeneration.

1.2 LIVER PROGENITOR CELLS
1.2.1

Heterogeneity of liver progenitor cells

It is known that LPCs are at least bipotential as they can give rise to hepatocytes and
cholangiocytes (Alison 2003). The difficulty of finding and marking these cells
contributes to the controversy regarding their existence. This is partly due to phenotypic
heterogeneity of this population. One major problem, which still exists, is the lack of a
specific marker, which distinguishes them unequivocally from hepatocytes, biliary cells
and haematopoietic stem cells as they often show an intermediate phenotype and share
markers. Thus, several antibodies directed against different antigens, each staining a
4
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different subset of LPCs, are used to confirm their identity. A widely accepted LPC
marker in rodents is alpha-fetoprotein (AFP) followed by delta-like protein-1 (dlk),
which appears more restricted to LPCs destined for the hepatocytic lineage. The marker
A6 is commonly used in mouse studies, but so far this antigen has not been
characterised (Petersen et al. 2003). It is likely that it detects a type of cytokeratin as
some biliary ducts stain. Suitable antibodies targeting these antigens are not available
for all organisms: rat, mouse and human. As a result, isolation and characterisation of
these cells is difficult and comparing results between researchers is a challenge, as
different models and different subsets of antibodies are used. In addition, Jelnes and coworkers (2007) have urged caution when directly comparing rat and mouse models of
liver regeneration. For example, the commonly used markers AFP and dlk only stain
LPCs in the rat but not in most mouse models.

1.2.2

Isolation techniques

The two main isolation techniques are used on cells isolated by collagenase perfusion:
(1) sorting by flow cytometry or (2) density gradient centrifugation. Single or a
combination of markers are used in the first approach, as well as depletion of
contaminating cell subsets like CD45+ inflammatory cells. The second approach
circumvents the problem of different marker sets, and therefore yields a more
heterogeneous LPC population.

1.2.3

Animal models

A variety of models, mainly using rats or mice, has been established (for an overview
see table 1 in Santoni-Rugiu et al. 2005). In rats, most models combine acute liver
injury mimicked by removal of up to two-thirds of the liver tissue by partial
hepatectomy (PHx) with the application of chemicals that inhibit the normal
regenerative response involving hepatocytes. In mice, however, application of specific
chemicals such as galactosamine (Koniaris et al. 2001) and acetaminophen (Kofman et
al. 2005) without PHx is sufficient to block hepatocyte proliferation and induce LPC
growth.

1.3 THE TWO PATHWAYS OF LIVER REGENERATION
The enormous regeneration potential of the liver has long fascinated researchers and it
is recognised by the ancient Greeks (Prometheus myth). Many studies have been

5

CHAPTER 1

GENERAL INTRODUCTION

undertaken to elucidate the factors that induce proliferation of hepatocytes that restore
the liver mass.

1.3.1

Hepatocyte-driven regeneration

One pathway of liver regeneration is induced by acute liver injury. Experimental models
mimic this situation by partial hepatectomy (PHx), a process of resecting up to 90% of
the liver mass (classically 70%). This induces an acute phase response in the liver with
the secretion of cytokines, growth factors and other signal molecules. These signals
promote mitosis in the remaining healthy hepatocytes. This process is precisely
regulated as the number of dividing hepatocytes is proportional to the severity of
damage (Taub 2004) and the liver mass is restored, no more, no less (Fausto 2000).

1.3.2

Liver progenitor cell-driven regeneration

In contrast, liver regeneration resulting from chronic liver disease can take an
alternative path. Once the hepatocyte pool is exhausted or impaired, LPCs are induced
to proliferate and later differentiate into functional hepatocytes. This process usually
takes longer to initiate, since the relatively more immature LPCs need to divide, commit
as well as differentiate towards the hepatocytic lineage, all of which takes about 7-10
days (Strick-Marchand et al. 2004). Using similar approaches to the classical PHx
model, researchers are now attempting to define the cellular and molecular mechanisms
underlying regeneration after chronic injury. As the two mechanisms are usually
exclusive, it is reasonable to propose that distinct control mechanisms regulate these
processes. It is assumed that (1) the composition and/or kinetics of inducing factors and
(2) the interplay between non-parenchymal and recruited inflammatory cells differ for
the two pathways (Figure 1.1).

6
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Figure 1.1. Liver regeneration after acute and chronic liver injury.
After acute liver damage, adult hepatocytes start to divide in order to restore the original liver mass. Nonparenchymal cells like Kupffer cells (KC) and hepatic stellate cells (HSC) are thought to produce
cytokines, which stimulate hepatocyte proliferation. In chronic liver injury, the regeneration pathway by
hepatocytes is exhausted or impaired. Instead, liver progenitor cells (LPCs) are induced to proliferate and
differentiate into functional hepatocytes and cholangiocytes. It is assumed that in particular inflammatory
cells and non-parenchymal cells interact with each other and release cytokines that favour the LPC
response. LSEC, liver sinusoidal endothelial cells.

1.4 HEPATOCYTE-DRIVEN REGENERATION
Extensive studies using in vivo models as well as knockout mice led to the identification
of candidate cytokines and growth factors not only for the hepatocyte-driven liver
regeneration pathway but also for LPCs. Although this introduction will focus on LPCmediated liver regeneration, the hepatocyte-driven regeneration will also be discussed,
as many parallels exist between these two processes.

1.4.1

Concept of networks

The control of hepatocyte-driven regeneration is well understood. According to Fausto
(2006; 2005) three redundant networks are involved in liver regeneration following
PHx: the cytokine-, growth factor- and metabolic network. The first represents the
priming phase followed by induction of the cell cycle and protein synthesis. Although
these phases are temporally separated with some overlap, multiple interactions occur
between mediators of these phases (Fausto et al. 2006). According to their function,
7
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factors can be classified as priming cytokines, mitogenic growth factors or metabolismdriving factors.

1.4.2

The cytokine network

Several in vitro and in vivo studies have shown that tumour necrosis factor alpha
(TNFĮ) and interleukin 6 (IL-6) are critical factors that prime the regeneration process
and render hepatocytes susceptible to mitogens (Cressman et al. 1996). The following
series of events has been proposed by Fausto (2005): TNFĮ is released by Kupffer cells
(KC) and binds to the TNF receptor I (TNFRI) on hepatocytes. This activates the NFțB
pathway, which leads to IL-6 expression and activation of signal transducer and
activator of transcription 3 (STAT3) and its negative regulator: suppressor of cytokine
signalling 3 (SOCS-3). Hepatocytes in turn become susceptible to mitogenic stimuli and
move from G0 phase into G1 and S phase of the cell cycle. To terminate and
counterbalance this reaction, transforming growth factor beta (TGFȕ) inhibits
proliferation of hepatocytes and induces apoptosis (Fausto 2000). The release of TNFĮ
and IL-6 by KC is triggered by a local inflammatory response, which involves
neutrophil leukocytes (Jaeschke and Hasegawa 2006; Selzner et al. 2003).

1.4.3

The growth factor network

Heparin-binding epidermal growth factor-like growth factor (HB-EGF) is the link
between the priming and progression phase by inducing the G1–S transition (Mitchell et
al. 2005). The actual mitogens, which are either released from the extracellular matrix
or non-parenchymal cells like hepatic stellate cells (HSC), are hepatocyte growth factor
(HGF), the epidermal growth factor receptor (EGFR) ligands, which include epidermal
growth factor (EGF), transforming growth factor alpha (TGFĮ) and acidic fibroblast
growth factor (aFGF) (Fausto and Riehle 2005). By interaction with the corresponding
receptors on hepatocytes, c-met with HGF and EGFR with EGF and TGFĮ, these
cytokines activate the classical mitogen-activated protein kinase pathway that drives
proliferation. Autocrine stimulation of hepatocytes also occurs, e.g. by TGFĮ (Mead and
Fausto 1989). Another stimulator of hepatocyte proliferation is serotonin, which is
produced by platelets (Lesurtel et al. 2006). Elevated serotonin levels were found in
patients with liver cirrhosis (Culafic et al. 2007).

8
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The metabolic network

Following activation of the growth factor network, metabolic signals induce DNA
replication and protein synthesis. Not much is known about this process except that
mTOR acts as an upstream regulator (Nelsen et al. 2003). Overall, the process of
activating quiescent hepatocytes and the commencement of processes to restore the liver
architecture and function is rapid and well coordinated. Redundancy of action of many
factors ensures the successful completion of liver regeneration.

1.5 LIVER PROGENITOR CELL-DRIVEN REGENERATION
In chronic liver injury, the hepatocyte pool is unable to proliferate or severely
compromised with respect to growth for multiple reasons: (1) the majority of
hepatocytes are dead or damaged; (2) the replication potential of hepatocytes, although
enormous, may be exhausted; (3) toxins or other agents prevent hepatocytes from
entering the cell cycle. This condition initiates the alternative pathway of regeneration,
which involves LPCs.

1.6 SIMILARITIES BETWEEN THE TWO PATHWAYS
1.6.1

TNFα and IL-6

Studies of chronic liver injury models in rodents and humans have revealed many
common factors for the two pathways, which are summarised in Figure 1.2. The
priming factors TNFĮ and IL-6 are also the main players of the LPC-driven pathway.
The substantial impairment of LPC-driven liver regeneration in TNF receptor I (TNFRI)
knockout (KO) mice implies a crucial role for TNF (Knight et al. 2000). However, even
in double KO mice, e.g. of TNFRI in combination with the TNF family member
lymphotoxin alpha (LTĮ) or TNFRI and TNFRII double KO mice (Knight and Yeoh
2005), the LPC response is never fully abrogated indicating the involvement of multiple
factors and redundancy within the system. In vitro studies have shown different effects
of TNFĮ on LPC cultures. In undifferentiated LPC cultures, TNFĮ exhibited a dosedependent pro-proliferative effect and did not induce apoptosis even with a TNFĮ dose
of 20 ng/ml (Viebahn et al. 2006). In contrast, when LPCs were differentiated in culture
they became sensitive to apoptosis when treated with the same dose of TNFĮ (Sanchez
et al. 2004). Thus, the proper timing of the expression of different factors may prove to
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be crucial not only for the regulation of the hepatocyte-driven but also for the LPCdriven regeneration process.
IL-6 KO mice showed a lesser attenuation of the LPC-driven pathway (Knight et al.
2000) than of the pathway involving hepatocytes (Cressman et al. 1996; Sakamoto et al.
1999). Dexamethasone was shown to impair the LPC response by inhibiting IL-6 and
TNFĮ (Nagy et al. 1998). Rosenberg et al. (2000) examined both pathways after
cocaine-induced liver injury in IL-6 KO mice and reported a decrease in hepatocyte
proliferation but compensatory increase in LPC numbers. The contradictory observation
of LPC promotion in absence of IL-6 could be explained by multiple compensatory
ligands of the IL-6 family including oncostatin M (OSM), leukocyte inhibitory factor
(LIF) and granulocyte-colony stimulating factor. Indeed, studies of the IL-6 receptor
(gp130) pathway, instead of the ligand IL-6, showed more profound effects on the LPC
response. Inhibiting this pathway decreased LPC numbers (Knight et al. 2000), whereas
hyper-activation of this pathway increased LPC numbers (Yeoh et al. 2007). These
findings stress the importance of studying cytokine receptors and downstream pathways
rather than individual factors, since multiple ligands within a protein family might bind
to the same receptor showing signs of redundancy or augmentation.
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Figure 1.2. Factors that (differentially) affect the hepatocyte- and LPC-driven pathway.
Most of the cytokines described in literature have been shown to affect both, hepatocytes and LPCs
equally. So far, only one inhibitory factor, either TGFȕ itself or activin A, another member of the TGFȕ
pathway, is known to terminate the response. Cytokines, which are only involved in LPC-driven liver
regeneration or which show opposite effects on the hepatocyte-mediated response, are indicated in red.
Note that the combination of TNFĮ and IFNJ abrogates the proliferative effect of TNFĮ on hepatocytes
seen after acute liver injury. TGF, transforming growth factor; IFN, interferon; TNF, tumour necrosis
factor; HGF, hepatocyte growth factor; EGF, epidermal growth factor: TWEAK, TNF-like weak inducer
of apoptosis; IL, interleukin; SDF, stromal cell-derived factor; NSAIDs, non-steroidal anti-inflammatory
drugs.

1.6.2

Other cytokines

In both pathways, TGFĮ is up-regulated very early in the process and acts as a primary
mitogen (Evarts et al. 1993). It is not surprising that HGF, which is a crucial factor
during liver development (Snykers et al. 2007), is important for both mechanisms of
liver regeneration. Produced by stellate cells and LPCs, in combination with TGFĮ and
aFGF (Evarts et al. 1993), HGF appears not only to drive early proliferation of
hepatocytes and LPCs but also differentiation of LPCs into hepatocytes (Hasuike et al.
2005). Large reservoirs of HGF as well as platelet-derived growth factor (PDGF) and
FGF are bound to the extracellular matrix component perlecan and are slowly released
upon cleavage (Roskams et al. 2003a). The close association between early proliferating
stellate cells and LPCs offers an explanation how LPCs migrate from the periportal area
into the parenchyma: HGF being produced by stellate cells might act as a motogen
11
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determining the migratory path for LPCs (Evarts et al. 1993). Recently, interleukin-15
(IL-15) was reported to enhance liver regeneration (Suzuki et al. 2006). This cytokine is
constitutively expressed in the liver and performs similar functions to IL-2 (Grabstein et
al. 1994). Its wide range of effects includes activation and attraction of T cells, in
particular T helper 1 (Th1) and cytotoxic T cells. IL-15 serum levels correlated well
with disease progression in patients with hepatitis C (Kakumu et al. 1997) and other
chronic inflammatory diseases (Kirman et al. 1998). Administration of IL-15 resulted in
increased LPC numbers, inflammatory foci and hepatocyte proliferation accompanied
by TNFĮ and IFNJ production. This effect appears to be mediated indirectly via
immune cells, probably by T or NKT cells, as only in vivo, and not in vitro effects on
liver cells were shown (Suzuki et al. 2006). These studies underline the importance of T
cells and their cytokines in liver regeneration.

1.7 DIFFERENCES BETWEEN THE TWO PATHWAYS
Many studies to date suggest that the pathways involved in hepatocyte and LPC liver
regeneration are similar: members of the IL-6 family (IL-6, LIF, OSM) and TNF super
family (TNFĮ, LTĮ/ȕ, LIGHT, TWEAK) are involved (Matthews et al. 2005). It is
unlikely that there are single factors that regulate on their own the two different cell
populations by activating one and inhibiting the other pathway simultaneously. It is
rather a matter of the combination of factors, their regulation, pathways and the
microenvironment triggering these responses. So, how can we account for the mutually
exclusive induction of two different regeneration pathways, which involve a
combination of many similar factors? Possible explanations include: (1) the simplest
view would be the involvement of a different combination of factors, which may
include different yet undefined components that are LPC-specific. (2) As only a few
examples exist to support this, differences in the regulatory mechanisms of the two
responses seem likely. (3) Given that the two cell types involved have very different
characteristics, their response to the same factors or signals might differ. (4) The
requirement of LPCs to undergo proliferation followed by differentiation demands a
different cellular programme than the simple division of mature hepatocytes. (5) Lastly,
differences in the hepatic environment, e.g. intercellular interactions, could result in
different responses. It may be a combination of all these possibilities, which explains
the differential induction of the contrasting pathways. This would also reflect the
complexity of the response.
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Liver progenitor cell-specific factors

The prime LPC-specific candidates are cytokines of the TNF family: TNF-like weak
inducer of apoptosis (TWEAK) and lymphotoxin beta (LTȕ) as well as interferon
gamma (IFNJ). TWEAK was shown to differentially regulate the two regenerative
pathways by Jakubowski and colleagues (2005) who reported a proliferative effect of
TWEAK on LPCs with hepatocytes unaffected. Knockout of the receptor Fn14 resulted
in decreased LPC numbers in a chronic liver injury model. The results of this study
have to be interpreted with caution as the effect on LPCs was only quantified using a
single marker, A6, (Jakubowski et al. 2005), but it should be verified using a panel of
markers (Fausto 2005). In addition, TWEAK was not tested in vitro on primary cultures
or LPC lines so that a direct effect is not proven (Fausto 2005). As the role of TWEAK
in liver regeneration has only recently been reported more studies are needed to clarify
its mechanism of action. Akhurst et al. (2005) compared the pattern of expression of
several cytokines and found that LTȕ and IFNJ transcripts were elevated in chronic
injury but suppressed in the acute model. Increased LTȕ expression was also found in
chronic hepatitis C that showed signs of fibrosis or cirrhosis (Lowes et al. 2003). Mice
lacking LTȕ, the LTȕ receptor or IFNJ showed an impaired LPC response suggesting a
supporting role for LTȕ and IFNJ in the LPC-driven but not hepatocyte-driven
regeneration process.
Apart from the classical cytokines and growth factors, which arose from studies of the
hepatocyte-driven regeneration, other signalling molecules and protein families are now
implicated. Chemokines, members of the cytokine family, are involved in the migration
of leukocytes in inflammation as well as cancer (Balkwill 2004). Cells that express the
appropriate receptor find their way along a gradient of ligand known as the chemokine
gradient. In the context of liver regeneration, few chemokines have been studied. The
chemokine stromal cell-derived factor-1 (SDF-1) is implicated in the LPC response.
Mavier et al. (2004) as well as Zheng and co-workers (2006) have shown a decrease in
LPC numbers, using either a blocking agent or small interfering RNA, to knock down
SDF-1 in a rat model of chronic liver injury; in contrast no effects were observed in the
acute model. LPCs as well as inflammatory cells have been reported to express the
receptor CXCR4. Zheng and colleagues suggest that the SDF-1 gradient increasing
from the periportal to pericentral area directs LPC migration. As LPCs have been shown
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to express both, the receptor and ligand, paracrine as well as autocrine mechanisms are
possible mediators of this process (Figure 1.5).

1.7.2

Different regulatory mechanisms

Even if gene expression profiles are very similar, different kinetics can result in variable
responses. As acute injury results in an early and transient change as opposed to a
sustained and prolonged reaction after chronic injury, it is reasonable to propose that
different kinetics in expression of cytokine genes occurs. Knight et al. (2005) performed
a time course experiment using a mouse model for chronic liver injury, which showed
an early and late phase of cytokine production. Shortly after the injury IL-12, IL-6, IL18, TGFȕ1 and LTĮ are produced transiently. After three days, a different set of
cytokines is expressed: TNF, LTȕ, IL-1 and IFNJ. It is likely that this second set of
cytokines includes the LPC-specific factors, which maintain the response. The first
wave appears to reflect hepatic inflammation and/or a bystander effect of the chemical
treatment. Studies using liver progenitor cell lines or purified isolated primary LPCs
report expression of TNFĮ (Knight et al. 2000; Viebahn et al. 2006), OSM (Matthews
et al. 2005), LTȕ (Lowes et al. 2003), IL-6 (Matthews et al. 2004; Yeoh et al. 2007) and
IFNJ (Akhurst et al. 2005; Bisgaard et al. 1999) by LPCs. All except OSM have been
shown to promote LPC proliferation in vitro. Thus, LPCs can grow by autocrine
stimulation once their growth is initiated by other cells. Differential regulation within a
pathway is achievable by the use of different ligands or receptors. The LTȕ pathway is
involved in hepatocyte and LPC-mediated liver regeneration probably through
activation of IL-6 and IL-1 (Subrata et al. 2005). The use of two different ligands, most
likely LIGHT (a lymphotoxin-like inducible protein) for hepatocytes and LTȕ for LPCs
(Fausto 2005) may explain how the two responses can be differentially regulated.

1.7.3

Differential cellular responses by hepatocytes and liver
progenitor cells

As LPCs are less mature than adult hepatocytes it is likely that they will respond
differently to the same agent. Very few inhibitory factors that might counter-balance the
regeneration response have been identified. The major factor is TGFȕ; activin A,
another member of the TGFȕ pathway, might also be involved (Oe et al. 2004). LPCs
have been shown in vitro and in vivo to be less sensitive to TGFȕ-induced growth
inhibition than hepatocytes (Nguyen et al. 2007). Administration of low doses of TGFȕ
affected LPC growth to a lesser extent than hepatocyte lines or primary hepatocytes.
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This differing growth inhibition was due to impaired TGFȕ signalling in LPCs by
means of elevated Sma- and Mad-related protein six (SMAD6), an inhibitory molecule
of the TGFȕ pathway, rather than different receptor levels. This was confirmed in a
mouse model of chronic liver injury showing reduced TGFȕ signalling and increased
proliferation of LPCs. This inverse relationship of TGFȕ signalling and proliferation
holds also true for hepatocytes in which increased TGFȕ signalling led to decreased
proliferation. Since the inflammatory environment in chronically damaged liver exhibits
elevated TGFȕ levels and LPCs are less sensitive to its growth-inhibitory effect than
hepatocytes, this may explain why LPCs are favoured to regenerate the liver.
IFNJ, a type II interferon, in particular shows inhibitory effects on hepatocytes but
proliferative effects on LPCs (Akhurst et al. 2005). In vitro studies have demonstrated
that IFNJ inhibits hepatocyte and to a lesser extent LPC growth. Only in combination
with TNFĮ or LPS did IFNJ increase DNA replication in LPCs. In contrast, hepatocyte
proliferation was impaired. Thus, IFNJ dominates over TNFĮ on hepatocytes leading to
a reversible cell cycle arrest in hepatocytes. This correlated with in vivo studies, in
which administration of IFNJ after PHx inhibited hepatocyte proliferation (Brooling et
al. 2005). IFNJ knockout mice displayed an attenuated LPC response in a chronic liver
injury model emphasising the requirement of IFNJ for the LPC response (Knight et al.
2006). Since IFNJ levels are elevated in a variety of chronic liver diseases or injury
models, its simultaneous induction of LPC proliferation and inhibition of hepatocyte
proliferation favours the LPC response in this inflammatory environment. Type I
interferons such as IFNĮ and IFNȕ do not promote an LPC response. IFNĮ has been
shown to inhibit LPC growth in vivo and in vitro by promoting apoptosis or
differentiation (Lim et al. 2006), although only a subset of LPCs appears responsive.
IFNĮ and IFNȕ are more important for hepatocytes. Hepatocytes express a range of
Toll-like receptors (TLRs) particularly TLR3 and TLR7 and especially in the setting of
chronic inflammation. Activation of TLR7 leads to secretion of type I IFNs, which in
turn activates anti-viral factors like the IFN-regulatory factor 7 (IRF7) and IRF3; these
can inhibit the hepatitis C virus (Lee et al. 2006).

1.7.4

Induction of different cellular programmes

The requirement for LPCs to differentiate to restore damaged hepatocytes complicates
the elucidation of the molecular mechanisms underlying this two-step process. Our
understanding of the process is based on in vitro studies in which isolated LPCs are
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directed to differentiate towards the hepatic or bile duct lineage with special media
supplements or culture conditions. High density culture as well as media supplemented
with dexamethasone (Shelly et al. 1989), nicotinamide and ITS (Mitaka et al. 1991) or a
combination of these agents (Tirnitz-Parker et al. 2007) promote differentiation towards
the hepatic lineage. Drawing from studies of hepatic development, HGF and OSM are
considered important for LPC differentiation into hepatocytes (Kamiya et al. 1999;
Kinoshita et al. 1999; Nakamura et al. 2004). However it should be emphasised that in
vitro culture conditions can never fully reflect the complexity of the differentiation
process in vivo.

1.7.5

Differences within the environment

Apart from secreted factors, the interactions within the hepatic environment are
essential to trigger a regeneration response. Recruitment or interplay of different cell
populations could easily lead to differing outcomes. This is a likely explanation for
differing observations from in vitro and in vivo studies. The injection of HGF for
example shows no effect in vivo unless the liver is primed by one-third partial
hepatectomy and yet it promotes hepatocyte proliferation in vitro as hepatocytes have
already been primed by the isolation process (Webber et al. 1994).

1.8 THE LIVER MICROENVIRONMENT
Parenchymal cells (hepatocytes) make up about two-thirds of the cells present in the
liver where the remainder are non-parenchymal. These include in decreasing order of
abundance: endothelial cells, lymphocytes, Kupffer cells, biliary cells and stellate cells
(Racanelli and Rehermann 2006). Following liver damage intra- and extrahepatic
inflammatory cells increase in numbers and invade the liver parenchyma. The interplay
between hepatocytes or LPCs in particular and non-parenchymal cells (including
inflammatory cells) regulates the regeneration process (Malik et al. 2002). The
importance of Kupffer cells and hepatic stellate cells in liver regeneration is well
established and beyond the scope of this review which will focus on the role of
lymphocytes.

1.8.1

Non-parenchymal cell interactions

A number of studies have established a close physical association between LPCs and
the surrounding non-parenchymal cells (Lowes et al. 2003; Paku et al. 2001; Petersen
2001). The non-parenchymal cells make up 20-40% of all liver cells (Racanelli and
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Rehermann 2006). Kupffer cells (KC) as well as stellate cells provide growth factors
such as IL-1ȕ that drive the IFNJ and LTȕ pathway (Santoni-Rugiu et al. 2005). Hepatic
stellate cells (HSC) acquire a myofibroblast-like phenotype upon activation, lose their
retinoid storage capability and alter their morphology (Friedman 2000). This activation
or transdifferentiation is driven by paracrine and autocrine cytokine signalling.
Activated stellate cells take part in remodelling of the extracellular matrix providing
migrating LPCs access to the liver parenchyma. Furthermore, HSC attract leukocytes
and interact via cytokines and growth factors with KC, LSEC, platelets and hepatocytes.
Thus, HSC are important in liver regeneration following chronic liver injury and
contribute to liver fibrosis, a common outcome of chronic liver disease (Bataller and
Brenner 2005). Non-parenchymal cells also create the appropriate environment for the
regeneration process by producing laminin (Braun et al. 2003) and stromal mesh
structures. Several studies implicate direct cell-cell signalling (Bisgaard et al. 1999;
Libbrecht et al. 2000a). Very close contact between HSC and LPC ductules has been
demonstrated in rat and human livers. The close juxtaposition of LPCs and HSC has led
to the incorrect assignment of the HSC marker Thy1 to LPCs (Dezso et al. 2007).
Unfortunately, rigorous co-culture studies of non-parenchymal cells with LPCs or
hepatocytes have not been performed because of their limited availability and difficulty
in isolating and culturing the different cell types.

1.8.2

Prometheus and fire: the association between liver progenitor
cells and inflammation

Cell-cell contact and cell-signalling are not restricted to surrounding liver cells but also
include extra-hepatic inflammatory cells. The up-regulation of intercellular adhesion
molecule (ICAM) on LPCs (Bisgaard et al. 1999) for example suggests direct cell-cell
contact with lymphocytes (Figure 1.5). A clear association between LPCs and
inflammation exists because many of the factors, which affect LPCs, are inflammatory
cytokines (e.g. IFN being expressed by T cells and natural killer cells). Also
inflammatory cells are clearly associated with LPCs in number and location, often
juxtaposed, in liver diseases like hepatitis C (Libbrecht et al. 2000a; Lowes et al. 1999),
ALD and haemochromatosis (Lowes et al. 1999). Direct evidence for the involvement
of inflammatory cells has come from experiments showing reduced proliferation of
LPCs by anti-inflammatory drugs (Nagy et al. 1998; Olynyk et al. 1998). The selective
cyclooxygenase 2 (COX-2) inhibitor decreased LPC numbers and inflammatory cells in
a murine chronic liver injury model (Davies et al. 2006). The importance of the immune
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response in contributing to the LPC niche has been recognised by many laboratories
(Fausto et al. 2006; Santoni-Rugiu et al. 2005), however it has not been thoroughly
investigated.

1.9 LIVER IMMUNOLOGY
The liver is not considered an immunological organ, even though it executes many
immunological responses. It is equipped with the usual defence mechanisms of the
innate immune system like Toll-like receptors and pathogen-clearing cells including
tissue resident macrophages. Lymphocytes, as part of the adaptive immune system,
circulate through the liver and control infections. Bacteria and viruses like
cytomegalovirus or yellow fever virus lead to only acute hepatitis in normal individuals.
Other liver tropic infections like hepatitis B and hepatitis C however can become
chronic. The liver is confronted with a huge amount of oral antigens from the passing
blood. Special control mechanisms are in place in the liver to ensure a balance between
tolerance and immunity. The complex network of immune cells can interact with LPCs
and thus modulate the LPC-driven regeneration process.

1.9.1

Immune cells within the liver

The liver contains different proportions of lymphocytes compared to other lymphoid
organs and subsets of lymphocytes, which do not express conventional markers. The
high proportion of natural killer (NK) cells, comprising about two-thirds of all
lymphocytes, reflects the importance of the innate immune system in controlling the
massive antigen load of the liver. In addition, Kupffer cells, special liver resident
macrophages, and neutrophil granulocytes act as the first line of defence clearing
pathogens that might lead to further activation of the adaptive immune system. The
healthy liver contains about 63% T cells and 6% B cells among the liver lymphocytes
(Racanelli and Rehermann 2006). The T cells can be divided into conventional and
unconventional T cells. Among the conventional T cells, CD8-positive cytotoxic T cells
account for 60-90% of T cells and thus outnumber CD4-positive helper cells, resulting
in an inverse CD4:CD8 ratio of 2:3 (Doherty and O'Farrelly 2000). In contrast,
peripheral blood lymphocytes are represented by 77% T cells, 10% B cells (Doherty and
O'Farrelly 2000 228), and the T cells have a CD4:CD8 ratio of 3:2. The liver is one of
the richest sources of unconventional T cells, i.e. NKT cells and Jį-T cells, which
recognise uncommon antigens such as lipids/glycoproteins and stress proteins,
respectively (for a review see Racanelli and Rehermann 2006). Additional components
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of the adaptive immune system are antigen presenting cells (APC), which can activate T
and B cells. They can trigger antibody production by B cells and activate T effector
cells of the CD4+ helper type (which are classified into Th0, Th1, Th2, Th3, Th17 and
T regs according to their cytokine profile) or of the CD8+ cytotoxic type (cytotoxic T
lymphocyte, CTL). In most lymphoid organs, dendritic cells (DC) followed by
macrophages represent the most potent APC. The liver however, is endowed with
special APC, these are: (1) dendritic cells, (2) Kupffer cells, (3) liver sinusoid
endothelial cells and (4) hepatocytes. Although several types of dendritic cells are
present in the liver little is known about their impact on inducing effector responses.
Kupffer cells are liver-specific macrophages that take up large amounts of antigens to
present it to T lymphocytes. Liver sinusoidal endothelial cells (LSEC), the cells that line
the mesh of sinusoids between the rows of hepatocytes, can take up antigens almost as
efficiently as DC (Steffan et al. 1986) and are thus considered the most potent APC in
the liver. They constitutively express major histocompatibility complex (MHC) I and II
as well as co-stimulatory factors like CD40, CD80 and CD86, which are necessary for
presentation to CD4+ and CD8+ T cells (Knolle and Limmer 2003). Thus they are
capable of priming CD4+ cells and cross-presenting antigens to CD8+ cells (Limmer and
Knolle 2001). Recently it has been shown that even hepatocytes are capable of
presenting antigens to T cells (Bertolino et al. 1998). This was surprising as it is widely
held that LSEC represent a barrier between hepatocytes and passing lymphocytes
(Figure 1.3). Hepatocytes express high levels of MHC I (Chen et al. 2005) and ICAM-1
(Agrati et al. 2005) but lack co-stimulatory molecules such as CD28 ligands (Bertolino
et al. 1999).
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Figure 1.3. Schematic overview of a liver sinusoid and possible cell-cell interactions.
Liver sinusoids are small venous cavities between the cords of hepatocytes. They are lined by liver
sinusoidal endothelial cells (LSEC) which build a fenestrated endothelium and lack a basement
membrane facilitating cell diapedesis and cell-cell contact. The small diameter of the sinusoid results in
slow blood flow increasing the chances of cell interactions and adherence to the endothelium. Hepatic
stellate cells (HSC) reside in the space of Dissé in close contact to hepatocytes and LSEC; direct
interactions with LPCs have been shown. Kupffer cells, natural killer cells and lymphocytes patrol the
sinusoids attaching loosely to the endothelium without the need of selectins. As potent antigen presenting
cells (APC) LSEC and Kupffer cells are able to activate CD4 or CD8 positive T cells; hepatocytes come
also in close contact with T cells. Direct interactions of LPCs with T cells and Kupffer cells are very
likely to happen once these cells evade from the sinusoid into the liver parenchyma. Direct cell-cell
interactions are indicated by arrows.

1.9.2

The hepatic immune response

Although the liver executes immunological functions, it is different from bona fide
immune organs such as the spleen or lymph node. The abundance of T cells in the liver
suggests a special role of T cells in liver immunology. The following immunological
features are unique to the liver: (1) the architecture of the liver sinusoids resulting in
slow blood flow, (2) the preferred induction of tolerance rather than immunity, (3) the
process of T cell activation without assistance from lymphoid organs and (4) the ability
of the liver to trap and remove activated peripheral T effector cells. The complex
network of liver sinusoids retards blood flow within the liver, which slows down
passing lymphocytes. LSEC do not provide a barrier between hepatocytes and the blood
as gaps allow for direct interaction, representing a fenestrated endothelium, which lacks
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a basement membrane. Their constitutive expression of adhesion molecules of the
integrin family, intercellular adhesion molecule 1 (ICAM-1) and vascular cellular
adhesion molecule (VCAM-1), provide good contacts for the meandering lymphocytes
rendering the selectin-regulated step of lymphocyte rolling on the endothelium obsolete
in the liver (Figure 1.3).
The large foreign antigen load of the liver as well as pathogens require a well-controlled
immune response to ensure a balance between protection against pathogens and
prevention of harmful overreactions to oral antigens. LSEC act as the first line of
defence. Their activation always leads to liver tolerance preventing harmful reactions
against the load of passing antigens (Limmer et al. 2000). In this context, the large
amount of lipopolysaccharide (LPS) in the blood does not induce inflammation, in
contrast to extrahepatic reactions, and leads to tolerance rather than activation of T cells
(Knolle et al. 1999). How this dichotomy of liver immunology is regulated is not known
(Knolle and Gerken 2000). It has been suggested that the site of T cell activation
determines the outcome of the immune response. Bowen and colleagues (2005; 2004)
provide experimental data supporting their hypothesis that the balance between
tolerance and effective immune response in the liver is due to competition between liver
and lymph node for the activation of CD8+ T cells, since T cells can also be activated
intrahepatically. Independent activation of CD8+ T cells in the lymph node and liver
results in effective CTLs and functionally impaired tolerogenic T cells, respectively.
The liver itself has draining lymph nodes, which are usually not visible since they are
covered by fat tissue (Forsberg et al. 1987). Little is known about their function. Since
they are enlarged, for example, in patients with chronic hepatitis C, a correlation with
chronic liver disease has been suggested (Ishii and Saito 2000). The intrahepatic
activators of T cells are likely to be KC, LSEC in vivo and hepatocytes in vitro
(Bertolino et al. 1998). However, studies using adoptive transfer of naïve T cells, which
accumulate in the liver, have shown that T cells that were activated in the liver, instead
of lymphoid organs, were impaired in their function unless the microenvironment
showed pre-existing inflammation (Bertolino et al. 1998). The ability of the liver to trap
activated CD8+ T cells and the presence of many apoptotic cells led to the hypothesis
that the liver collects and clears activated T cells from the periphery by apoptosis, the
so-called ‘graveyard model’ of Crispe (2000), implicating a rather passive role for the
liver in T cell immunology. However, recent data indicate the ‘graveyard model’ may
not hold true in all cases, suggesting an active involvement of the liver in executing
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immunological responses. In an experimental model of influenza A infection, where
virus-specific T cells were activated in the spleen or other lymphoid organs, T effector
cells retained in the liver were fully functional. Although their target, the influenza
virus, was not present in the liver, these effector cells killed surrounding hepatocytes by
cytokine secretion, also referred to as bystander liver damage. Hence, activated
influenza A-specific T cells were not eliminated by apoptosis in the liver (Keating et al.
2007). The authors show that lower functional avidity, i.e. weaker response to peptide
stimulation, rendered these T cells less sensitive to apoptosis.

1.10 THE LIVER PROGENITOR CELL RESPONSE IS REGULATED BY LIVER
IMMUNE CELLS
Several studies suggest that KC and T cells are closely involved in the LPC response.
Knight et al. (2006) reported an impaired LPC response in Balb/c mice in contrast to
C57BL/6 mice in a model of chemically induced chronic liver injury. These inbred
strains of mice are known to give different cytokine responses by Th cells in response to
soluble antigens and parasite infection. The key cytokines, IL-12 and IL-4, contribute to
polarisation of this response: C75BL/6 mice induce a Th1 response (with IFNJ
secretion), whereas Balb/c mice produce an IL-4 driven Th2 response (Galbiati et al.
2000; Heinzel et al. 1989). The inhibition of the Th1 pathway in Balb/c mice correlates
with down-regulation of the IL-12 receptor although this alone does not account for the
Th polarisation (Galbiati et al. 2000). Based on the reduced LPC numbers found in
Balb/c mice following chronic liver injury we deduce that Th1 cytokines are important.
KC act as potent T cell stimulators, which favour, via IL-12, differentiation of CD4+
cells towards the Th1 phenotype. Th1 cells are necessary to activate and differentiate
naïve CD8 cells into CTLs, which secrete IFNĮ and TNFĮ. In hepatitis C infection,
where LPCs are present, a CD8-driven response occurs (Prezzi et al. 2001). The proinflammatory cytokines secreted by CTLs and Th1 cells: IFNJ, TNFĮ, TGFȕ are all
implicated in the LPC response in a time course study of the LPC-driven regeneration
by Knight et al. (2005). They found a very early increase in numbers of lymphocytes,
which infiltrated the liver. Two waves of cytokines were observed. The first included
IL-12, IL-6, IL-18, TGFȕ1 and LTĮ, the second TNFĮ, LTȕ, IL-1 and IFNJ. Although
the cells, which produced these factors, were not clearly identified in the study, prior
knowledge of cytokines produced by specific inflammatory cells suggests the first panel
is expressed by KC and HSC, liver resident cells that are able to respond immediately
(Figure 1.4). The delayed up-regulation of the second cytokine wave can be best
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explained by the time required to induce an adaptive immune response, most likely of
the Th1 phenotype. This is consistent with the view that T cells are the producers of the
key cytokines IFNJ and TNFĮ. Further evidence for the involvement of Th1 cells comes
from a model of T cell-mediated liver damage. In this model, hepatitis was induced by
administration of concanavalin A prior to PHx. Thus, hepatocyte proliferation was
suppressed and instead an LPC response was induced (Sakamoto et al. 2000). This pretreatment altered the cytokine response in the liver inducing the Th1 cytokines TNFĮ
and IFNJ that lead to the activation of T cells, which augmented the LPC response. NK
cells, effector cells of the innate immune system, had an inhibitory effect on the
regeneration process since blockage of NK cells increased LPC numbers even further
(Hines et al. 2007).
A new subset of T helper cells was identified as a major factor in chronic inflammation
in the gut (Cua and Kastelein 2006). Their secretion of cytokine IL-17 led to the subset
being classified as Th17 (for an informative overview of T helper subsets see Laurence
and O'Shea J 2007). The pool of effector Th17 cells expresses IL-21 and IL-17 and is
sustained by IL-23. Interestingly, TGFȕ and IL-6, cytokines that convert naïve CD4+ T
cells into Th17 cells, are also involved in the LPC response. The role of Th17 cells in
the liver is presently undefined. Although this cell type has only been identified in the
gut mucosa it may also be involved in liver immunology because both organs are
crucial in inducing tolerance to oral antigens as well as establishing an effective
immune response against pathogens. This field of research is in its infancy and more
research to fully understand the process and its regulation needs to be undertaken.
Members of the TNF family, in particular TNFĮ and TWEAK, are not only associated
with the T cell but also the LPC response. Recently a direct inhibitory effect of TNFĮ
on regulatory T cells, which usually suppress T cells, has been reported in chronic
hepatitis B (Stoop et al. 2007). This provides a mechanism whereby TNFĮ could
enhance the T effector cell response even further. The identification of the TNF family
member TWEAK in liver regeneration and the up-regulation of its receptor Fn14 on
LPCs suggest a direct interaction occurs between T cells and LPCs (Figure 1.5).
Activated T cells highly express the adhesion molecule LFA-1 that interacts with
ICAM-1, which is constitutively expressed on LSEC and LPCs. The close proximity of
LPCs and T cells would allow signalling through TWEAK, expressed on lymphocytes,
and the Fn14 receptor on LPCs. Although only a few studies have addressed the direct
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involvement of particular immune cells in the LPC response, available evidence
strongly suggests KC, Th1 and CD8+ T cells to be major players.

Figure 1.4. The role of the liver inflammatory environment in inducing and maintaining the LPC
response.
Cytokine secretion by liver-resident and inflammatory cells is representatively demonstrated based on
cytokine studies in a chronic liver injury model by Knight et al. 2005. Expression of the first (pink boxes)
and second (yellow boxes) wave of cytokines as well as additional factors reported in the literature (white
boxes) are shown. In the process of liver damage, lipopolysaccharides (LPS), the complement factors C3a
and C5a and other factors are released stimulating non-parenchymal cells to produce inflammatory
cytokines, which in turn recruit inflammatory cells. The pro-inflammatory cytokines IL-12, IL-18 and IL6 are secreted by Kupffer cells (KC) and dendritic cells (DC). LTĮ is produced by a range of cells
including KC, HSC and T or NK cells. A role for the T helper subset Th17 is hypothesised in the
inflammation process according to the similar critical role of this cell population in the gut and the
stimulating cytokines being present; however, secretion of IL-17 in the liver has not been determined. A
major role in the LPC response should be allocated to KC being able to activate naïve T cells and
expressing even more cytokines of the second wave of cytokines in this model (yellow boxes). IFNJ,
TNFĮ and LTȕ represent the major cytokines showing differential effects on hepatocytes and LPCs.
Cytotoxic T cells apart from KC are sources of these cytokines. A number of chemokines or adhesion
molecules have been shown to be induced or up-regulated on LSEC in response to inflammatory stimuli
such as TNFĮ or IFNJ, recruiting more lymphocytes to the site of action. The molecular mechanism how
these cytokines and chemokines affect the LPC response and whether these are direct effects have not
been elucidated. VAP, vascular adhesion molecule; IP10, IFNJ-inducible protein 10.
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Figure 1.5. Possible interactions between LPCs and T lymphocytes.
LPCs have been shown to express ICAM-1, which is known to trigger adhesion of lymphocytes to the
liver endothelium. TWEAK, a member of the TNF family, has recently been implicated in the LPC
response. The ligand TWEAK is expressed on a variety of cell types, among them lymphocytes. The
receptor Fn14 is up-regulated on LPCs implying direct cell-cell contact.
The chemokine CXCL12/SDF-1 is implicated in the LPC-driven liver regeneration process. It is
expressed by bile duct cells and some LPCs. Inflammatory cells and LPCs express the receptor CXCR4
suggesting a role of the chemokine in recruitment and migration of LPCs in combination with
inflammatory cells. LFA, leukocyte functional antigen.
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1.11 CONCLUDING REMARKS
Studies of acute and chronic liver injury have revealed two major pathways are
responsible for repair: hepatocyte-mediated and LPC-mediated regeneration. While the
first process has been well studied over decades, the LPC response is only recently
being unravelled. Surprisingly, a number of growth factors and cytokines are common
for the two pathways, TGFĮ, HGF, TNFĮ and IL-6 being the most prominent. To
understand the different regulatory mechanisms underlying the two pathways, the
search for LPC-specific factors has begun, but so far with little success. The TNF
family members TWEAK and LTȕ as well as IFNJ are potential candidates. We
propose that an additional mechanism regulates the LPC response: the specialised
inflammatory environment of the liver. The special architecture of the liver sinusoids
allows direct contact between T lymphocytes and hepatocytes or LPCs. Cytokines
produced by T cells appear to have major effects on the regeneration process.
Furthermore, close interaction of KC and HSC with LPCs is well established. Exposure
to this microenvironment may allow LPCs to optimise their role in liver regeneration.
The investigation of the role of liver immunology in the LPC response is a novel
approach. The available data suggest a crucial role for the immune system in LPCdriven liver regeneration. However, systematic studies of the LPC response in a variety
of immune-deficient mice are required for definitive evidence of this relationship and to
unequivocally identify the cellular mediators. A comparison of the immune cells in
different models of liver injury, which have LPCs in common, will also help to clarify
the intrahepatic environment triggering this response. This may lead to the identification
of additional factors, perhaps important initiators of the LPC response, knowledge on
which future therapeutic approaches to treat liver diseases could be based.
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1.12 PROJECT AIMS
The role of the immune system in LPC-mediated hepatic regeneration is poorly
understood. A number of inflammatory cytokines has been identified but the producing
cells remain unknown. We propose that there is an immune cell type, which is common
to the LPC response induced in different injury settings. Furthermore, LPC-specific
factors might exist and/or the producers of these factors are critical to induce an LPC
response.
The overall aim of this project is to establish a link between the innate/adaptive immune
response and LPC-mediated liver regeneration using different models of chronic liver
injury, a diet induced model (choline-deficient, ethionine supplemented diet, CDE diet)
and two immune-mediated hepatitis models (Met-Kb and 178.3). Met-Kb and 178.3 are
transgenic mouse models, which express a model antigen in the liver and lymph node
(Met-Kb model) or ubiquitously (178.3 model). The adoptive transfer of antigen-specific
T cells induces hepatitis in these mice. The advantage of these models is that the
transferred, antigen-specific T cells can be traced and distinguished from endogenous T
cells by the use of a clonotypic antibody. Moreover, the induced immune response is
regulated and does not require the use of any chemicals, allowing us to study liver
regeneration in a controlled immune environment.

The specific aims of this study are:
(1) To identify the immune cells that are important for the LPC response by
comparing the diet (CDE model) and immune-mediated hepatitis mouse models
(Met-Kb and 178.3).
(2) To investigate the cytokine profile in the different models with the aim to
determine which are the common and crucial factors in LPC-mediated liver
regeneration.
(3) To identify the cytokine producing cells and their role during liver regeneration.
The first aim is addressed in chapters 3 and 4. In chapter 3, the three liver injury models
are characterised and compared in terms of liver injury, inflammation and liver
progenitor cell response. Chapter 4 then investigates the inflammatory cells in greater
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detail. Aims 2 and 3 are addressed in chapters 5 and 6. Chapter 5 deals with the
cytokine response, and chapter 6 investigates the subset of chemotactic cytokines
(chemokines) in the different hepatitis models.

28

CHAPTER 2.

METHODS

CHAPTER 2

METHODS

2.1 ANIMALS AND ANIMAL PROCEDURES
2.1.1

Animals and animal models

Liver regeneration was studied in three models of chronic liver injury: a metabolic
model of liver injury (application of a choline-deficient, ethionine supplemented (CDE)
diet) and two models of immune-mediated hepatitis (Met-Kb and 178.3). In the dietinduced model, C57BL/6 wild type mice were fed a CDE diet (CDE mice) or a standard
diet (control mice) for up to 3 weeks (2.1.11). To study the influence of lymphocytes,
transgenic nude mice on the Balb/c background and Balb/c wild type mice were placed
on the CDE diet for 2 weeks and compared to nude mice that received a control diet. All
mice used for the analysis of immune-mediated liver injury were bred on the B10.BR
background. Transgenic Met-Kb and 178.3 mice were injected with Désiré-T cell
receptor (Des-TCR) transgenic T cells (2.1.4, 2.1.5) and sacrificed 2-21 days after
injection. B10.BR wild type mice that do not express the alloantigen Kb also received
Des-TCR T cells and served as control mice at the respective time points. For a list of
mouse strains used in this study, please refer to Table A-II.5.

2.1.2

Care and housing

B10.BR, 178.3 and Met-Kb mice were housed under specific pathogen-free conditions
in the animal facility at the Centenary Institute, Sydney. C57BL/6, Balb/c and nude
mice were housed at the animal facility at The University of Western Australia, Perth.
Care was provided in accordance with the ‘Australian Code of practice for the care and
use of animals for scientific purposes’ as specified by the National Health and Medical
Research Council of Australia, and experimental procedures were approved by the
respective animal ethics committees of The University of Sydney and The University of
Western Australia. Mice were exposed to 12-hour light and dark cycles. Sterilised water
and chow was given ad libitum. Des-TCR, 178.3 and Met-Kb mice were maintained by
breeding with B10.BR mice obtained from the Animal Resources Centre of Western
Australia (ARC), Perth.

2.1.3

Anaesthesia and sacrifice of mice

Mice were anaesthetised by intraperitoneal avertin injection at a dose of 0.015 ml/g
body weight. Alternatively, mice were culled by CO2 intoxication. Depth of anaesthesia
or death was checked using the leg withdrawal reflex. Mice were pinned out on a
dissection board, the abdomen sterilised with 70% ethanol or isopropanol and the body
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cavity exposed. If lymph nodes and liver were harvested from the same mouse, livers
were perfused and collected first, and then lymph nodes were dissected as outlined
below (2.1.4).

2.1.4

Lymph node cell preparation from Des-TCR mice

Celiac, popliteal, inguinal, axillary, subscapular, cervical, aortic and mesenteric lymph
nodes were removed from sacrificed Des-TCR mice, pooled and collected in 10 ml of
complete T cell medium (TCM)2 per mouse on ice. A single-cell suspension was made
by pressing the tissue through an 80-gauge stainless steel mesh. Cells were spun down
at 450 g for 5 min at 4°C and washed twice with cold TCM. The pellet was resuspended
in 10 ml of media and viability of lymphocytes was assessed via trypan blue (diluted
1:8) staining. Viable cells, which excluded the dye, were quantified in a
haemocytometer by manual counting using a phase contrast microscope; typical yields
were 107-108 cells per mouse. The cell suspension was diluted to a concentration of 1-2
u107 cells/ml in medium and filtered through an 80-gauge stainless steel mesh.

2.1.5

Adoptive transfer of Des-TCR cells

Recipient B10.BR, 178.3 or Met-Kb mice were placed under a heat lamp for 5 min to
allow dilation of the tail vein. Immobilised mice (restraining device) were injected with
100 μl of pre-warmed cell suspension (10-20 u106 cells) into the lateral tail vein. In one
set of experiments, 178.3 mice received a total of three transfers of 6-20 u106 cells
administered every second day (mouse 1: 6, 18, 10 u106 cells; mouse 2: 20, 20,
8 u106 cells; mouse 3: 20, 20, 20 u106 cells; mouse 4: 20, 20, 10 u106 cells). A second
cohort of 178.3 mice received a single dosage of 10, 20, 30 or 40 u106 Des-TCR lymph
node cells. The volume of cell suspension to be injected never exceeded 200 μl. Cell
concentrations were adjusted accordingly.

2.1.6

Collection of tail blood

Mice that received multiple injections were bled prior to injection. The tail vein was
scarified with a scalpel. The collected blood was left to clot at room temperature (RT)
for at least 30 min. Serum was retrieved from the supernatant after spinning at 13,000 g

2

For a collection of materials including reagents, commercial kits, equipment, antibodies, primers and
buffers/solutions used in this thesis refer to Appendix A-II.
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for 15 min at 4°C. Serum was then aliquotted, snap-frozen in liquid nitrogen and stored
at -80°C.

2.1.7

Cardiac puncture

Blood was extracted following complete anaesthesia or CO2 intoxication by cardiac
puncture using a 27G needle and a 1 ml syringe. The blood was left to clot at RT for at
least 30 min. The serum was collected from the supernatant after spinning at 20,000 g
for 10 min at 4°C, aliquotted, snap-frozen in liquid nitrogen and stored at -80°C.

2.1.8

Liver perfusion and perfusion fixation

The liver was perfused either manually using a 23G needle or automatically by the
means of a peristaltic pump. In the first case, the liver was perfused retrograde with 510 ml PBS through the inferior vena cava after cutting the portal vein to allow outflow.
In the second case, the hepatic portal vein was cannulated using a 27G needle attached
to a peristaltic pump. Following incision of the heart, the liver was flushed for 1 min
with PBS at a flow rate of 5 ml/min. The use of different perfusion methods was only
due to experiments being performed in different laboratories (Centenary Institute, liver
immunology group: retrograde perfusion; The University of Western Australia, liver
stem cell group: anterograde perfusion).
For immunohistochemical detection of cytokines livers were perfused in situ with 10 ml
PBS followed by 5 ml 2% PFA. The perfusion-fixed livers were cut into small pieces
and stored in 70% ethanol or embedded in cryomatrix and snap-frozen in liquid
nitrogen.

2.1.9

Whole liver isolation and sample preservation

The perfused liver was removed from the body cavity and separated from the gall
bladder. Livers for leukocyte isolations were placed into 30 ml TCM on ice. For gene or
protein analysis, the liver lobes were cut into pieces of 50 mg or 100 mg weight for
RNA extraction and homogenisation, respectively and snap-frozen in liquid nitrogen.
One liver lobe was immersed in Carnoy’s fixative with mixing on a flat bed roller for
1 h and then transferred to 70% ethanol. Alternatively, liver tissue was fixed in neutral
buffered formalin for 24 h or 2% PFA overnight. Two smaller liver pieces were
embedded in cryomatrix, floated on liquid nitrogen until solidified and stored at -80°C.
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2.1.10 Isolation of liver lymphocytes
Perfused livers were collected in 30 ml TCM on ice. The liver was pressed through a
sieve with 40 μm pore size into a petri dish. The sieve was washed twice with PBS to
remove all remaining cells. The suspension was transferred to a 50 ml tube and filled up
to 50 ml with PBS. The liver suspension was spun down at 450 g for 5 min at 4°C. The
pellet was washed twice with 50 ml PBS and then resuspended in 15 ml PBS. Eight ml
isotonic Percoll™ was added to the suspension and mixed by inversion. After spinning
at 800 g for 20 min at 20°C the upper layer, consisting of damaged hepatocytes, was
removed. Liver resident cell types such as Kupffer cells and liver sinusoidal endothelial
cells tend to attach to hepatocytes. As a result, these cell populations were also lost in
the isolation process. The remaining cells were washed with 5 ml TCM. To avoid
contamination with erythrocytes, 5 ml red blood cell removal buffer (RCRB) was added
to the cells, followed by a centrifugation step at 450 g for 5 min at 4°C. After a final
wash with 5 ml PBS, the cell pellet was resuspended in 1 ml FACS wash (FW)
containing EDTA to reduce cell aggregation and the suspension was stored on ice. Two
hundred μl of the cell suspension were set aside for a leukocyte count.

2.1.11 CDE diet
Four week old male weaned C57BL/6, Balb/c or athymic BALB/c

nu/nu

mice were

placed on a choline-deficient, ethionine supplemented diet for 1, 2 and 3 weeks. The
diet consisted of choline-deficient chow and drinking water supplemented with 0.165%
(w/v) ethionine, which was changed at least every two days. Control animals received
standard laboratory chow and drinking water. Due to small litter sizes of nude mice,
male and female nude mice were combined for experiments.

2.2 CELL LINES AND CELL CULTURE
2.2.1

Collagen coating of culture dishes

Adherent cell lines were cultured on collagen in T75 tissue culture flask or collagen
coated culture dishes. Collagen was extracted from rat tails (Tirnitz-Parker 2007), sterile
filtered and stored at 4°C. A few drops of collagen solution were placed into culture
dishes and spread with a heat-sealed and bent Pasteur pipette until an even and thin
layer of collagen was achieved. The coated culture dishes were air-dried and UVsterilised in a laminar flow cabinet.

33

CHAPTER 2

2.2.2

METHODS

Isolation of peripheral blood mononuclear cells (PBMCs)

Mouse whole blood was obtained by cardiac puncture and collected in heparinised
tubes. Three ml of undiluted mouse blood was carefully layered on top of 3 ml of
Histopaque 1083 and centrifuged at 400 g for 30 min. All centrifugation steps were
performed at RT and with the brake in the off position. The opaque middle layer
containing the peripheral blood mononuclear cells (PBMCs) was carefully transferred to
a new tube after disposal of the top layer. The cell suspension was washed with 10 ml
PBS and spun down at 250 g for 10 min. Following three additional washes with 5 ml
PBS, the final cell pellet was resuspended in 0.5 ml TCM. Cell viability was determined
by trypan blue staining (2.1.4). Purity and composition of PBMCs was assessed on
cytospins by a Romanowsky stain (Serviostain) and immunofluorescent staining for T
cell and monocyte/ macrophage markers.

2.2.3

Preparation of cytospins

Adherent or suspension cells were harvested, washed and dissolved in BSS or PBS to a
final concentration of 0.1-0.5 u106 cells/ml. Cytospin chambers were assembled and
150-200 ȝl of the cell suspension were pipetted into each chamber. Slides were spun at
1,500 rpm for 5 min on low speed using a cytocentrifuge. The disassembled slides were
air-dried for 5-10 min and fixed immediately in ice-cold acetone/methanol for 4 min if
processed immediately or stored unfixed at -80°C.

2.2.4

Cellscreen proliferation studies

To determine cell doubling times and test the effect of cytokines, the non-invasive
Cellscreen method was used. Cells were seeded in 96-well plates (plates provided by
Nunc were found to produce the best results) at a density of 5,000 or 10,000 cells/ml
and monitored for up to 12 days. Treatment with cytokines started the following day
and was repeated every two days to account for the short half-life of the cytokines.
Subsequent steps were carried out according to (Viebahn et al. 2006). To maximise proproliferative effects, cells were gradually adapted to low serum concentrations (2%
FBS) and half the concentration of growth factors was used.

2.2.5

MTT cell proliferation assay

This proliferation assay is based on the formation of insoluble blue crystals in
metabolically active cells that can be quantitated by spectrophotometry. The yellow
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MTT

(3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium

bromide), when added to the cells, is reduced by mitochondrial enzymes to an insoluble
blue formazan salt. These intracellular blue crystals are solubilised and measured by
spectrophotometry. The measured absorbance is directly proportional to the number of
cells and thus is an indicator of cell proliferation. It is an invasive method since all cells
are lysed in the process and cannot be used for further experiments. Therefore, this
method was only performed at the end of experiments to verify data obtained with the
Cellscreen system. Briefly, cells were treated with 10 μl of MTT solution for 5 h at
37°C. The formed blue crystals were dissolved by lysing the cells with 100 μl of
solubilisation buffer for 2 h at 37°C. The absorbance of the mixture was measured with
a plate reader at 595 nm.

2.2.6

Chemotaxis assay

Attraction of blood-derived T cells and macrophages by liver homogenates of the
different experimental models was tested in a chemotaxis assay. We used the
ChemoTx® System with a pore size of 5ȝm and a well capacity of 300 ȝl to enable
staining inside the well (Figure 2.1). The experiment was conducted as described
previously (Leifeld et al. 2003). Briefly, 300 ȝl of liver homogenate solution at a
concentration of 150 ȝg liver/ml was pipetted in a well. The filter membrane was
assembled on top of the solution. On top of the filter, 600,000 PBMCs within a volume
of 60 ȝl were placed. Following a 5 h incubation at 37°C, 5% CO2 the cells that had
migrated through the filter were stained for CD3 and CD11b (2.4.1) in the well. Cell
numbers were quantified by flow cytometry using a FACSCalibur™ instrument.
Recombinant CCL2 (MCP-1), CCL3 (MIP-1Į) and CCL5 (RANTES) were used as
positive controls at a concentration of 5 ng/well.
Figure 2.1. Setup for the chemotaxis assay.
The ChemoTx® System (NeuroProbe, USA) used for
chemotaxis assays consists of a 96-well micro plate with
300 ȝl capacity and a filter membrane with 5 ȝm pore size.
The hydrophobic coating around the test sites, which are
5.7 mm in diameter, holds the liquid in place on top of the
membrane.
(Image obtained from the following website: URL:
http://www.neuroprobe.com/images/products/116-x.jpg).
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2.3 HISTOLOGICAL METHODS
2.3.1

Preparation of paraffin sections

Liver pieces were fixed by immersion in neutral-buffered formalin for 24 h, 2% PFA
overnight or Carnoy’s’ fixative for 1 h at RT. For perfusion fixation see 2.1.8.
Following fixation, the fixative was replaced with 70% ethanol and tissues were stored
at RT until processing. Processing was carried out using an automated processor which
sequentially immersed the tissue samples for 2 h each in 90% ethanol, then three
changes of 100% ethanol for 1.5 h, two changes of xylene for 2 h and finally two
changes of molten paraffin wax 1.5 h and 2 h each. The processed tissues were then
manually embedded in paraffin wax. Paraffin blocks were stored at RT until processed.
Five μm thick sections were cut using a manual microtome, floated on the surface of a
45°C water bath prior to mounting on Superfrost™ slides. Paraffin sections were dried
at 45°C for at least 3 h or at 37°C overnight and stored at RT.

2.3.2

Processing of paraffin sections

Prior to staining, paraffin sections were dewaxed by immersion for 2 min each in three
changes of xylene, followed by an ethanol series of two changes of 100% ethanol and
one change of 70% ethanol. The dewaxed tissue sections were re-hydrated in distilled
water for at least 5 min prior to equilibration in the appropriate wash buffer.

2.3.3

Preparation of cryosections

Cryoembedded tissue was cut in 7-8 μm thick sections on a freezing microtome at
chamber temperatures between -15 and -20°C. Sections were mounted onto
Superfrost™ slides, dried at RT for at least 1 h and then stored at -80°C. In some cases,
sections were fixed in acetone/methanol for 2 min and dried for another hour at RT
prior to storage.

2.3.4

Haematoxylin and eosin (H&E) staining

To assess general tissue morphology and the degree of inflammatory infiltrates, paraffin
sections were stained with haematoxylin and eosin (H&E). Paraffin sections were
dewaxed as described previously (2.3.2) and re-hydrated in distilled water. Sections
were stained by sequential immersion in the following solutions with gentle agitation:
freshly filtered haematoxylin for 2 min, followed by a quick rinse in tap water, eosin for
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2 min and an ethanol series consisting of one change of 70% ethanol and two changes
of 100% ethanol for 2 min each. Slides were further re-hydrated in xylene and mounted
with DePeX as described in 2.3.10. A difference in staining properties was observed for
different fixatives: PFA-fixed tissue sections appeared bluer compared to Carnoy’s
fixed sections when using the same protocol.

2.3.5

Serviostain of cytospins

Serviostain is a Romanowsky staining kit developed and supplied by the Royal Perth
Hospital, Perth, Australia. Air-dried cytospins were fixed in methanol for 5 min and
dried for another 5 min. A wax circle was drawn around the cell monolayer to keep the
solutions to be applied on top of the cell layer. The cells were incubated with 80 ȝl of
the staining solution for 90 s, followed by 120 ȝl of stain buffer for 5 min. After
formation of precipitates, the stain-buffer solution was discarded and 120 ȝl of rinse
buffer was applied for 45 s. Following a thorough wash in distilled water, slides were
air-dried and mounted with DePeX.

2.3.6

Terminal deoxynucleotidyl transferase biotin-dUTP Nick End
Labelling (TUNEL)

To detect apoptotic cells the commercially available DeadEnd Colorimetric TUNEL
system was used. In this assay, fragmented DNA of apoptotic cells is labelled by
incorporation of biotinylated nucleotides at the 3´-OH DNA ends using the terminal
deoxynucleotidyl transferase recombinant (rTdT) enzyme. Horseradish peroxidaselabelled streptavidin (SA-HRP) is then bound to these biotinylated nucleotides, which
are detected using the peroxidase substrate, hydrogen peroxide, and the stable
chromogen, diaminobenzidine (DAB). Using this procedure, apoptotic nuclei are
stained dark brown. The assay was performed on 5 μm thick paraffin sections according
to the manufacturer’s instructions.

2.3.7

Two-step immunohistochemical staining of frozen sections

Seven μm thick cryosections (2.3.3) were mounted onto Superfrost™ slides, air-dried
for 1 h at RT and stored at -80°C until needed. After thawing, the slides were fixed by
immersion in ice-cold acetone/methanol for 2 min and air-dried for 1 h at RT.
Following equilibration in PBS for 5-10 min, endogenous peroxidase activity was
blocked by incubating in 3% hydrogen peroxide for 5 min. Slides were then washed in
PBS for 5 min. Wax circles were drawn around the tissue sections with a wax pen to
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reduce antibody consumption. Non-specific binding of secondary antibodies were
minimised by pre-incubation of the sections with 5% or 10% FBS diluted in PBS for 1 h
at RT in a humidified chamber. Instead of washing the slides, the blocking solution was
carefully drained and blotted from the slide. Tissue sections were not allowed to dry out
throughout the whole staining procedure. For incubations longer than 30 min, slides
were placed in a humidified chamber (consisting of a lunch box with wet paper towels
underneath the slides). Primary antibodies were diluted in commercial antibody diluent
or PBS. Sections were incubated with the antibody solution overnight at 4°C unless
otherwise specified. The use of commercial antibody diluent allowed certain antibodies
to be re-used up to 4 times. This could only be achieved without loss of sensitivity for
the following antibodies: A6, CK19, PanCK, CD45, and F4/80. The next day, slides
were washed 3 times in PBS for 5 min with gentle agitation. Secondary antibodies were
diluted in PBS and applied for 1 h at RT. All secondary antibodies were conjugated to
horseradish peroxidase (HRP). This enzyme reacts with the substrate diaminobenzidine
(DAB) resulting in a brown precipitate. After another 3 washes in PBS the substrate,
which was prepared fresh, was added. Colour development was monitored and stopped
as soon as the negative control began to colourise. The timing varied from antibody to
antibody and usually took between 2 and 10 min. When the desired colour was
achieved, excess DAB was blotted off and slides were rinsed in distilled water followed
by a wash in double-deionised water for at least 5 min. Sections were then
counterstained with haematoxylin to visualise nuclei. Slides were immersed in freshly
filtered haematoxylin for 3 s with gentle agitation, rinsed in tap water, immersed in 1%
acid alcohol for 4 s to remove the haematoxylin staining from the cytoplasm and
washed again in distilled water. To improve distinction of brown DAB staining from
pink nuclear counterstain, a blueing solution was applied. Slides were immersed in
Scott’s tap water for 5 s followed by a wash in double-deionised water. Slides were then
dehydrated in series of ethanol and xylene and mounted with DePeX (2.3.10).

2.3.8

Three-step immunohistochemical staining of frozen sections

Detection of activated caspase-3 required higher sensitivity. Therefore, in this staining
protocol an additional detection step was introduced. The system is based on the high
affinity of streptavidin to bind to biotin (Figure 2.2). Secondary antibodies were
biotinylated and could thus be detected by streptavidin coupled to a conjugate such as
HRP. However, since liver contains endogenous biotin this must be blocked prior to
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detection. Since Caspase-3 is a nuclear protein, cells had to be permeabilised to allow
antibody access. This was achieved by incubation in permeabilisation buffer for 5 min
after acetone/methanol fixation. Endogenous biotin was blocked with a commercial
biotin blocking kit. Slides were sequentially incubated with 0.1% avidin and 0.01%
biotin for 10min and washed in between and after in PBS. The primary antibody was
diluted in blocking solution. Washing steps were performed in two changes of PBS, 2
changes of washing buffer and another 2 changes of PBS. Secondary and tertiary
antibodies were diluted in PBS. Sections of thymus tissue, in which there is
considerable T cell death during development, served as a positive control.

2.3.9

Three-step immunohistochemical staining of paraffin sections

Paraffin sections were dewaxed and re-hydrated as described previously (2.3.2).
Sections were equilibrated in TBS. Enzymatic antigen retrieval was performed by
treatment with proteinase K solution for 10 min at RT followed by a wash in TBS for
5 min. Endogenous peroxidase was blocked in 3% H2O2 for 5 min, followed by a 5 min
wash in TBS. The primary antibody was diluted in TBS and applied overnight at RT.
After three washes in TBS, sections were incubated with the secondary antibody for 1 h
at RT. The washing steps were repeated, the tertiary antibody was applied for 30 min at
RT and unbound antibody was washed off before adding the substrate DAB. After
desired colour development, the slides were washed again in TBS and DDW. Nuclei
were counterstained and slides mounted as described before (2.3.7).

2.3.10 Mounting of immunohistochemically stained sections
To preserve and appropriately archive immunohistochemically stained sections, paraffin
or cryosections were dehydrated in one change of 70% and two changes of 100%
ethanol and three changes of xylene for 2 min each. Once all xylene had evaporated,
slides were mounted with DePeX in a fume hood and dried overnight on a flat surface.
Edges were sealed with nail polish to enable optimal preservation. Slides were
photographed and archived at RT.
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2.3.11 Immunofluorescent staining of tissues and cells
2.3.11.1 Two-step and three-step immunofluorescent staining of frozen sections or
cytospins
To enable reproducible and reliable quantification of stained cells, the majority of
markers were detected with fluorescent signals (Figure 2.2A). The staining protocol is
very similar to the immunohistochemical staining procedure (2.3.7 and 2.3.8). However,
there is no need to block endogenous peroxidase since the detection does not rely on the
enzymatic reaction driven by HRP. To reduce hydrophobic interactions between
proteins leading to unspecific background staining, sections were blocked with excess
protein. Serum from the host of the secondary antibody was used for this purpose. Since
most secondary antibodies used were raised in goat, 5% goat serum was applied. All
antibodies were diluted in commercial antibody diluent or in PBS supplemented with
BSA to further reduce background staining. In some cases, primary antibodies were
eluted and recycled. As soon as the secondary antibody was applied, the slides were
protected from light at all times by covering the humidified chamber and coplin jar with
aluminium foil and switching the lights off in the laboratory. For three-step staining
procedures, a biotin block was applied prior to the protein block as described previously
(2.3.8). The tertiary antibody was applied for 30 min at RT. The same incubation
conditions applied. All washing steps were performed with gentle agitation on a belly
dancer. The final washing steps prior to visualisation were extended to 2u5 min and
1u10 min. Slides were mounted with ProLong Gold Antifade Reagent plus DAPI at RT
and were sealed around the edges of the cover slip with nail polish. Once mounted, the
slides were dried (‘cured’) in a box covered with aluminium foil for at least 10 min and
then observed under a fluorescence microscope. After examination, slides were dried
overnight on a flat surface in the dark and finally stored upright at -20°C. Slides could
be re-examined after prolonged storage since quantification of positive signal with the
same parameters after 6 months only varied by 5%.
2.3.11.2 Simultaneous staining of two antigens
Whenever possible, primary antibodies were applied simultaneously in double staining
protocols. In all cases, fluorescent detection was chosen to allow visualisation and
overlap of three colours. The staining protocol did not differ from the one described for
detection of a single antigen (2.3.11.1) except that the two primary and secondary
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antibodies were mixed and applied simultaneously. In some cases, the fixative or
concentration of antibodies had to be optimised (Table 2.1).
2.3.11.3 Sequential staining of two antigens
Since the majority of monoclonal antibodies targeting mouse proteins are raised in rats,
simultaneous detection of some antigens is often not possible. To circumvent this
problem, the biotin-streptavidin system, where the primary antibody is biotinylated and
detected by streptavidin conjugated to a fluorophore, was used (Figure 2.2B). To avoid
cross-reactivity-related problems, the first set of primary and secondary antibody was
removed by extensive washing, before staining the next target with the second set of
antibodies. Incubation steps were shortened to allow the staining to be performed within
a working day. After fixation, a biotin and protein block was performed. It followed the
incubation with the first set of primary and secondary antibody and the second set of
primary and secondary antibody. The detection of one of the antibody sets relied on the
biotin-streptavidin system. Slides were incubated for 1 h with primary antibodies at RT
followed by 30 min with fluorophore-conjugated secondary antibodies at RT. Multiple
controls were performed to assure specificity and avoid overlap of signals. For details of
individual stainings, see Table 2.1.
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B

SA-HRP or
SA-AF488

secondary
antibody

biotin

A

primary
antibody

antigen

Figure 2.2. Principle of the indirect two-step and three-step method for staining of sections or
cells.
The antigen of interest is detected by a specific primary antibody that in turn is recognised by a
species-specific secondary antibody. The secondary antibody can be labelled directly (A) with a
fluorophore like an Alexa Fluor (AF) dye or the enzyme horseradish peroxidase (HRP) or it can be
biotinylated. The latter allows additional amplification of the signal through binding of labelled
streptavidin (SA) (B) with its 4 binding sites to the biotinylated antibody.
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Starting material, antibodies and incubation conditions are listed for the individual staining of liver sections. Note that in some cases different conditions apply for double staining. Į,
anti; O/N, overnight; PFA, paraformaldehyde; AM, acetone/methanol; PK Ag retrieval, proteinase K antigen retrieval.

Table 2.1. Protocol specification for immunohistochemical and immunofluorescent stainings on liver sections.
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2.4 FLOW CYTOMETRICAL ANALYSES
2.4.1

Surface stain

Leukocytes were quantified using an automated counting device (Sysmex KX-21 cell
counter). After washing, up to 107 cells were stained in 50-100 ȝl diluted antibody
suspension in Eppendorf tubes or U-bottom plates. Cells were incubated for 30 min on
ice in the dark, washed at least twice in FACS wash and fixed in 2% PFA overnight at
4°C if not analysed immediately. All reagents were kept on ice during the whole
procedure. The wash buffer was supplemented with EDTA for the staining of liver
lymphocytes to prevent the cells from being sticky. Samples were analysed by flow
cytometry on a FACSCalibur™ or FACSCanto™ instrument. The first experimental
analysis of liver leukocytes in B10.BR, 178.3 and Met-Kb mice was performed by Dr
Volker Benseler (Centenary Institute, Sydney).

2.4.2

Cytokine surface stain

Liver leukocytes and lymph node cells were isolated as described in 2.1.10 and 2.1.4,
respectively and resuspended in TCM. For in vitro stimulation, irradiated splenocytes
were used. Spleens were dissected from healthy wild type mice, homogenised and
irradiated at 1500 rads (15 grey) followed by two washes in TCM. In a 24-well plate,
5 million liver leukocytes were incubated with 5 million splenocytes for 19 h at 37°C,
5% CO2 without addition of brefeldin A. The next day, the cell suspension was
harvested, washed and stained for the cytokine TWEAK and appropriate inflammatory
surface markers in a 96-well plate. Samples were analysed immediately on a
FACSCalibur™ or FACSCanto™ instrument.

2.4.3

Parameters for FACS analyses

2.4.3.1 Gating strategy for the chemotaxis assay
The lymphocyte and macrophage population were identified in a forward scatter (FSC)
versus side scatter (SSC) plot as depicted in Figure 2.3 (1.) and Figure 2.4 (1.),
respectively. A common gate containing both populations was set up for further
analysis. Within this gate, CD3+ and CD11b+ cells were quantified over 2 min/sample
on a FACSCalibur™ instrument.
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2.4.3.2 Gating strategy for the collection of liver leukocytes
All cell populations were sorted and collected using a BD FACSVantage™ cell sorter
or a FACSAria™ cell sorter. The lymphocyte population was identified in a FSC-area
vs. SSC-area plot (Figure 2.3 (1.)). Cell duplets were ruled out by plotting FSC-height
vs. FSC-area. Dead cells were rejected as being DAPI+ or propidium iodide+. The
population of living leukocytes was further sub-divided into CD3+ NK1.1- cells (T
cells), CD3+NK1.1+ cells (NKT cells) and CD3-NK1.1+ cells (NK cells). NK and NKT
cells were collected in 0.5 ml collection buffer based on these gates. T cells were further
divided into single CD4+ or CD8+ cells, sorted and then collected. To obtain the
macrophage population the original population gate was enlarged to account for the
larger cell size (Figure 2.4 (1.)). Duplets and dead cells were excluded as before. Out of
the CD3- NK1.1- population, cells with a bright CD11b signal were selected and
collected. This gating strategy tried to minimise the overlap of certain markers in order
to obtain representative and pure cell populations. It was aimed to collect similar
numbers of cells across samples and populations. Cell numbers collected ranged from
2,000 to 80,000 cells (usually around 10,000 cells). After the sort, purities were checked
for the individual cell populations. Purities ranged between 91% and 99%.
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Liver lymphocytes were identified based on forward scatter (FSC) versus side scatter (SSC) (1.) and cell duplets were excluded (2.). From viable DAPI-negative
cells (3.), NK and NKT cells were selected and collected (4.). The CD3+NK1.1- population containing T cells was sorted into CD4+ and CD8+, which were then
collected (5.). A, area; H, height.

Figure 2.3. Gating strategy to sort T cells, NK and NKT cells.
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Figure 2.4. Gating strategy to sort macrophages.
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2.5 MOLECULAR BIOLOGY METHODS
2.5.1

RNA isolation

2.5.1.1 RNA isolation from liver tissue or cells using TRIzol reagent
RNA isolation was performed using TRIzol® reagent. Eight hundred ȝl of TRIzol was
added to 50 mg of snap-frozen liver tissue or 1ml TRIzol to 106 cells and incubated for
1 min. Liver tissue was manually disrupted using a micro tube pestle; cells were lysed
by pipetting. To remove any undissolved tissue or fat, samples were centrifuged at
11,900 g for 10 min at 4°C. The supernatant was transferred to a new tube and
incubated for 5 min at RT. After addition of 0.2 ml chloroform, tubes were shaken
vigorously for 20 s and incubated another 2-3 min at RT. The upper aqueous phase was
collected after a centrifugation step at 11,900 g for 15 min at 4°C and mixed with 0.5 ml
isopropanol. Following incubation for 10 min at RT, RNA was precipitated by
centrifugation at 11,900 g for 10 min at RT. The pellet was washed with 1 ml of 75%
ethanol and re-centrifuged at 7500 g for 6 min at 4°C. The pellet was air-dried and
dissolved in 30-100 μl ultrapure water according to pellet size. Aliquots of RNA were
frozen down at -80°C. Whenever integrity of RNA was very important, i.e. for
microarray analysis or real-time PCR, all steps outlined as RT in the manufacturer’s
instructions, were performed on ice and all solutions were kept ice-cold. These
modifications resulted in an increased 28S/18S rRNA ratio and decreased small-RNA
peaks (Haimov-Kochman et al. 2006)
2.5.1.2 RNA isolation from sorted liver leukocytes
Liver leukocytes collected after fluorescent-activated cell sorting were kept on ice and
then pelleted at 500 g for 5 min. The supernatant was carefully aspirated using a pasteur
pipette connected to a vacuum pump. Pellets were dissolved in lysis buffer and stored at
-80°C until processed. RNA was extracted from these cells using the RNeasy® Mini Kit
according to the manufacturer’s instructions, employing the protocol ‘purification of
total RNA from animal cells using spin technology’. Since in all cases less than
1u105 cells were processed, lysates were homogenised by vortexing. RNA was finally
eluted from the column using 20 ȝl RNase-free water. For a second set of samples, total
RNA was isolated based on the protocol by (Chomczynski and Sacchi 1987). Cell
pellets were dissolved in 600 ȝl solution D instead of lysis buffer and stored at -80°C
until further processing. After thawing, 60 ȝl of 2 M sodium acetate was added to the
lysed cells. The suspension was mixed, supplemented with 600 ȝl phenol, vortexed and
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incubated on ice for 5 min. Further 120 ȝl of chloroform-isoamyl alcohol was added
before cooling the mixture on ice for 15 min. Tubes were centrifuged at 20,800 g at 4°C
for 60 min. The upper aqueous phase was transferred to a new pre-chilled tube. Two ȝl
of glycogen and 600 ȝl of cold isopropanol were added. RNA was precipitated at -20°C
overnight. The next day, tubes were centrifuged at 20,800 g at 4°C for 45 min. The
supernatant was aspirated and the pellet dissolved in 600 ȝl of solution D and additional
600 ȝl of cold isopropanol. RNA was incubated for a second time to precipitate. The
following day, samples were spun at 20,800 g at 4°C for 15 min. The pellet was washed
in cold 600 ȝl 70% ethanol and centrifuged again at 20,800 g at 4°C for 15 min. The
pellet was air-dried and dissolved in 10 ȝl of ultrapure water. RNA was stored at -80°C
until needed.
2.5.1.3 RNA quantification and assessment of purity
RNA yield and purity were determined by spectrophotometry. RNA was diluted in TE
buffer (usually 1:50) and absorbance at 260 nm and 280 nm was measured by
spectrophotometry. Precious RNA samples were measured undiluted using a NanoDrop
instrument. A 260/280 ratio of 1.8–2.0 indicated minor protein contamination and was
considered acceptable for downstream applications such as quantitative PCR.

2.5.2

DNase treatment

To remove contaminating genomic DNA, RNA samples were incubated with
2 U DNase for 30 min at 37°C in a reaction volume of 50 μl. All steps were carried out
according to the manufacturer’s instructions as described in the DNAfree™ kit. After
that, RNA was quantitated again by spectrophotometry and stored at -80°C.

2.5.3

Reverse transcription

One microgram of total RNA was reverse transcribed into complementary DNA
(cDNA) using oligo-(dT)20 primers and the ThermoScript™ enzyme kit according to the
manufacturer’s instructions. cDNA was either kept at -20°C for long-term storage or
stored at 4°C if used the next day. In the case of liver leukocytes, the first strand
synthesis was performed using the SuperScript™ III First-Strand Synthesis SuperMix
for qRT-PCR or the Superscript® VILO™ cDNA synthesis kit with maximum RNA
input according to the manufacturer’s instructions.
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Gene specific polymerase chain reaction

To estimate expression levels and test new primer pairs, diluted cDNA (1:2 or 1:4) was
amplified by polymerase chain reaction (PCR). Reactions were carried out in a total
volume of 20 ȝl with forward and reverse primers at a final concentration of 0.25 ȝM,
magnesium chloride at a final concentration of 2.5 mM, dNTPs at a final concentration
of 0.25 mM and 1.1 U of Taq polymerase. The cycling conditions were as follows:
2 min at 94°C to activate the enzyme, 30 cycles of 30 s at 94°C for initial denaturation
followed by 30 s at 60°C for annealing and 30 s at 72°C for extension. Extension was
finalised for 5 min at 72°C, followed by a cooling step at 4°C. Amplification products
were separated by electrophoresis in 2% (w/v) agarose gels and visualised by ethidium
bromide staining. For primer sequences and additional information please refer to Table
A-II.7.

2.5.5

Real-time polymerase chain reaction (real-time PCR)

2.5.5.1 Principle of quantitative real-time PCR
Quantitative real-time PCR allows for accurate determination of the initial amount of
template present in a reaction by measuring the accumulation of amplified product in
‘real time’, as the reaction progresses. Each sample requires a different number of
amplification cycles to reach the crossing point (Cp) dependent on the initial
concentration of DNA in the sample. The Cp is expressed as cycle number and
represents the signal above background noise (Figure 2.5). The relative concentration of
the gene of interest in unknown samples can be determined by comparison to a
calibrator or control sample (relative quantification). Results are usually normalised
against a housekeeping gene, which is expressed at the same level in the control and
experimental samples. Standard curves are generated as serial dilution series of template
(cDNA) for every gene of interest to assess reaction optimisation. An amplification
efficiency of 2 (100%) means a 2-fold increase in number of copies with each cycle.
However, this efficiency is affected by a number of factors such as the choice of
primers, template concentration and quality of cDNA and thus varies for every gene of
interest.
2.5.5.2 TaqMan® probe assay
The TaqMan assay consists of a pair of PCR primers and a dual-labelled target-specific
fluorescent probe (Figure 2.6 (1)). The probe is labelled on the 5’-end with a fluorescein
molecule (FAM) that serves as a reporter dye and with a dark quencher dye on the 3’52

CHAPTER 2

METHODS

end. The probe is designed to anneal just downstream of one of the primers. During the
amplification cycle, the Taq polymerase extends the primer until it encounters the 5’
end of the probe that holds the reporter dye (Figure 2.6 (2)). The enzyme’s 5’Æ3’
exonuclease activity leads to the degradation of the 5’ end (Figure 2.6 (3)), which in turn
releases the reporter dye from the quencher. The reporter is no longer quenched and
thus emits a fluorescent signal that can be detected (Figure 2.6 (4)). The advantages of
this system are the high specificity, the high signal-to-noise ratio and the ability to
perform multiplex reactions.
2.5.5.3 Universal ProbeLibrary (UPL) system
The Universal ProbeLibrary consists of 165 pre-validated double-labelled TaqMan
probes that detect 95-99% of all transcripts for seven different organisms including the
mouse genome (transcriptome coverage rate 99%). The probes are only 8-9 nucleotides
in length and can thus bind to thousands of transcripts. However, the combination with
a specific primer pair permits detection of only one transcript in a particular assay. The
UPL probes contain locked nucleic acids, a duplex-stabilising DNA analogue, to
increase their binding affinity to the target sites and increase thermal stability. The UPL
system further provides a web-based tool (Universal ProbeLibrary Assay Design
Center:

https://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp)

to

design

matching primer pairs with a constant annealing temperature of 60°C and small
amplicon size, thus minimising the need for optimisation. Using the ENSEMBL gene or
transcript ID as input file the software designs an intron-spanning assay and suggests
matching probe and primer pairs based on the primer3 algorithm resulting in
reproducible and robust assays. For information about primers and TaqMan probes,
refer to Table A-II.8.
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Cp value

Cycle number
Figure 2.5. Example of a standard curve using the TaqMan system in conjunction with the
UPL system.
The initial amount of template is quantified in the exponential phase based on the crossing point (Cp
value). This value is defined as the cycle number that is required to reach the threshold (green line),
i.e. the signal above background noise. As a representative example, amplification curves (in
duplicate) for the TAF4A standard, which serves as a housekeeping gene, are shown (amplification
efficiency =2.0).
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5‘
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1

2

3
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Figure 2.6. Principle of the TaqMan system.
In the annealing step (1) gene-specific primers attach to the single-stranded template. In close
proximity binds a TaqMan probe of 8-9 nucleotides in length, which serves as a reporter. The
fluorescence of the reporter (green) is quenched due to its close proximity to the quencher (red).
During extension (2), the Taq DNA polymerase elongates the amplicon until it encounters the probe
(3). Due to the enzyme’s 5‘Æ3‘ exonuclease activity the probe is displaced and cleaved releasing
the reporter (4) that now emits a fluorescent signal. This signal is proportional to the amount of
amplified signal. The inactive quencher and PCR product are left behind.
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2.5.5.4 Reaction details
Reactions were carried out in a total volume of 10 μl. Forward and reverse primers were
added to the LightCycler® 480 (LC480) Probes Master at a final concentration of 2 μM
and UPL Probes at a final concentration of 200 nM. In all cases except for the gene
expression analysis of liver leukocytes, where 1 ȝl of undiluted cDNA was the input,
2 μl of 1:6 diluted cDNA (Wegenka et al. 2006) (16.6 ng RNA/cDNA) was used as
template. Reactions were set up in duplicate on ice in 384-well plates. To minimise
pipetting errors, 8μl master mix was dispensed in the appropriate well up to 12 times
with an automated pipette (Pipetman concept C200) using the repetitive mode. Cycling
conditions for the two-step PCR were as follows: 10 min pre-incubation at 95°C, 4570 cycles of 10 s at 95°C and 30 s at 60°C, followed by a cooling step at 40°C for 10 s.
Samples were assayed using the LightCycler® 480 system. All reagents for this assay
were purchased from Roche Diagnostics, Germany.
2.5.5.5 Relative quantification analysis
Data were managed and analysed with LC480 software version 1.4 and 1.5 using the
relative quantification analysis tool (advanced analysis in version 1.5), which is based
on the efficiency method relying on the obtained amplification efficiencies for every
gene of interest. Individual primer efficiencies were obtained by standard curves and
were incorporated into the analysis. Efficiencies ranged from 1.8-2.1 with an error of
<0.2 in most cases. The housekeeping gene TATA box associated factor 4A (TAF4A)
(efficiency =2.0) was amplified to normalise all samples for equal starting material. The
ratio of target concentration to reference concentration [target]/ [reference] corrects for
differences in quality and quantity, e.g. variations in cDNA synthesis efficiency. Data
were further normalised using a calibrator. The calibrator is a sample that is not affected
by treatment and does not change over time. For this study, liver tissue from a B10.BR
mouse prior to injection (day 0) was chosen as calibrator. The template of the calibrator
is placed on every plate and analysed for every gene (reference and target gene).
Therefore, the calibrator allows direct plate-to-plate comparisons and inclusion of
external references. Sample expression levels are expressed relative to the calibrator that
is set to 1. The normalised ratio of gene expression is therefore calculated as:
[target]/ [reference] sample
Normalised ratio = _________________________
[target]/ [reference] calibrator
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Microarray analysis

Gene expression in murine liver tissue was analysed by microarray analysis using
Affymetrix GeneChip® Mouse Genome 430 2.0 Arrays. Two biological replicates were
analysed. All RNA samples were of good quality as assessed by the Agilent
bioanalyser. Processing of RNA, hybridisation and scanning of the gene chips was
performed according to the manufacturer’s instructions using the kits, chemicals and
reagents provided (Affymetrix, CA). These steps were carried out by Drs. Aneta
Ivanova and Kate Howell at the ARC Centre of Excellence for Plant Energy Biology
(Perth, Australia). Data (Chip files) were handled and analysed using the web-based
GeneSifter® microarray data analysis system. Microarray data were further used to
perform transcriptional regulatory network analysis based on the public available
promoter analysis and interaction network tool PAINT (Vadigepalli et al. 2003) as
performed on liver tissue samples previously (Riehle et al. 2008). As input file, a list of
locus link identifiers of Affymetrix probe sets, that were found to be up-regulated
>5-fold in CDE samples and >2-fold in Met-Kb and 178.3 samples compared to control
samples, was chosen. The software tool provides an interaction matrix that represents a
candidate transcriptional regulatory network identifying enriched transcriptional
regulatory elements.

2.6 BIOCHEMICAL METHODS
2.6.1

Measurement of serum alanine transaminase levels (ALT
assay)

This assay is based on the enzymatic reaction catalysed by alanine transaminase (ALT):
ALT converts L-alanine and D-ketoglutarate to pyruvate and L-glutamate. Pyruvate in
combination with the colour reagent 2,4-dinitrophenylhydrazine generates hydrazone,
which can be measured photometrically at 490 nm. Twenty five ȝl of serum was mixed
with 100 ȝl of substrate solution and incubated at 37°C for 1 h. The colour reaction was
initiated by incubation with 100 ȝl colour reagent for 20 min at RT. To stop the colour
reaction, 1 ml of stop solution was added. The resulting brown colour was measured at
490 nm in a plate reader. International units of ALT activity were obtained by
comparison with a known standard, a dilution series of 1.5 mM sodium pyruvate, when
plotted against absorbance values.
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Preparation of liver homogenates

Fifty to 100 mg of snap-frozen liver tissue was combined on ice with three volumes of
ice-cold homogenisation buffer. The tissue was broken up on ice, first manually using a
micro tube pestle followed by 1-2 rounds of 30-40 s pulse each with an electric
homogeniser. Addition of detergents to the homogenisation buffer and/or sonication
was found to be detrimental to some cytokines, in particular TNFĮ. The liver suspension
was cleared of any cellular debris and lipids by spinning at 300,000 g for 20 min in an
air-driven ultra centrifuge at 4°C. The clear supernatant was collected, aliquotted, snapfrozen in liquid nitrogen and stored at -80°C. Samples were normalised by protein
content. Therefore, a BCA™ protein assay was performed on 1:60 diluted homogenates
according to the manufacturer’s instructions. A serial dilution of 1 mg/ml BSA in
homogenisation buffer was used to generate a standard curve. Liver homogenates to be
used for chemotaxis assays were homogenised in TCM without proteinase inhibitor at a
concentration of 20 mg liver/ml. Collected supernatants were diluted to a final
concentration of 150 ȝg/ml in TCM prior to the assay.

2.6.3

Detection of cytokines

2.6.3.1 Cytokine bead assay
This assay is based on different bead populations that are coated with analyte-specific
capture antibodies (Figure 2.7 (1)). These beads can be mixed since they show different
fluorescent intensities enabling the simultaneous detection of multiple analytes in one
sample. The capture beads are incubated with recombinant standards or test samples
(Figure 2.7 (2)). Phycoerythrin-conjugated detection antibodies are added to form
sandwich complexes (Figure 2.7 (3)). Serum samples were analysed neat and diluted 1:2
for five different cytokines (IL-12p70, TNFĮ, IFNJ, CCL2, IL-10, IL-6) using the BD™
cytometric bead array (CBA) mouse inflammation kit according to the manufacturer’s
instructions. Data were analysed on a BD FACSCalibur™ instrument using BD CBA
software and BD FCAP Array™ software (Figure 2.7 (4.)). A customised 7plex BD™
CBA Flex Set was used for the simultaneous detection of the following cytokines and
chemokines in liver homogenates and serum samples that were obtained from the same
mouse: TNFĮ, IFNJ, IL-6, IL-12p70, CCL2, CCL3, CCL5. Serum samples were diluted
1:4 in assay diluent. Liver homogenates were adjusted to a concentration of
350 ȝg protein/well (7 ȝg/ȝl) based on BCA protein assay results. The assay was set up
in U-bottom plates and performed accordingly to the manufacturer’s instructions. A
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typical standard curve obtained by serial dilution of recombinant protein is depicted in
Figure 2.7 (5). Detection limit for most cytokines was 2 pg/ml. Samples were analysed
on a BD FACSCanto™ instrument using BD FACSDiva™ software. A macrophage
cell line (RAW 264.7) served as positive control for TNFĮ. Therefore, cells were
induced with 1 ȝg/ml LPS for 30 min. Supernatants and cell extracts were prepared,
snap-frozen in liquid nitrogen and stored at -80°C until measured in the cytokine bead
assay.
2.6.3.2 Enzyme-linked immunosorbent assay (ELISA)
To measure TNF-like weak inducer of apoptosis (TWEAK) protein levels, the DuoSet®
ELISA Development System for mouse TWEAK was used according to the
manufacturer’s instructions. Serum samples were diluted 1:5 and liver homogenates
adjusted to a concentration of 350 ȝg protein/well in PBS. A dilution series of
recombinant protein ranging from 8 to 1000 pg/ml served as standard.
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In this multiplex assay the simultaneous detection of 7 cytokines/chemokines was performed. Beads of different fluorescent intensity that are coated with cytokinespecific capture antibodies (1.) are incubated with test samples (serum or liver homogenates) or recombinant standards (2.). Cytokines are detected in a sandwich
complex with specific detection antibodies that are coupled to phycoerythrin (3.). Each cytokine can be identified by the specific bead population it is bound to (4.)
and quantified by the median fluorescent intensity (MFI). Cytokine quantities are measured in pg/ml obtained by comparison to a standard curve of diluted
recombinant protein as shown for TNFα (5.).

Figure 2.7. Principle of the cytokine bead assay.
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2.7 ANALYSES
2.7.1

Quantitation of immunofluorescent stainings

Positive cells in stained sections were quantified using the analySIS LS Professional
software (Olympus). Therefore, several automated software macros were developed in
collaboration with the software and application specialist Craig Noble from Olympus.
Images were acquired within the software and saved as multi-colour tiff files (Figure
2.8A, Figure 2.9A). Usually 10 random non-overlapping fields (100x or 200x
magnification) were analysed per section, obtained numbers averaged and plotted
together with other biological replicates. In principle, the distribution of positive signal
was circled (Figure 2.8B) or highlighted (Figure 2.9B-D) in red for all colour channels.
An overlay of this pattern with the DAPI-stained nuclei (Figure 2.8C-D, Figure 2.9E)
revealed how many cells co-localised with this signal. A special tool was developed to
separate nuclei especially in dense clusters as often seen in inflammatory foci.
Thresholds for the individual colour channels were manually adjustable and were
archived for future analysis. Hence, not only the area of positive signal but also more
importantly the number of positive cells could be determined. The ratio of positive
stained cells to all cells resulted in a value for the percentage of positive liver cells.
Analysis parameters including minimal and maximal cell size were optimised for
surface and cytoplasmic stains (co-localisation tool) (Figure 2.8), nuclear stains (FITC
cell proliferation tool) and double stains (macrophage stain tool) (Figure 2.9). Since
images acquired with the microscope’s default software (DP controller, Olympus) were
not compatible with this analysis, the software was modified to allow analysis of these
images. All macros were verified by comparison with manual counts and found to be
accurate within a range of 10-15%.

2.7.2

Statistical analyses

Statistical significance was tested using the GraphPad InStat software program. Oneway analysis of variance (ANOVA) with Tukey post-test was applied to test statistical
significance of data with n>2 and experimental groups 3. For n=2 and/or data
consisting of 2 groups an unpaired t-test applying parametric methods was performed.
Sample sizes and p values are stated for the individual experiments. Sample sizes were
often undesirably small because animals died during experiments (e.g. nude mouse
experiment) and/or because experiments were performed at the Centenary Institute in
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Sydney and thus could not be repeated. Correlation between two sets of values was
tested using Pearson correlation analysis in the GrapPad Prism 4.0 software.

A

B

C

D

Figure 2.8. Analysis of two-colour immunofluorescent staining on liver sections using the colocalisation tool developed for the analySIS LS Professional software by Olympus.
A representative image of fluorescent staining for the LPC marker A6 (red) in CDE liver is shown
(A). The customised co-localisation macro detects the positive staining based on an adjustable
threshold and circles these positive areas in red (B). These positive areas are then overlaid with all
nuclei, visualised with DAPI (C), and individual nuclei within the outlined areas are counted (D).
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C

D

E

Figure 2.9. Analysis of three-colour immunofluorescent staining on liver sections using the
macrophage stain macro developed for the analySIS LS Professional software by Olympus.
A representative image of fluorescent staining for the macrophage markers CRIg (red) and CD11b
(green) in Met-Kb liver is shown (A). The customised macrophage stain tool detects the positive
cells in the different colour channels: red (CRIg) (B), green (CD11b) (C) and blue (DAPI) (D)
separately based on an adjustable threshold and marks them in red. The overlay of these images with
all cells stained with DAPI (blue) reveals single positive cells in red (CRIg) and green (CD11b) and
double positive cells in yellow (E). Thus, the number of positive nuclei of each colour channel
within the positive areas can be quantified.
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3.1 INTRODUCTION
Chronic liver injury results from a wide spectrum of aetiologies ranging from viral
infection, toxin exposure to autoimmune disease. Almost as variable is the choice of
animal models to study this pathology. Despite different aetiologies, many of these
models have one thing in common: the presence of liver progenitor cells (LPCs).
However, which is the best model to study the liver progenitor cell in its natural
environment? First, there are models of viral and parasitic liver injury. Thus far, no
good animal models exist that resemble the chronic infection that occurs with hepatitis
B virus (HBV) or hepatitis C virus (HCV) in humans. Besides, viruses are known to
modify the host’s immune response, which might complicate the attempt to unravel the
environment that induces the LPC response. Second, there are a number of models of
alcohol-induced toxicity such as long-term exposure to ethanol, the 3,5diethoxycarbonyl-1,4-dihydrocollidine (DDC) supplemented diet and periportal injury
induced by allyl alcohol. Furthermore, models of drug-induced toxicity include
acetaminophen injury, the choline-deficient, ethionine (CDE) supplemented diet and
administration of DIPIN followed by partial hepatectomy, which in the latter two cases
leads to hepatocellular carcinoma. In some models, partial hepatectomy needs to be
performed after the application of the chemical (e.g. tetrachloride) to induce the LPC
compartment. Usually, all these models lead to a loss of functional liver mass (because
of hepatocyte necrosis or resection) and the inhibition of hepatocyte proliferation. Third,
there are models of immune-mediated liver injury in which hepatocytes are attacked and
killed by immune effector cells. Some of the models show characteristics of
autoimmune hepatitis. In these models, liver damage is either induced by a T cell
activating stimulus such as administration of the lectin concanavalin A followed by
partial hepatectomy (Hines et al. 2007; Sakamoto et al. 2000) or by an antigen-specific
T killer cell-mediated response. The latter involves liver-targeted expression of a model
antigen such as ovalbumin or the major histocompatibility complex component Kb. The
transfer of antigen-specific T cells results in destruction of the antigen-expressing cell
once the T cells are activated. Most studies on liver progenitor cells have been
performed using one of the toxic liver injury models and have led to the identification of
a number of important factors. However, these factors are often model-specific and thus
might not apply in other liver injury scenarios.
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To identify the common and critical players in the LPC response, we decided to
compare the well-characterised CDE model with two models of immune-mediated
hepatitis that only differ in the site of antigen expression. The CDE model (Figure
3.1A), which was adapted in our laboratory for the use in mice (Akhurst et al. 2001),
consists of a choline-deficient, ethionine-supplemented diet that leads to fatty liver and
hepatocellular carcinoma in the long-term (Knight et al. 2008) as seen in human
pathologies. Hepatocytes are damaged by the accumulation of reactive oxygen species
and prevented from entry in the cell cycle (Ip et al. 2003).
In the immune-mediated injury models Met-Kb and 178.3, the natural antigen Kb (which
is part of the major histocompatibility complex I) is recognised by antigen-specific T
cells, which following activation mediate the destruction of hepatocytes (Figure 3.1B).
The Met-Kb and 178.3 models have been well studied in the context of liver
immunology (Bowen et al. 2005; 2002; 2004) but have never been used to investigate
the liver-regenerative response. Previous studies have characterised the induced
hepatitis and mechanism of hepatocyte damage. A comparison of the two models and
summary of the published data are presented in Table 3.1. Briefly, in the Met-Kb model,
the antigen is expressed in the lymph node and the liver. Transferred antigen-specific T
cells are primed in the lymph node, circulate through the body and kill once they
encounter the antigen on hepatocytes. Since the T cells need time to travel from the
lymph node to the liver, the hepatitis shows a delayed onset. Despite ubiquitous
expression of the antigen in the 178.3 model, transferred T cells selectively accumulate
in the liver. The liver is favoured because of its unique vasculature, which slows blood
flow and thus enables leukocyte retention and activation in the sinusoids without
selectins. In the 178.3 model, these T cells are activated within the liver by bone
marrow-derived cells (Bowen et al. 2002) and lead to hepatocyte damage through the
secretion of cytokines. Since this process does not require expression of the model
antigen on hepatocytes, (Bowen et al. 2002) it is referred to as bystander hepatitis.
A comparison of the immune cells in different models of liver injury, which have LPCs
in common, will help to clarify the intrahepatic environment triggering this response.
This may lead to the identification of additional factors, perhaps important initiators of
the LPC response, and provide insights for the treatment of liver diseases. The aims of
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the studies presented in this chapter are to characterise the hepatitis and liver progenitor
cell response in the common diet-induced and two immune-mediated hepatitis models.

Figure 3.1. Mouse models of diet-induced and immune-mediated liver injury.
Liver injury is induced by administering a choline-deficient, ethionine-supplemented (CDE) diet (A).
This leads to intrahepatic fat accumulation and results in hepatocyte damage by reactive oxygen species.
Immune-mediated hepatitis develops in transgenic mice expressing the model antigen Kb, either in the
lymph node and liver (Met-Kb) or ubiquitously (178.3) after antigen-specific CD8+ T cells are adoptively
transferred (B). T cells are activated in the lymph node or liver, respectively and mediate hepatocyte
damage.
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Met-Kb
sheep metallothionein (zinc inducible)
x not induced: liver +, LN (leaky
expression)
x induced: liver ++, kidney +,
pancreas +
x in LN and liver (competition for
primary activation)
a) LN: without inflammation; 2 h post
transfer; by professional APC
(effective priming) Æ hepatitis
b) liver: ineffective priming by liverresident cells Æ premature death of
CTL; no/mild hepatitis (tolerance)
unless pre-existing inflammation
c) competition in liver and LN Æ
balance of effective and defective
CTLs
x Ag-dependent

Hepatitis

x transient immune-mediated hepatitis
x more heavily infiltrated than 178.3

Kinetics

x late onset: peak day 5-6
x hepatitis lasts longer

Mechanism

+

(1) CD8 T cells encounter Ag in LN
(2) T cells activated in LN (CTLs)
(3) CTLs migrate to liver (day 3

onwards), gradually accumulate
(4) CTLs recruit other lymphocytes to
liver and damage tissue
(5) hepatocytes are damaged by intranodal primed CTLs (Ag-specific
response)

178.3
MHC class I H-2Kb promoter
x ubiquitously

x in liver
x hardly any CD8 cells in LN

x liver: probably by LSEC or

KC

Ag-specific
ICAM-1 – LFA-1 dependent
transient bystander-hepatitis
extent of inflammation
depends on age of mice and
number of injected T cells
x infiltration and
inflammation restricted to
liver
x early onset: peak day 2
x acute hepatitis
x
x
x
x

(1) rapid and selective

accumulation of T cells in
liver (increases until day 2
then still persists)
(2) T cells activated within
liver (CTLs)
(3) CTLs retained in liver
(4) CTLs release damaging
cytokines and/or stimulate
other cells to produce
cytokines
(5) hepatocytes killed (not Agspecific) by cytokines
(bystander effect)
x IFNJ and TNFĮ-dependent
x Fas-independent

Table 3.1. Characteristics of the immune-mediated liver injury models Met-Kb and 178.3.
Data were summarised from the following publications (Bertolino et al. 1995; 2005; Bowen et al. 2005;
2002; 2004; Dahlke et al. 2006; Guimezanes et al. 2001; Morahan et al. 1989; Warren et al. 2006a;
2006b). Ag, antigen; LN, lymph node; CTL, cytotoxic T lymphocyte; LFA, leukocyte function-associated
antigen.
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3.2 METHODOLOGY
A 3-week time course was set up for the diet-induced liver injury model as established
previously in our laboratory (Figure 3.1B). In two separate experiments, C57BL/6 mice
were placed on a choline-deficient, ethionine-supplemented or standard diet for 3 weeks
(2.1.11). Serum (2.1.7) and liver samples (2.1.8, 2.1.9) were collected following 1, 2
and 3 weeks. Liver injury was assessed by alanine transaminase (ALT) levels (2.6.1),
TUNEL staining for apoptotic cells (2.3.6) and haematoxylin and eosin staining (2.3.4).
Liver regeneration was studied by quantitation of proliferating hepatocytes (2.3.11.1,
2.3.11.2) and liver progenitor cells (2.3.7, 2.3.9, 2.3.11.1). Furthermore, the
environment of LPCs was analysed histologically (2.3.11.2). Mice that were subjected
to the CDE diet and the dissected livers from these mice are henceforth called ‘CDE
mice’ and ‘CDE liver’, respectively.
Hepatitis was induced by transfer (2.1.5) of 20u106 Kb-specific naïve T cells
(splenocytes from Désiré T cell receptor (TCR) transgenic mice, 2.1.4) in age-matched
Met-Kb and 178.3 mice (Figure 3.1A). For initial assessment of hepatitis and liver
progenitor cell response, liver (2.1.8, 2.1.9) and serum (2.1.6, 2.1.7) samples were
collected on the established peak day of hepatitis as well as one week later. To study the
kinetics of the response, a time course was established and serum and liver samples
were collected before and 2, 6, and 10 days following T cell transfer from control
(B10.BR), Met-Kb and 178.3 mice. Initial injections and sample collection were
performed by Dr. Patrick Bertolino and Dr. Volker Benseler (Centenary Institute,
Sydney), respectively. Subsequently, I repeated the experiment in the Bertolino
laboratory 3 times for the peak days and included a later time point (day 21).

3.3 RESULTS
3.3.1

Different kinetics of hepatitis development in CDE, Met-Kb and
178.3 mice

All experimental groups were examined for macroscopic liver damage, alanine
transaminase (ALT) levels and apoptosis. Macroscopic examination of the dissected
liver revealed signs of hepatitis. Livers from mice following one week on the CDE diet
showed lighter patches throughout the liver lobules (Figure 3.2B) compared to the
smooth and glossy appearance of control livers (Figure 3.2A). Met-Kb livers looked
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similar to CDE livers. However, 178.3 livers did not show major macroscopic changes
suggesting a lesser degree of liver injury (data not shown). Quantification of liver
damage showed similar raised levels of ALT in CDE and Met-Kb livers on day 7 and 6,
respectively (Figure 3.2C). 178.3 mice displayed about 2-fold lower ALT levels that
were increased significantly and consistently compared to control mice. Furthermore,
hepatitis was transient in contrast to the prolonged elevation of ALT levels in the MetKb and CDE models. The peak of liver damage correlated with the greatest number of
apoptotic hepatocytes (Figure 3.3.A) and non-parenchymal cells (Figure 3.3B) in the
CDE, Met-Kb and 178.3 models, which were detected by TUNEL staining. Data for the
CDE model were obtained from previous experiments in our laboratory, which were
performed by Dr. Belinda Knight and published previously (Knight et al. 2006).
Apoptosis of non-parenchymal cells (not assessed in the CDE model) was prolonged in
both

immune-mediated

models

in

contrast

to

acute

hepatocyte

death.

Immunohistochemical staining for activated caspase-3 confirmed the presence of
apoptotic cells (data not shown).
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A

B

C

Fig. 3.2. Assessment of liver injury in the three hepatitis models by macroscopic analysis
and alanine transaminase levels.
Mouse livers showed macroscopic signs of hepatocyte damage. A representative picture from a
CDE liver is shown. Livers from CDE-treated (B) and Met-Kb mice appeared patchy (arrow)
compared to the smooth and shiny appearance of control livers (A, arrow). 178.3 livers showed
less signs of damage (not shown). Liver injury was assessed by measurement of alanine
transaminase (ALT) levels (C). CDE and Met-Kb mice displayed severe and prolonged hepatitis
peaking at day 7 or 6, respectively. 178.3 mice displayed a transient hepatitis peaking at day two
after adoptive transfer. Data are presented as mean ±SEM with n=2-9 (C). Statistical
significance with respect to the control group is represented as **p<0.01 and ***p<0.001.
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A

B

Figure 3.3. Quantitation of apoptotic hepatocytes and non-parenchymal cells by TUNEL staining in
the CDE, Met-Kb and 178.3 models over time.
All three liver injury models showed similar numbers of apoptotic hepatocytes at the peak of hepatitis
(A). Apoptosis of non-parenchymal cells was more pronounced in Met-Kb livers and persisted until day
10 or 6 in the Met-Kb and 178.3 models, respectively (B). Data are presented as mean ±SD with n=2.
TUNEL staining on CDE livers was performed by Belinda Knight and published previously (Knight et al.
2006). Statistical significance with respect to the control group is represented as **p<0.01 and
**p<0.001.

72

CHAPTER 3

3.3.2

RESULTS Hepatitis models

Infiltration and persistent expansion of basophilic cells in CDE
and Met-Kb livers

Histological analysis of liver sections stained with haematoxylin and eosin confirmed
hepatocyte damage in all three models. Liver architecture was still disrupted 2 weeks
following the peak of hepatitis in the CDE (Figure 3.4) and Met-Kb (Figure 3.5) models
but restored in the 178.3 model. In CDE liver, hepatocytes contained fat deposits
leading to steatosis after 2 weeks. At the peak of hepatitis, periportal infiltrates
consisting of basophilic cells were present in all models. Only in the CDE and Met-Kb
models these infiltrating cells, most likely inflammatory cells, persisted and appeared
scattered throughout the parenchyma. Moreover, oval-shaped basophilic cells were
present in the ductular region and invaded into the liver parenchyma indicating an
expansion of liver progenitor cells. After 3 weeks, unusual duct-like structures
surrounded by many basophilic cells appeared in the Met-Kb model; furthermore, there
were signs of fibrosis. The histological examination confirmed hepatocyte damage and
suggests the expansion of inflammatory and liver progenitor cells in the CDE and MetKb liver.
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Con day 7

CDE day 7

C

D

Con day 14

CDE day 14

E

F

Con day 21

CDE day 21

Figure 3.4. Haematoxylin and eosin staining of liver sections from mice fed a control or CDE
diet for one to three weeks.
Livers from control mice showed normal liver architecture with hepatic plates separated by liver
sinusoids at one (A), two (C) and three (E) weeks on the standard diet. Mice exposed to the CDE
diet, displayed fat deposits in hepatocytes after one week and basophilic cells around some ducts (B,
insert). One week later, fat vacuoles had increased in size and basophilic cells were also detectable
within the parenchyma (D). At 3 weeks, streaks of oval-shaped basophilic cells emerged from the
ductular region (F, arrows), and infiltrating cells were scattered throughout the parenchyma.
Moreover, there was evidence of steatosis (D, F, arrow heads). Scale bar represents 100 ȝm. Inserts
were magnified 2-fold.
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A

B

Met-Kb day 6

178.3 day 2

C

D

Met-Kb day 10

178.3 day 10

E

F

Met-Kb day 21

178.3 day 21

Figure 3.5. Haematoxylin and eosin staining of liver sections from Met-Kb and 178.3 mice two
to 21 days after T cell transfer.
At the peak of hepatitis (day 6, A), Met-Kb livers were characterised by massive infiltrates of
basophilic cells near the ducts and in the parenchyma. One week later (day 13, C), there were less
infiltrates and signs of ductular reactions. After 21 days (E), duct-like structures were detectable
surrounded by many basophilic cells. Moreover, signs of fibrosis were apparent. Livers from 178.3
mice showed periductular infiltrates at the peak of hepatitis (day 2, B). On day 10 (D) and 21 (F)
after T cell transfer, normal liver architecture was restored and only small infiltrates were seen.
Scale bar represents 100 ȝm. Inserts were magnified 2-fold.
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Increase of liver progenitor cells over time in the CDE and
Met-Kb models

The presence of LPCs was confirmed by immunohistochemical and immunofluorescent
staining of liver sections for the common biliary and LPC markers A6, cytokeratin (CK)
19 and pan cytokeratin (PanCK). These markers detect overlapping subsets of LPCs
where A6 stains the smallest and pan cytokeratin the largest population (Figure A-III.1).
The subsets of cytokeratins, which an epithelial cell expresses, depend on the stage of
differentiation and development the cell is in and the type of epithelium. Thus, the
specific cytokeratin fingerprint comprising cytokeratin 7, 8, 18 and 19 (Bisgaard et al.
1993) allows identification of LPCs. The CDE diet consistently induced an LPC
response as expected. LPCs started off as single positive cells around the ducts,
increased in number and invaded into the liver parenchyma where they formed networks
following 3 weeks of the diet (Figure 3.6). In Met-Kb livers, evidence of LPCs was first
observed on day 6 (Figure 3.7). These cells also expanded into the parenchyma one
week later and formed duct-like structures at 3 weeks. In many cases, LPCs were found
in close proximity to basophilic infiltrates. Surprisingly, cells that stained positive for
A6 or the cytokeratin markers in 178.3 livers were restricted to biliary cells such as seen
in control livers indicating that few or no LPCs were present. Quantitation of the
immunofluorescent staining confirmed that LPC numbers increased over time in the
CDE (Figure 3.8A) and Met-Kb models peaking at two weeks (Figure 3.8B). In contrast,
no LPCs were induced in the 178.3 model at any of the time points analysed. Based on
A6 staining, LPCs increased 8-fold in CDE mice at 2 weeks, and LPCs reached greater
total numbers in CDE livers compared to Met-Kb mice. Met-Kb mice showed an almost
10-fold and 6-fold increase compared to controls at 2 and 3 weeks, respectively. LPC
numbers often varied at 3 weeks in different CDE experiments correlating with ALT
levels, reaching the maximum one week following the peak of hepatitis (data not
shown). Quantitation of the cytokeratin staining confirmed the expansion of LPCs but
depending on the marker used, showed different percentages of positive cells (Figure AIII.2A). Analysis of CK19 positive cells showed a significant 6-fold increase in LPCs in
Met-Kb compared to 178.3 mice already by day 6 (Figure A-III.2B). Furthermore, the
difference in CK19 positive cells between Met-Kb and 178.3 mice was highly
significant (p<0.001) on day 21.
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In conclusion, quantitation of three common LPC markers revealed the induction and
expansion of LPCs in the CDE and Met-Kb models and absence of LPCs in the 178.3
model. Despite the induction of hepatitis in all three models, only two showed LPCmediated liver regeneration.
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Con day 7

CDE day 7
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Con day 14

CDE day 14
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Con day 21

CDE day 21

Figure 3.6. Immunohistochemical staining for pan cytokeratin on liver sections from mice
placed on a control or CDE diet.
Control livers showed positive staining (brown) for pan cytokeratin mostly on biliary cells at all
time points analysed (day 7, A; day 14, C; day 21, E). LPCs were detectable in CDE liver on day 7
(B) and increased in numbers until day 14 (D). On day 21, LPCs had invaded the liver parenchyma
(F). Scale bar represents 100 ȝm. Inserts were magnified 2-fold.
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Met-Kb day 6

178.3 day 2

C

D

Met-Kb day 13

178.3 day 10

E

F

Met-Kb day 21

178.3 day 21

Figure 3.7. Immunohistochemical staining for pan cytokeratin on liver sections from Met-Kb
and 178.3 mice over time.
Paraffin liver sections from control (not shown), Met-Kb (A, C, E) and 178.3 (B, D, F) mice were
stained for the LPC and biliary marker pan cytokeratin. In Met-Kb livers, single positive cells were
found in close proximity to infiltrating cells (blue) on day 6 (A). Seven days later, groups of positive
cells were scattered throughout the parenchyma emerging from the ductular region (C). These cells
formed unusual ductular structures on day 21 (E). Mostly biliary cells and few single cells stain
positive (brown) in 178.3 livers, and their number did not change on day 2 (B), 10 (D) or 21 (F).
Scale bar represents 100 ȝm. Inserts were magnified 2-fold.
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A

B

Figure 3.8. Quantitation of LPCs in the diet-induced and immune-mediated liver injury models
based on immunofluorescent staining for A6.
LPCs increased over time in the CDE (A) and Met-Kb models (B) but not in the 178.3 model (A). The
greatest number of LPCs was detected on day 14 or 13 in the CDE and Met-Kb models, respectively. Data
are presented as mean ±SEM with n=3 (A) and n=2-7 (B). Statistical significance with respect to the
control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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No induction of LPCs in the 178.3 model following increased
liver injury

To rule out that the milder degree of hepatitis in the 178.3 model was responsible for the
failure to induce an LPC response, liver damage was increased by titrating the numbers
of T cells to be given as a single higher dose. In another approach, three successive
injections of the original dose of T cells were performed. Macroscopic examination of
the livers revealed severe liver damage in particular following injection of 30 or 40u106
cells. Haematoxylin and eosin staining confirmed an increase in inflammation,
apoptotic hepatocytes and disrupted liver architecture in these mice (Figure 3.9).
Despite multiple inflammatory foci in triple-injected mice, ALT levels declined
following the second injection and reached lower levels following the final injection
than mice following a single injection (Figure 3.10A). However, if injected with more T
cells, 178.3 mice showed a dose-dependent increase in ALT levels (linear correlation
coefficient =0.9) (Figure 3.10B) and reached similar ALT values to Met-Kb mice with a
dosage of 40u106 cells (Figure 3.10C, blue dotted line). When we looked at LPC
numbers by quantitation of A6 and CK19 staining in these mice, we again observed no
difference between control and 178.3 mice (Figure A-III.3). Therefore, in the 178.3
model LPCs were neither induced by increasing levels of liver injury nor following
multiple transfers even though hepatitis was accompanied by inflammatory infiltrates.
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Figure 3.9. Haematoxylin and eosin staining of liver sections from 178.3 mice following
multiple injections or injections with increasing dose of T cells.
After three successive T cell transfers, 178.3 livers displayed multiple inflammatory foci within the
parenchyma but liver architecture was not affected (B). Single injections of increasing T cell
number, i.e. 10 (C), 20 (D), 30 (E) or 40u106 cells (F), resulted in an increase in the number and size
of infiltrates compared to control liver (A). At a dosage of 30 (E) or 40u106 (F) cells, the liver
architecture was disrupted and signs of fibrosis were seen. The number of dying hepatocytes (arrow
heads) increased with increasing dose of T cells. Scale bar represents 100 ȝm. Inserts were
magnified 2-fold.
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Figure 3.10. Assessment of liver injury in the 178.3 model following multiple injections or injections
with increasing T cell number.
Four 178.3 mice were injected every two days with 6-20u106 cells (A, arrows). Liver injury was assessed
by measuring ALT levels every two days before the next injection. ALT levels were increased after the
first and third injection but no accumulative effect was seen resulting in even lower ALT values than after
a single injection. In another approach, mice were injected with a single dose of T cells ranging from 10
to 40u106 cells (B). A linear correlation between increasing dose of T cells and ALT levels was seen,
reaching ALT levels comparable to Met-Kb mice (C, blue dotted line).
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Early proliferation of hepatocyte and LPCs side by side in MetKb livers

We further investigated the mechanism of liver regeneration in Met-Kb, CDE and 178.3
mice. Similar to controls (Figure 3.11A), CDE livers showed low levels of hepatocyte
proliferation (maximum of 7%; Figure 3.11B) throughout the 3-week time course,
consistent with the established impairment of hepatocyte proliferation following the
CDE diet (Knight et al. 2006). Surprisingly, at the peak of hepatitis Met-Kb livers
showed 17-times more proliferating hepatocytes than control mice and 3-times more
proliferating hepatocytes than CDE mice (Figure 3.12A). Following this peak on day 6,
numbers dropped down to levels seen in the CDE model. 178.3 livers regenerated only
from proliferating hepatocytes starting between day 2 and day 6 following T cell
transfer (data not shown). Non-parenchymal cells also proliferated in all three models
(Figure 3.12B, not shown for 178.3). In the immune-mediated models, this proliferation
coincided with the peak of hepatitis in contrast to the delayed onset in the CDE model.
These data suggest that the proliferation of LPCs and hepatocytes, as shown in the MetKb model, are not mutually exclusive.
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Figure 3.11. Immunofluorescent staining of frozen liver sections for Prox1 and Ki67.
Frozen liver sections were stained for the hepatocyte marker Prox1 (Dudas et al. 2006) (green) and
the proliferation marker Ki67 (red). Co-localisation of both markers (yellow) indicates proliferating
hepatocytes. In control livers, hepatocytes but no bile duct cells stain positive for Prox1. Very few
proliferating cells (red) were seen (A). Proliferation of hepatocytes (arrow heads) and some nonparenchymal cells (arrows) was induced in livers of the CDE model on day 7 (B). In contrast, a lot
of dividing hepatocytes were detected in Met-Kb livers as well as some proliferating nonparenchymal cells (C). Livers from 178.3 mice showed increased numbers of proliferating cells in
close proximity to ducts (arrows) that were negative for the hepatocyte marker and thus are most
likely lymphocytes (D). Scale bar represents 100 ȝm.
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Figure 3.12. Quantitation of proliferating hepatocytes and non-parenchymal cells in the CDE and
Met-Kb models over time.
CDE livers showed less proliferating hepatocytes (Prox1+Ki67+) at the peak of hepatitis than livers from
the Met-Kb model (A). After one week, numbers of proliferating hepatocytes were equal in both models.
In the 178.3 model, no hepatocyte proliferation was seen at the peak of hepatitis, but later on day 6 (data
not shown). Non-parenchymal cell proliferation (Prox1-Ki67+) increased in the CDE and Met-Kb models
peaking at day 14 or 6, respectively (B) Similar numbers were detected in the 178.3 model (data not
shown). Data are presented as mean ±SEM with n=2-7. Statistical significance with respect to the control
group is represented as *p<0.05 and **p<0.01.

86

CHAPTER 3

3.3.6

RESULTS Hepatitis models

Close proximity of LPCs to inflammatory cells in the Met-Kb
model

Observations from histological studies suggested that LPCs were induced in an
inflammatory environment (Figure 3.13A). Therefore, we examined the liver
environment in the Met-Kb model in more detail using double staining for an LPC and
an inflammatory marker. In Met-Kb livers, LPCs were identified on day 13, staining
positive for PanCK (Figure 3.13B, C; green). Infiltrating macrophages and monocytes
as well as liver-resident Kupffer cells stained positive for F4/80 (Figure 3.13B, C; red).
LPCs were often localised in close proximity to F4/80 positive cells; in the periportal
area, in particular, LPCs appeared directly adjacent to these cells. However, not all cells
within the cell clusters surrounding LPCs (Figure 3.13A; blue cell clusters) were
positive for F4/80 suggesting that other non-parenchymal cell types interact with LPCs.
Co-staining of pan CK with CD8 showed less frequent proximity of LPCs and CD8+ T
cells (data not shown). Overall, these observations suggest an interaction between LPCs
and inflammatory cells, in particular macrophages.

Analysed parameters

CDE model Met-Kb model 178.3 model

Macroscopic liver damage

++

++

+

ALT levels

++

++

+

Peak day of liver injury

day 7

day 6

day 2

Apoptotic hepatocytes

++

++

++

Apoptotic non-parenchymal cells

ND

++

+

+

+++

++

persisting

persisting

transient

LPC numbers (A6/ CK19/ PanCK)

++

+

-

Proliferating hepatocytes

+

++

+ (day 6)

+ (day 14)

+

+

Basophilic infiltrates (H&E)
Duration of pathology

Proliferating non-parenchymal cells

Table 3.2. Summary of histological and biochemical data in the CDE, Met-Kb and 178.3 models.
Data retrieved from histological and biochemical assays were compared for the three hepatitis models and
scored as absent (-), low (+), intermediate (++) or high (+++). Data refer to the peak day of hepatitis in
the individual models unless specified otherwise. ND not determined.
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Figure 3.13. Immunofluorescent detection of LPCs and inflammatory cells in Met-Kb liver.
Liver sections from Met-Kb mice were stained for the LPC and biliary marker A6 (A; red) or pan
cytokeratin (B, C; green) and the macrophage marker F4/80 (B, C; red). Nuclei were visualised with
DAPI (A-C; blue). LPCs (red) were located periportally and surrounded by small infiltrating cells
(blue) (A; day 6). On day 13, LPCs (B, C; green) were found in close proximity to macrophages (B,
C; red), preferentially near ducts indicating an interaction between LPCs and inflammatory cells.
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3.4 DISCUSSION
We characterised the hepatitis and LPC response in the diet-induced CDE model and
the two immune-mediated liver injury models Met-Kb and 178.3 (Table 3.2). The
hepatitis peaked later and was more severe in the CDE and Met-Kb models. The later
onset of hepatitis in the CDE and Met-Kb models can be explained by the time the
inflammatory cells need to migrate to the liver. In the 178.3 model, these inflammatory
cells accumulate in the liver (Bowen et al. 2002) and thus can act immediately and
damage hepatocytes resulting in hepatocyte apoptosis. We also found a significant
increase in apoptotic non-parenchymal cells that outlasted the peak of hepatitis in the
immune-mediated models. These cells are likely T cells that were activated within the
liver and died prematurely because of lack of survival signals (Bertolino et al. 2005)
and/or T effector cells that underwent apoptosis after fulfilling their task. In mice
subjected to the CDE diet, we would expect smaller numbers of apoptotic nonparenchymal cells since no immune cells are transferred. Nevertheless, the extent of
damage is equal in the CDE and Met-Kb models and the livers show signs of chronic
liver disease such as steatohepatitis and fibrosis. Our laboratory has demonstrated that
the CDE diet induces fibrosis and eventually leads to hepatocellular carcinoma after 9
months (Knight et al. 2000). Thus, it would be interesting to test whether Met-Kb mice
also develop hepatocellular carcinoma since this model has not been studied beyond one
month following T cell transfer.
Despite prominent hepatitis in all experimental groups, LPCs were only induced in the
CDE and Met-Kb models (LPC+). In the 178.3 model, no expansion of LPCs was
evident (LPC-). LPCs reside in the Canals of Hering (junction of the finest branches of
the biliary tree and the most distal hepatocytes), emerge from the bile ducts upon
activation, and invade the liver parenchyma where they differentiate into small
basophilic mononuclear hepatocytes after 10-14 days (Strick-Marchand et al. 2004). We
provide evidence of LPC expansion and differentiation in the CDE and Met-Kb models
after 21 days. Pan cytokeratin positive ductular structures were apparent in the Met-Kb
model that showed a greater cell number and diameter compared to bile ducts. Since
LPCs have been shown to generate not only hepatocytes but also cholangiocytes it is
likely that these ducts are derived from LPCs.
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In the 178.3 model, we did not observe expansion or differentiation of LPCs over a
period of 3 weeks. 178.3 mice show a milder hepatitis on day 2. It should be noted that
the degree of liver damage varied in 178.3 mice; typical ALT values ranged from
17 IU/l, 37 IU/l, 48 IU/l to 55 IU/l depending on the age of mice. Thus, the hepatitis
was not always as mild as the overall average might suggest (Figure 3.2). The difference
in hepatitis in the 178.3 mice could easily lead to the conclusion that it is the degree or
length of liver injury that is critical to evoke an LPC response. To explore this
possibility we induced the same degree of liver injury in 178.3 mice by increasing the
numbers of transferred T cells. We found a linear correlation between the number of
injected cells and liver injury, which suggests that the transferred T cells are solely
responsible for the hepatocyte damage in the 178.3 model. In correlation with the
enhanced liver damage, numbers of inflammatory infiltrates, apoptosis and indications
of disrupted liver architecture increased. However, an LPC response was not evident
disproving the hypothesis that a threshold of liver damage has to be achieved to induce
an LPC response. Instead, this suggests a mechanistic difference between the Met-Kb
and 178.3 models. The main difference between the two models is the site of antigen
expression that leads to T cells being activated solely in the liver (178.3) or in both the
lymph node and liver (Met-Kb). T cell activation in the lymph node is favoured in MetKb mice since T cells activated in the liver are defective in their effector function and
die prematurely (Bertolino et al. 2005) in contrast to T cells primed in primary
lymphoid organs. Therefore, another approach to prolong hepatitis in the 178.3 model
could be to increase T cell survival by manipulating survival genes or interleukin 2,
which is a crucial survival factor for T cells. Furthermore, the finding that liver damage
could not repeatedly be induced in 178.3 mice by multiple injections suggests a
regulatory mechanism. A second injection on day 15 is able to generate a second wave
of hepatitis; however, after 30 days, injections do not result in further hepatitis and the
response appears to be suppressed (data not shown). This indicates that regulatory T
cells (T regs) might have been induced. T regs are frequently induced in pathologies as
a counter mechanism to control the T cell response but seem not to play a major role in
the pathological response in the first place. In the healthy liver, they account for only
0.5-1% of total lymphocytes (Chang 2005) but they can be effectively attracted by NKT
cells (Santodomingo-Garzon et al. 2008). In brief, our data demonstrate proliferation of
LPCs followed by differentiation towards the hepatic and bile duct lineage in the CDE
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and Met-Kb models. The lack of LPCs in the 178.3 model is due to a mechanistic
difference and not simply related to the degree of hepatitis.
Proliferation of LPCs is usually associated with the impairment of mature hepatocytes
to divide. It is generally accepted that the two liver regeneration pathways that either
rely on division of terminally differentiated hepatocytes or proliferation and
differentiation of LPCs are mutually exclusive. However, we have evidence that the two
pathways of liver regeneration co-exist and transiently overlap in the Met-Kb model on
day 6, as demonstrated by significant increase in CK19 positive cells as well as
simultaneous detection of dividing hepatocytes. Livers of 178.3 mice regenerated solely
from hepatocytes that were primed to divide after the peak of hepatitis at day 2. Thus,
we demonstrate that the hepatocyte and LPC-mediated regeneration pathways can coexist confirming observations made in cocaine- (Rosenberg et al. 2000) and
concanavalin A-induced liver injury (Sakamoto et al. 2000). At this time, it is unclear
whether LPCs gradually take over because the hepatocyte pool is exhausted or whether
additional signals exist, that induce the LPC compartment even in the presence of
ongoing hepatocyte proliferation.
In conclusion, we present three hepatitis models of which two (CDE and Met-Kb model)
show expansion and differentiation of LPCs (LPC+), whereas the third one does not
(178.3 model) (LPC-). The lack of LPCs in the 178.3 model is due to an undefined
mechanistic difference and not simply to the degree of hepatitis. Furthermore, we show
that hepatocyte and LPC-mediated liver regeneration are not mutually exclusive.
However, it remains unclear what induces the LPC compartment. It is possible that the
types of immune cells present play an important role. Therefore, we decided to
investigate the inflammatory infiltrates in more detail by comparing the LPC+ and LPCmodels.
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4.1 INTRODUCTION
Accumulating evidence suggests that LPCs are associated with the liver inflammatory
response. However, the immune environment of the liver is quite different from other
lymphoid organs. The slow blood flow through the sinusoids encourages the interaction
of immune cells with liver-resident cells. Besides, the liver harbours specific immune
cell populations (Figure 4.1). Liver sinusoidal endothelial cells (LSEC) form a barrier
around hepatocytes to protect them from the massive load of potentially pathogenic
antigens that pass through the liver (Knolle and Limmer 2001). Furthermore, they are
the principal players to induce tolerance in CD8+ T cells towards oral antigens (Knolle
2006; Limmer et al. 2000; 2005). The liver also contains specialised tissue-resident
macrophages called Kupffer cells (KC). They represent the largest group of fixed
macrophages within the body and act together with natural killer (NK) cells that are
enriched in the liver and neutrophils as the first line of defence. The liver is also rich in
lymphocytes, in particular T cells. Apart from conventional CD4+ and CD8+ T cells, the
liver is home to a large number of unconventional T cells (Norris et al. 1998). These
include natural killer T (NKT) cells and JG-T cells, which recognise CD1b-restricted
instead of major histocompatibility complex (MHC) class I/II-restricted antigens or heat
shock proteins and non-peptide ligands such as mycobacterial lipid antigens,
respectively. T cells can interact with a number of specialised antigen presenting cells
(APC) in the liver. The most potent APC are liver sinusoidal endothelial cells which are
also capable of cross-presenting antigens to CD8+ T cells (Diehl et al. 2008; Limmer et
al. 2005) but are usually programmed to induce tolerance. Dendritic cells and KC can
induce immunity or tolerance depending on the microenvironment (Doherty and
O'Farrelly 2001; Knolle and Gerken 2000; Schildberg et al. 2008). Hepatocytes can also
function as APC for T cells but the activated cytotoxic lymphocytes usually are
defective in their effector function and die prematurely (Bertolino et al. 1998).
However, liver immune responses do not always result in T cell apoptosis (graveyard
model by Crispe et al. 2000) but can also lead to fully differentiated and functional T
cells (Klein and Crispe 2006; Wuensch et al. 2006).
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Figure 4.1. Overview of the different cell populations within the healthy liver.
The non-parenchymal cell population in the liver consists of many different specialised cell populations
including inflammatory cell subsets, among which T cells dominate. Estimated frequency values of the
different populations relative to total numbers of parenchymal or non-parenchymal cells are given (taken
from Racanelli and Rehermann 2006).

Association of LPCs with inflammation has been shown in a variety of chronic liver
diseases. The activation of LPCs correlates with inflammatory infiltrates in murine viral
(chronic cytomegalovirus hepatitis: Ihrig et al. 1999) or parasitic (chronic Helicobacter
hepaticus hepatitis: Cassell et al. 1998) liver injury models. This correlation is also
observed in cholangitis/biliary fibrosis (DDC diet: Fickert et al. 2007) as well as fatty
liver disease including experimental non-alcoholic steatohepatitis (methionine and
choline-deficient diet: Roskams et al. 2003b) and chronic hepatitis (CDE diet: Knight et
al. 2005). An association between LPCs and inflammatory cells also exists in human
liver diseases such as chronic hepatitis following hepatitis B or C viral infection
(Libbrecht et al. 2000a) and (non-) alcoholic fatty liver disease (Roskams et al. 2003b).
In the setting of acute liver injury, the immune cells and signalling pathways are already
well characterised (Fausto et al. 2006). Initiation of the cytokine cascade is dependent
on the activation of the complement system, in particular C3a and C5a (Strey et al.
2003), as well as the myeloid differentiation factor 88 (MyD88) (Campbell et al. 2006;
Seki et al. 2005). KC respond to stimuli such as C3a/C5a, TNFĮ and the ligand of
MyD88 that activate the nuclear factor kappa B (NFțB) pathway resulting in production
of IL-6 and TNFĮ. Signalling via ERK (a member of the mitogen-activated protein
kinase (MAPK) family) and STAT3 finally leads to transcription of multiple target
genes, for example growth factors. Furthermore, LSEC, hepatic stellate cells (HSC) and
other innate immune cells such as NK cells, neutrophils and platelets are implicated in
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this response (Dong et al. 2007a; Jaeschke and Hasegawa 2006; Lesurtel et al. 2006). In
contrast, in chronic liver injury the induction of the adaptive immune system and likely
recruitment of immune cells from the periphery means the response is more complex
and difficult to unravel. Some studies have indicated a role for B and T cells (Knight et
al. 2005), Kupffer cells (Olynyk et al. 1998), NKT cells (Swain 2008) and most
recently NK and T cells (Strick-Marchand et al. 2008) in LPC-mediated liver
regeneration. Yet, these observations are based on a single experimental model of liver
injury so the identified immune cells might not be associated with LPCs but related to
the particular model. This emphasises the need for a systematic study of the different
immune cell types in distinct models of LPC-mediated liver regeneration. Thus, the aim
of this study is to identify the immune cells and kinetics involved in three hepatitis
models (CDE diet, Met-Kb, 178.3). The comparison of the models should enable us to
specify the common and critical immune cell types that are associated with LPCs.

4.2 METHODOLOGY
To assess and quantify different immune cell types in the hepatitis models, frozen liver
sections from CDE-treated, Met-Kb, 178.3 and mice were stained for different immune
cells markers. Mice fed a standard diet (hereafter called “Control”) and wt mice that
received an adoptive T cell transfer (hereafter called “B10.BR”) served as controls.
Leukocytes were stained with CD45, macrophages with F4/80, CD11b and CRIg
(2.3.11.2), T cells with CD4 and CD8 and dendritic cells with CD11c.
Immunofluorescent staining (2.3.11.1) was validated by immunohistochemical staining
(2.3.7) for all markers. Spleen served as positive control. This method is henceforth
referred to as immunohistochemistry (IHC). Numbers of positive cells were determined
using the analySIS LS Professional software from Olympus with customised macros
(2.7.1). Liver leukocytes were isolated (2.1.10) from all mouse models at several time
points and total numbers were quantified. Relative and total numbers of macrophages
(CD3-CD11b+), B cells (B220+), NK cells (CD3-NK1.1.+), NKT cells (CD3+NK1.1+), T
helper cells (CD3+CD4+) and T killer cells (CD3+CD8+) were determined by flow
cytometry (2.4.1). Furthermore, CD8+ T cells were further divided into endogenous
(Des-) and transferred (Des+) T cells using the clonotypic antibody Désiré (Des). The
potential of the inflamed livers to attract inflammatory cells was investigated in an in
vitro chemotaxis assay (2.2.6, 2.4.3.1) using peripheral blood mononuclear cells (2.2.2).
To test the relevance of T cells for the LPC response in vivo, T cell-deficient nude mice
were subjected to the CDE diet (2.1.11) for two weeks.
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4.3 RESULTS
4.3.1

Sustained increase of leukocytes is associated with LPCs

We quantified the number of intrahepatic leukocytes in the different hepatitis models by
immunohistochemistry (IHC) and flow cytometry. Immunofluorescent staining for the
common leukocyte marker CD45 confirmed that most of the small basophilic cells were
leukocytes. Control livers showed a regular pattern of CD45+ elongated cells in the
sinusoids, which are most likely Kupffer cells (Figure 4.2A). In the hepatitis models, we
further observed clusters of CD45+ cells mostly in the periportal area but also some in
the parenchyma (Figure 4.2B-D). The frequency of these positive cells differed between
models, showing the highest numbers in the Met-Kb livers. Quantitation of CD45+ cells
over time revealed that in CDE and Met-Kb mice inflammatory cell numbers (which
included Désiré-specific, adoptively transferred T cells in the immune models)
significantly increased over a period of at least two weeks (Figure 4.3A). It also
confirmed that Met-Kb livers contained the greatest numbers of CD45+ cells. No
significant increase in CD45+ leukocytes was observed in 178.3 mice on day 2 despite
the presence of clusters of CD45+ cells. However, when we isolated the liver leukocytes
from the immune-mediated models and quantified the total number by flow cytometry
we found a significant increase in leukocytes also in 178.3 livers (Figure 4.3B).
Inflammatory cells were only present transiently on day 2 in these mice and returned to
normal levels thereafter. Thus, leukocyte numbers remained elevated only in the
hepatitis models that showed LPCs.
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Figure 4.2. Immunofluorescent staining for the leukocyte marker CD45 on frozen liver
sections of the different hepatitis models and control mice.
Frozen liver sections from the three hepatitis models and control mice were stained for the leukocyte
marker CD45 (red). Nuclei were visualised with DAPI (blue). Livers from control mice showed a
regular pattern of positive cells which mainly represent Kupffer cells (A). In livers from CDE (B),
Met-Kb (C) and 178.3 (D) mice additional clusters of CD45+ cells were observed in the periportal
area as well as in the liver parenchyma. Met-Kb livers showed the greatest number of leukocytes.
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Figure 4.3. Quantitation of intrahepatic leukocytes over time by immunohistochemistry or flow
cytometry.
The percentage of leukocytes within the liver was assessed by immunofluorescent staining of frozen liver
sections for CD45 (A). The absolute number of liver leukocytes was determined by counting of isolated
liver leukocytes and compared to controls (B10.BR) (B). Livers of all three hepatitis models contained
more intrahepatic leukocytes at the peak of the hepatitis (178.3) or over a longer period (CDE, Met-Kb).
Data are presented as mean ±SEM with n=2-6 (A) and mean ±SD with n=2 (B). Statistical significance
with respect to the control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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B, NK and NKT cell populations are not induced in the
immune-mediated and diet-induced LPC response

We then analysed the different leukocyte populations in more detail. Therefore, we
isolated liver leukocytes from all models and stained them with multiple markers to
identify macrophages, B, NK, NKT cells and different subsets of T cells by flow
cytometry. At the peak of the hepatitis, we found that macrophages made up the
majority of leukocytes and they increased even further in the hepatitis models (Figure
4.4). Relative numbers of B and NKT cells decreased in all groups compared to control
mice. NK cell numbers varied between models, they were elevated in CDE and 178.3
mice but reduced in Met-Kb mice. CD4+ T cells remained unchanged except in Met-Kb
livers, which showed much lower levels. Antigen-specific CD8+Des+ T cell numbers
sharply increased in the immune-mediated models after transfer in contrast to
endogenous CD8+ T cells that did not differ from controls. We then examined each
population in more detail at different time points. Quantitation revealed that B cell
numbers significantly decreased in Met-Kb mice (Figure 4.5A) at the peak of the
hepatitis but gradually recovered thereafter. More prominent was the reduction in NKT
cells in all experimental groups, which persisted for at least one week (Figure 4.5B).
NK cells increased 1.4-fold in CDE mice at the peak of the hepatitis and remained
unchanged in the immune-mediated models (Figure 4.5C). We observed a slight
increase in NK cell numbers in Met-Kb livers on day 2 (data not shown) but this varied
between mice. Hence, analysis of the NK, NKT and B cell population revealed that
none of these populations expanded in both LPC+ models. An increase in NK cells
appeared not to be associated with LPCs in general since only CDE mice showed
elevated NK cell numbers.
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Figure 4.4. Relative numbers of different liver leukocyte populations in the three hepatitis models.
The composition of liver leukocytes isolated from CDE, Met-Kb and 178.3 mice as well as respective
controls was determined by flow cytometry. Macrophages were identified as CD11b+, B cells as B220+
and natural killer (NK) cells and natural killer T (NKT) cells as CD3-NK1.1+ and CD3+NK1.1+ cells,
respectively. Furthermore, relative numbers of CD3+CD4+ and CD3+CD8+ T cells were assessed.
CD3+CD8+ cytotoxic T cells were further subdivided into endogenous Désiré (Des)-negative (Des-) and
transferred antigen-specific Des-positive (Des+) T cells. Representative values for the different hepatitis
models at the peak of the hepatitis and averages for control mice are shown as percentage of total liver
leukocytes.
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Figure 4.5. Kinetics of B220+ liver leukocytes, NKT cells and fold change of NK cell numbers in the
hepatitis models.
Relative numbers of B220+ leukocytes (A) and NKT cells (B) decreased in particular at the peak of
hepatitis in the Met-Kb and 178.3 models compared to control mice (B10.BR). Numbers of NK cells
significantly increased in mice subjected to the CDE diet but remained unchanged in Met-Kb and 178.3
livers (C). Data are presented as mean ±SD with n=2 (A, B) and n=2-4 (C). Statistical significance with
respect to the control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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Endogenous CD8+ T cells expand within the T cell pool during
the LPC response

Within the T cell compartment, we analysed CD4 and CD8 single positive T cells by
IHC and flow cytometry. IHC demonstrated that CD4+ T cells were significantly
increased in CDE mice throughout a 3-week time course and in 178.3 mice at the peak
of hepatitis (Figure 4.6A). Although CD4+ numbers did not differ significantly from
controls in Met-Kb mice, the kinetics was very similar to the kinetics in the CDE model.
Determination of the total number of CD3+CD4+ cells by flow cytometry confirmed
there was no significant difference between Met-Kb livers and controls (Figure 4.6B). It
is not surprising, that CD4+ T cells were not induced in the immune-mediated hepatitis
models since the hepatitis is mediated by CD8+ T cells. Thus, we focused on the CD8+
population. CD8+ T cells were shown by IHC to be mainly located periportally but also
scattered throughout the parenchyma (Figure 4.7). We observed an overall increase in
CD8+ T cells in all experimental groups over time (Figure 4.8A). The increase was only
transient in the 178.3 model but sustained in CDE and Met-Kb mice. CD8+ T cell
numbers were much lower in CDE livers as expected since these mice did not receive a
T cell transfer. In order to distinguish the antigen-specific CD8+ T cells that were
transferred into the 178.3 and Met-Kb mice from the endogenous CD8+ T cells, we
determined the fraction of antigen-specific T cells by staining with the clonotypic
antibody Désiré (Figure 4.8B). On day six about 70% of all CD8+ T cells were Des+ in
Met-Kb and 178.3 livers indicating that mainly the antigen-specific T cells had
expanded. To allow a direct comparison of CD8+ cell numbers in the different hepatitis
models, we quantified absolute numbers of endogenous CD8+Des- cells by flow
cytometry (Figure 4.8C). CD8+ cells expanded in the Met-Kb and CDE models and
remained elevated over the whole period analysed. Met-Kb mice showed the greatest
numbers. However in the 178.3 model, we did not observe a significant expansion of
endogenous CD8+ T cells. We also determined where T cells were located during the
LPC response. Double staining for the LPC marker pan cytokeratin and CD8 revealed
that CD8+ cells were mainly located near bile ducts and occasionally in close proximity
to LPCs but never juxtaposed (Figure 4.9) as demonstrated for macrophages in the
previous chapter. Therefore, endogenous CD8+ T cells expanded and remained elevated
during the LPC response alongside the antigen-specific T cells.
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Figure 4.6. Kinetics of CD4+ T cells in livers of CDE, Met-Kb, 178.3 and control mice.
Histological analysis of CD4+ T cells showed a significant increase in livers from CDE and 178.3 mice
(A). Note the similar kinetics of CD4+cells in CDE and Met-Kb livers. Absolute numbers of CD4+ T cells
determined by flow cytometry were not significantly increased in the immune-mediated hepatitis models
compared to controls (B10.BR) (B). Data are presented as mean ±SD with n=2-3 (A) and n=2 (B).
Statistical significance with respect to the control group is represented as *p<0.05, **p<0.01 and
***p<0.001.
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Figure 4.7. Immunohistochemical staining for CD8 on frozen liver sections of the different
hepatitis models.
Frozen liver sections were stained for CD8 (brown) and nuclei were counter-stained with
haematoxylin to show the distribution of endogenous and transferred CD8+ T cells. CDE livers
displayed the lowest number of CD8+ T cells since mice did not receive any T cell transfers (A).
The majority of CD8+ T cells were located periportally. In Met-Kb (B) and 178.3 mice (C), clusters
of CD8+ T cells were found near ducts and single cells dispersed throughout the parenchyma. Inserts
were magnified 2-fold. Scale bar represents 100 μm.
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Figure 4.8. Kinetics of total, transferred and endogenous CD8+ T cells in livers of the three hepatitis
models.
Frozen liver sections were stained for CD8 and quantified (A). To distinguish the transferred antigenspecific CD8+ T cells from endogenous CD8+ T cells in the immune-mediated hepatitis models, isolated
liver leukocytes were also stained with the clonotypic antibody Désiré (Des). Transferred CD8+Des+ T
cells expanded significantly in Met-Kb and 178.3 mice (B). Absolute numbers of endogenous CD8+Des- T
cells only increased significantly in Met-Kb and CDE livers (C). Data are presented as mean ±SD with
n=2-3 (A), n=2 (B) and n=2-3 (C). Statistical significance with respect to the control group is represented
as *p<0.05, **p<0.01 and ***p<0.001.
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Figure 4.9. Immunofluorescent double-staining for the LPC marker pan cytokeratin and the T
cell marker CD8 two weeks after treatment.
Frozen liver sections from CDE and Met-Kb mice were double-stained for the LPC marker pan
cytokeratin (green) and the T cell marker CD8 (red). Nuclei were visualised with DAPI (blue). In
CDE livers, the few CD8+ cells (red) were located near bile ducts but rarely in close proximity to
LPCs (green) (A, C). Due to the transfer, more CD8+ cells were present in Met-Kb mice, which were
located not only near ducts but also scattered throughout the parenchyma (B). Only a minority of the
CD8+ cells came in close contact with LPCs (D).
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Sustained increase of macrophage numbers is a common
feature of the LPC response

To determine whether increased macrophage numbers were also sustained, we analysed
liver sections stained with the macrophage marker F4/80. This marker stains mature
macrophages including KC and potentially infiltrating macrophages/monocytes (Leenen
et al. 1994). In control mice, only Kupffer cells within the sinusoids were F4/80+
(Figure 4.10A). In the hepatitis models, clusters of positive cells were present near the
ducts and in the parenchyma (Figure 4.10B-D). Quantitation of liver sections over 3
weeks revealed almost 50% F4/80+ cells in Met-Kb mice, 35% in CDE mice and 25% in
178.3 mice (Figure 4.11A). In all models, F4/80+ cell numbers remained above control
levels for a prolonged period, although the difference was not quite significant (p=0.16)
in 178.3 livers. We confirmed this by flow cytometry using the macrophage marker
CD11b (Figure 4.11B). The CDE and Met-Kb models were characterised by a sustained
increased number of F4/80+ macrophages.
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Figure 4.10. Immunohistochemical staining for the macrophage marker F4/80 in the CDE,
Met-Kb and 178.3 models.
Frozen liver sections were stained for the macrophage marker F4/80 (brown) and nuclei were
counter-stained with haematoxylin. Control livers (A) showed positive staining of Kupffer cells,
visible as elongated cells in the sinusoids. CDE (B), Met-Kb (C) and 178.3 (D) mice displayed
additional clusters of positive cells within inflammatory foci, mostly around the ducts, at the peak of
hepatitis. Scale bar represents 100 ȝm.
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Figure 4.11. Kinetics of macrophage numbers in CDE, Met-Kb and 178.3 livers.
Frozen liver sections were stained for the macrophage marker F4/80 and quantified (A). For flow
cytometrical analysis, isolated liver leukocytes were stained for CD11b and quantified in control
(B10.BR), Met-Kb and 178.3 mice (B). Macrophage numbers increased significantly and were sustained
in the CDE and Met-Kb models. Data are presented as mean ±SEM with n=2-7 (A) and n=2 (B).
Statistical significance with respect to the control group is represented as *p<0.05, **p<0.01 and
***p<0.001.
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Macrophages and T cells are attracted to the liver at the peak
of hepatitis

Following identification of the macrophage and CD8+ T cell population as the most
important immune cell types, we performed a chemotaxis assay to ascertain that they
were indeed attracted by liver homogenates from the hepatitis models. Freshly isolated
PBMCs, which contain a mixture of different immune cells, were analysed for their
migration towards the liver homogenates. For each assay, the presence of CD4+, CD8+
T cells and macrophages in the PBMCs was confirmed in cytospins by a Romanowsky
stain (Serviostain, Figure A-IV.1) and immunohistochemistry for appropriate surface
markers. After 5 h incubation, the liver samples from the hepatitis models had attracted
significantly more T cells and macrophages than control liver samples (Figure 4.12)
when analysed by flow cytometry. CDE and Met-Kb livers attracted twice as many T
cells and macrophages at the peak of hepatitis as the respective controls; 178.3 livers
attracted comparable numbers of T cell but less macrophages. Hence, this assay showed
that livers from the hepatitis models could attract T cells and macrophages from the
periphery at the peak of hepatitis.

Figure 4.12. Quantitation of migrated T cells and macrophages attracted by liver homogenates
from CDE, Met-Kb and 178.3 mice.
Peripheral blood mononuclear cells were isolated from fresh mouse blood and placed on top of the
membrane in the ChemoTx® chemotaxis system. Liver pieces from mice subjected to the CDE diet for
one week and Met-Kb and 178.3 mice 6 and 2 days after T cell transfer, respectively, were homogenised
in T cell medium and placed in the wells below the membrane. In addition, respective controls for each
time point and model were tested. Recombinant CCL2, CCL3 and CCL5 served as positive control. The
number of cells that had migrated through the membrane was determined after 5 h incubation by flow
cytometry. Therefore, cells within the wells were stained for the T cell marker CD3 and the macrophage
marker CD11b. Values were corrected for basal migration towards medium. Pooled data from four
individual experiments (n=4-10) are presented as fold change over control ±SEM using the values from
respective controls as the denominator. Statistical significance with respect to the control group is
represented as *p<0.05 and **p<0.01.
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T cells are not essential but support the LPC response

We further investigated the functional importance of T cells for the LPC response. T
cell-deficient nude mice and matching wild type (Balb/c) mice were placed on the CDE
diet for 2 weeks and compared to nude mice on the standard diet. Two nude mice died
within the first week on the diet of unknown cause. Liver injury assessed by ALT levels
peaked at 1 week in both nude and wild type (wt) (Balb/c) mice as expected and the
severity was comparable (Figure 4.13A). We then quantified the LPC response by A6
and CK19 staining. Nude mice displayed a 64% reduction in LPC numbers following 1
week on the diet (Figure 4.13B, Figure 4.14B) compared to wt (Balb/c) mice (Figure
4.14A) based on A6 staining. However, after 2 weeks wt (Balb/c) (Figure 4.14C) and
nude mice (Figure 4.14D) showed similar numbers of LPCs. Similar results were
obtained with the marker CK19, but the reduction of LPCs was less pronounced with
47% one week into the CDE diet (data not shown). Interestingly, when nude mice had
reached similar LPC numbers at 2 weeks, they showed more leukocytes (Figure 4.15A)
and F4/80+ macrophages (Figure 4.15B). This experiment demonstrated that T cells are
not essential for the LPC response but that lack of T cells leads to a delayed LPC
response, which is accompanied by an increase in macrophages.
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Figure 4.13. Assessment of liver injury and LPC response in nude and wt (Balb/c) mice subjected to
the CDE diet.
ALT levels were measured in serum from wild type (wt) (Balb/c) and nude mice following 1 and 2 weeks
on the CDE diet and compared to those of nude mice on the standard diet (A). LPCs were quantitated
using the common LPC and biliary marker A6 (B) and CK19 (not shown). Nude and wt (Balb/c) mice
showed a similar degree of liver injury on day 7 (A). Numbers of LPCs were significantly reduced in
nude mice following 7 days on the diet. However, after 2 weeks nude mice displayed comparable LPC
numbers to wt (Balb/c) mice. Data are presented as mean ±SEM with n=2-4. Statistical significance with
respect to the control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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Figure 4.14. Immunofluorescent staining for the LPC and biliary marker A6 on frozen liver
sections of wt (Balb/c) and nude mice subjected to the CDE diet for 7 and 14 days.
Frozen liver sections from nude mice subjected to a normal diet (not shown) and wt (Balb/c) or nude
mice subjected to the CDE diet were stained for the LPC and biliary marker A6. T cell-deficient
nude mice (B) showed reduced LPC numbers compared to wt (Balb/c) mice (A) after 1 week, when
placed on the CDE diet. After 2 weeks, numbers of A6+ cells did not differ anymore between wt
(Balb/c) (C) and nude mice (D). Inserts were magnified 4-fold. Scale bar represents 200 ȝm.
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Figure 4.15. Quantitation of leukocytes and macrophages in livers of nude and wt (Balb/c) mice
following 1 and 2 weeks on the CDE diet.
Leukocytes and macrophages were detected in frozen liver sections of wt (Balb/c) and nude mice using
the markers CD45 and F4/80, respectively. Nude mice showed a delayed increase in leukocytes compared
to wt (Balb/c) mice after 2 weeks on the CDE diet (A). At this time point, nude mice displayed greater
numbers of macrophages than wt (Balb/c) mice (B). Data are presented as mean ±SEM with n=2-4.
Statistical significance with respect to the control group is represented as *p<0.05 and **p<0.01.
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Liver-resident and invading macrophages expand during the
LPC response

These findings prompted us to study the macrophage population in more detail. In
particular, we were interested in the relative contribution of liver resident versus
infiltrating macrophages to the LPC response. An extensive literature search revealed
that complement receptor immunoglobulin (CRIg) is a suitable marker for KC and
CD11b for invading macrophages. CRIg expression is restricted to tissue-resident
macrophages such as KC, but absent from monocytes, splenic and bone-marrow derived
macrophages and is involved in complement-mediated clearance of opsonised
pathogens (Helmy et al. 2006). CD11b is regarded as a migratory marker expressed by
blood-derived monocytes (Lepay et al. 1985) and is mostly absent from resident tissue
macrophages such as KC (Leenen et al. 1994; Lloyd et al. 2008). The CRIg antibody
was validated in this study by showing that macrophages within the spleen and PBMCs
were CRIg-negative yet positive for F4/80 but Kupffer cells were CRIg-positive (data
not shown). CD11b stained very few cells in normal livers, usually single round cells
near the bile ducts (Figure 4.16A). In the hepatitis models (Figure 4.16B-D), we
detected some clusters of CD11b+ cells usually periportally located. Met-Kb mice
(Figure 4.16C) displayed the largest clusters of CD11b+ cells that were distributed
periportally and throughout the parenchyma. Interestingly, we found weak and strong
expressing cells in inflamed livers both by immunohistochemical and by
immunofluorescent staining (data not shown). To quantify the number of KC and
invading macrophages we stained frozen liver sections for both CRIg and CD11b
(Figure 4.17). We also performed double staining to determine whether the two markers
would overlap. CDE and Met-Kb livers displayed almost twice as many KC as controls
when assessed by CRIg staining (Figure 4.17A, B). In 178.3 mice, KC numbers did not
differ significantly from controls (Figure 4.17C). Invading macrophages increased in all
models but stood out in the Met-Kb model as large foci of CD11b+ cells in stained liver
sections (Figure 4.17D, Figure 4.18A). Nude mice displayed similar KC numbers
compared to wt (Balb/c) mice but showed more CD11b+ cells (Figure 4.17E-F, Figure
4.18B). We also found a significant increase in CRIg+CD11b+ double positive cells in
the CDE and Met-Kb models. The double positive cells were consistently found
amongst CD11b+ cells. To exclude dendritic cells we also stained all liver sections for
CD11c, which is generally considered a dendritic cell marker (Crowley et al. 1989;
Jomantaite et al. 2004; Pillarisetty et al. 2004), and CD11c plus CD11b. CD11c+ cells
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increased significantly in CDE and Met-Kb livers (1.3% and 2%, respectively) but
represented only a very small population (Figure A-IV.2A). About half of the CD11c+
cells were also positive for CD11b. Nude mice showed similar numbers of CD11c+ cells
compared to wt (Balb/c) mice but significantly more CD11b+CD11c+ cells (Figure AIV.2B). Taken together, this histological study indicates that liver-resident and invading
macrophages are involved in the LPC response. T cell-deficient mice were characterised
by greater numbers of invading macrophages when LPC numbers had reached similar
numbers to wt (Balb/c) mice.
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Fig. 4.16. Immunohistochemical staining for CD11b on frozen liver sections of the different
hepatitis models.
Frozen liver sections were stained for CD11b (brown), and nuclei were counter-stained with
haematoxylin. In control livers, only very few positive cells were present in close proximity to
ducts (A). CDE (B) and 178.3 mice (D) displayed bigger clusters of CD11b+ cells within
inflammatory infiltrates. Met-Kb livers (C) were characterised by massive numbers of CD11b+ cells,
which were detected periportally, and as networks of weak and strong positive cells side by side
within the parenchyma. Inserts were magnified 5-fold. Scale bar represents 100 μm.
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Fig. 4.17. Immunofluorescent double-staining of CRIg and CD11b in different models of
hepatitis to detect KC and invading macrophages, respectively.
Double staining of Kupffer cells with CRIg (red) and invading macrophages with CD11b (green)
revealed increased numbers of both macrophage populations in CDE mice (A) compared to controls
(not shown). 178.3 mice showed less Kupffer cells but more periportal macrophages (C). In Met-Kb
livers, a number of smaller (B) and some large foci (D) of invading macrophages were present in
addition to increased numbers of Kupffer cells. Nude mice (F) displayed more invading
macrophages compared to wt (Balb/c) mice (E) following 2 week on the diet. Nuclei were stained
with DAPI (blue). Scale bar represents 200 μm.
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Figure 4.18. Quantitation of KC and invading macrophages in the hepatitis models and nude mice
fed a CDE diet.
Frozen liver sections from the different hepatitis models were double-stained for CRIg and CD11b to
identify KC and invading macrophages, respectively. KC expanded in CDE and Met-Kb mice but not in
178.3 mice at the peak of hepatitis (A). Invading macrophages increased in all models showing the
highest numbers in the Met-Kb livers. Nude mice had elevated numbers of invading macrophages
compared to wt (Balb/c) mice following 2 weeks on the diet (B). Data are presented as mean ±SEM with
n=5-7 (A) and n=2-4 (B). Statistical significance with respect to the appropriate control group is
represented as *p<0.05, **<p0.01 and ***p<0.001.
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4.4 DISCUSSION
Our analysis of LPC-associated immune cells identified macrophages as the principal
cellular infiltrates. Macrophage numbers were highly elevated at the peak of hepatitis
and remained sustained. Furthermore, we found expansion of CD8+ T cells in the CDE
and Met-Kb models. CD4+ T cells and NK cells on the other hand were induced only in
CDE mice.
Reports in the literature suggest a role for lymphocytes in the LPC response. Balb/c
mice that are deficient in signalling through Th1 cells showed an attenuated LPC
response when subjected to the CDE diet (Knight et al. 2006). Concordantly, KO mice
that lack T cells (CD3İ-/-) or B and T cells (Rag2-/-) were characterised by reduced LPC
numbers (Strick-Marchand et al. 2008). This effect was not due to lack of B cells since
B cell specific KO mice were not affected in the regenerative response. In combination
with abrogation of signalling though the common gamma chain (Jc), which results in
absence of all lymphoid cells such as B, T, NK and NKT cells, this reduction was even
more pronounced but some proliferating LPCs still remained. Adoptive transfer of T
cells into these mice did not increase LPC numbers but improved the survival rate of
these mice. Based on the reduction of LPCs in the absence of T and NK cells and the
location of these cells close to LPCs, this study proposes a major role for T cells, in
particular CD4+ T cells, and NK cells in the LPC response. Another study, which used a
model of T cell-mediated hepatitis initiated by concanavalin A followed by PHx, found
the complete opposite: depletion of NK cells resulted in augmented LPC numbers
indicating an inhibitory role of NK cells during the LPC response (Hines et al. 2007). In
acute liver injury, beneficial effects of NK cells (Sun and Gao 2004) or no involvement
of the NK cell population have been described (Dong et al. 2007b). The influence of
NKT cells has been addressed in acute liver regeneration following PHx where NKT
cells inhibited the regenerative response (Dong et al. 2007b). Just recently, studies in
CD1d KO mice confirmed that NKT cells are not required for regeneration during
chronic liver injury (Strick-Marchand et al. 2008).
Our data confirm that neither B cells nor NKT cells are important for the LPC response.
However, it should be noted that the marker B220 is not specific for B cells. B220 is
also shared by some subsets of dendritic cells in the liver (Lian et al. 2003; Lu et al.
2001) and apoptotic T cells (Oka et al. 2000), which might explain the high numbers of
B220+ cells detected in CDE livers (Knight et al. 2005). Therefore, the number of B
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cells within the leukocyte population is probably lower in the hepatitis models and
much closer to the 6% observed in healthy livers (Doherty and O'Farrelly 2000) than the
20% of B220+ cells we determined by flow cytometry. Thus, we suggest CD19 as a
more suitable marker for future studies of B cells in the liver. In accordance with StrickMarchand and co-workers (2008) we found a reduction in LPC numbers in T celldeficient mice. However, our data suggest that this attenuation in only transient and can
be overcome with the help of macrophages. Thus, T cells are not essential for the LPC
response. Moreover, we provide evidence that CD8+ T cells and not CD4+ T cells are
supportive during the LPC response. To clarify the individual contribution of CD4+
versus CD8+ T cells to liver regeneration, CD4 and CD8 KO mice could be analysed or
reconstitution of T cell-deficient mice with CD4+ or CD8+ T cells could be performed.
Our study disagrees with the finding that NK cells are critical for the LPC response
(Strick-Marchand et al. 2008). The comparison of different models of LPC-mediated
liver regeneration revealed that the NK population was only induced in the CDE model
suggesting that the expansion of these cells is specific for the CDE model and not a
common feature of LPC-mediated liver regeneration. The group failed to prove that
reconstitution of alymphoid mice with NK cells will indeed result in LPC expansion,
but instead they only tested the potential of T cells. Besides, they did not include the
macrophage population in their detailed analysis although they observed an increase in
CD11b+ macrophages in CDE mice after 2 and 3 weeks. The contribution of
macrophages to the LPC response has been studied in rats that were treated with
gadolinium chloride and subjected to bile duct ligation (Olynyk et al. 1998). In these
animals, the LPC response was almost completely suppressed providing strong evidence
for macrophages as the initiators of the LPC response.
We propose that the macrophage population is critical for the induction of the LPC
compartment. Our study achieved a distinction of the different subsets of macrophages,
i.e. the liver-resident KC versus blood-derived invading monocytes/macrophages, as
assessed by CRIg and CD11b staining, respectively. We are confident that CD11b is a
suitable marker for monocytes/macrophages that are attracted from the periphery into
the liver once neutrophils and dendritic cells have been excluded by staining.
Immunohistochemical and immunofluorescent staining showed very few CD11b+
positive cells in normal liver sections. Furthermore, these positive cells were more
round, not elongated, and located near ducts, which is consistent with the phenotype of
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invading monocytes/macrophages as previously reported (Gregory and Wing 2002;
Lloyd et al. 2008). Flow cytometrical analysis of liver leukocytes using CD11b revealed
fewer macrophages in CDE livers than the histological staining for F4/80, confirming
that CD11b only stains a subset of macrophages. Since CD11b is still widely used as a
general macrophage marker for liver histology and flow cytometry, we would oppose
the use of CD11b as a ‘macrophage marker’ and prefer F4/80, which stains the majority
of macrophage populations within the liver including invading monocytes/macrophages.
However, the population of liver macrophages is very heterogeneous as demonstrated
by the overlap of the commonly used markers F4/80, CD11b and CD11c using threecolour fluorescent histological staining in healthy livers and livers from mice subjected
to the methionine- and choline-deficient diet (Lloyd et al. 2008).
Our attempt to differentiate between liver-resident (CRIg+) and invading (CD11b+)
macrophages revealed that both subsets expanded in the CDE and Met-Kb models.
Extensive expansion of KC has been reported in various settings of liver injury but the
origin of regenerating KC is still debated. In particular, in the setting of chronic liver
injury it remains unclear whether KC undergo mitosis and/or whether they are
replenished from an intrahepatic precursor or from bone marrow-derived invading cells.
There is an extensive literature supporting all of these possibilities. In the healthy liver,
only 2% of KC proliferate (Naito et al. 1997). Following administration of liposomeencapsulated dichloromethylene diphosphonate, depleted KC repopulate the liver within
14 days from macrophage precursors that are believed to consist of two subsets, one
bone marrow-derived and the other liver-derived (Klein et al. 2007; Yamamoto et al.
1996). Interestingly, different experimental approaches favour one or the other subset.
Klein et al. named the liver-derived KC subset ‘sessile’ KC (Klein et al. 2007). They
showed that these two subsets of KC are functionally different. For instance, only the
bone marrow-derived KC subset formed inflammatory foci. Therefore, it would be of
interest to learn whether the CRIg+ cell clusters in the CDE model were bone marrowderived. In addition to the increased numbers of invading CD11b+ and liver-resident
CRIg+ macrophages, we identified populations of double positive cells (CRIg+CD11b+
and CD11b+CD11c+) that are likely to be additional or overlapping subsets of the
heterogeneous macrophage population within the liver. It is also possible that invading
monocytes/macrophages adapt to the liver environment and acquire features of KC. The
increase in CD11c+ and in particular CD11b+CD11c+ cells might not necessarily mean
an increase in dendritic cells. CD11c was found to be expressed by some macrophages
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in the lung (Gonzalez-Juarrero et al. 2003) and adipose tissue (Brake et al. 2006)
suggesting that some tissue-resident macrophage populations share this marker.
Besides, liver dendritic cells have been proven very heterogeneous and not all
populations express CD11c (Jomantaite et al. 2004; Lian et al. 2003). It is likely that the
two macrophage populations interact and support each other during the LPC response.
For example, KC could be important at the beginning of the response and then
supported in their function or taken over by subsequent invading macrophages.
Furthermore, invading macrophages might compensate for a lack of T cells, as
suggested by the increased numbers in nude mice. It will be of interest to know whether
the CRIg+ and CD11b+ or double positive macrophage populations have different
functions in the LPC response. To prove that macrophages are essential for the LPC
response, depletion experiments need to be performed. Common approaches to deplete
KC are the administration of gadolinium chloride or intravenous injection of liposomeencapsulated dichloromethylene diphosphonate. We did not use this approach since
mice subjected to the CDE diet will most likely die of liver failure following KC
depletion. A previous study performed in rats showed that LPCs were almost
completely abolished after depletion of KC by gadolinium chloride in the bile duct
ligation model and that liver injury in these animals was even more severe (Olynyk et
al. 1998). Besides, a clear distinction of the different subsets of macrophages is difficult
to achieve with this approach since all phagocytic cells will be affected.
Overall, we provide evidence that the macrophage population is the primary
inflammatory cell which underpins the LPC response and that T cells are only
supportive. Our data suggest that bone marrow-derived invading macrophages as well
as KC are important and indicate possible interactions or redundancy between these two
populations. However, depletion studies have to be performed in vivo to confirm and
elucidate the mechanism further.
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5.1 INTRODUCTION
In the previous chapter, we identified inflammatory cell types that are common to the
LPC+ models. We are now interested in unravelling the inflammatory factors that are
involved in the LPC response in the diet-induced and immune-mediated models in order
to reveal potential LPC-specific factors. Many factors are described in the literature that
are associated with LPCs but so far no specific pathways have been elucidated. In
contrast, the pathways and their spatial and temporary relationship are well
characterised in liver regeneration following acute injury such as following PHx, which
represents the gold standard to study acute liver regeneration. This regenerative pathway
involves three networks (Figure 5.1).

Figure 5.1. Overview of the three networks associated with liver regeneration after acute injury.
The role of cytokines and growth factors is well established in the regeneration process following acute
liver injury and involves three networks. The cytokine network initiates the regenerative response
followed by the growth factor network that induces cell cycle progression. Finally, the metabolic network
is activated to meet the increased demands of the remaining liver tissue. IL-6, interleukin 6; SCF, stem
cell factor; HB-EGF, heparin-binding epidermal growth factor-like growth factor; AR, amphiregulin;
TGF, transforming growth factor; EGF, epidermal growth factor; HGF, hepatocyte growth factor (taken
from Fausto et al. 2006).

The first network is the cytokine network. Classical representatives are TNFĮ, IL-6 and
stem cell factor (SCF)/c-kit. These factors are also implicated in the LPC response
based on findings in KO and transgenic mice or rats. TNF-receptor I KO mice (Knight
et al. 2000) and TNFĮ/LTĮ double KO mice (Knight and Yeoh 2005) for example,
displayed reduced LPC numbers when placed on the CDE diet. Several studies using
IL-6 KO mice or transgenic mice, in which the IL-6 signalling pathway was either
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compromised or hyperactive, support the view that the IL-6 family is also involved in
LPC-mediated liver regeneration (Knight et al. 2000; Matthews et al. 2004; Nagy et al.
1998; Yeoh et al. 2007). IL-6 itself is not required for liver regeneration suggesting that
IL-6 can be functionally replaced by other members of this family (Rosenberg et al.
2000). Rats deficient in c-kit signalling are characterised by impaired LPC proliferation
following treatment with 2-acetylaminofluorene combined with PHx (2-AAF/PHx),
(Matsusaka et al. 1999), an experimental model that activates the LPC compartment.
When these studies are considered, these three factors appear to be important for both
the hepatocyte- and LPC-mediated liver regeneration pathway. Growth factors like
heparin-binding

epidermal

growth

factor-like

growth

factor

(HB-EGF)

and

amphiregulin (AR) trigger cell cycle progression in hepatocytes. Their absence delays
liver regeneration after PHx (Berasain et al. 2005; Mitchell et al. 2005) but not LPCmediated regeneration. Transforming growth factor alpha (TGFĮ), epidermal growth
factor (EGF) and the hepatocyte growth factor (HGF)-c-met system are important
mitogenic factors that promote transition from G1 to S phase in hepatocytes. All of
these growth factors are also up-regulated during the LPC response, for example in the
2-AAF/PHx model (Nagy et al. 1996), and stimulate paracrine early proliferation of
LPCs which express the cognate receptors. Finally, induction of the metabolic network
that is coordinated by the upstream regulator mammalian target of rapamycin (mTOR)
helps to restore the liver mass and its metabolic functions. Cyclin D1 has been proposed
as one of the mediators of this network that remains poorly characterised (Nelsen et al.
2003).
A number of other factors have emerged that are claimed to be LPC-specific or
preferentially associated with LPCs. These include lymphotoxin beta (LTȕ) (Akhurst et
al. 2005), interferon gamma (IFNJ) (Brooling et al. 2005), the TNF family member
TNF-like weak inducer of apoptosis (TWEAK) (Jakubowski et al. 2005) and
transforming growth factor beta (TGFȕ) (Nguyen et al. 2007). LPCs appear to be more
responsive to these factors than hepatocytes. This might explain why expansion of LPCs
is favoured in the presence of these factors.
The aim of this study is to narrow down the list of cytokines and growth factors that are
associated with an LPC response to the most prominent and common factors in different
liver injury models. We reasoned that this could be achieved by comparing the cytokine
profile in the three hepatitis models in a spatial and temporal manner.
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5.2 METHODOLOGY
To investigate global changes in gene expression, complementary DNA (cDNA)
microarray analysis was performed on RNA (2.5.1.1) prepared from Met-Kb, 178.3 and
respective control livers at the peak of hepatitis (day 6 and day 2, respectively). Two
biological replicates per group were applied to Affymetrix GeneChip® Mouse Genome
430 2.0 Arrays (2.5.6). Data were managed and analysed using the web-based
GeneSifter® software. Microarray data from CDE livers and respective controls, which
were previously generated in our laboratory by Dr. Janina Tirnitz-Parker using the same
protocol, were included in the analyses.
To validate microarray gene expression, transcript levels were assayed in reverse
transcribed (2.5.3) liver RNA from CDE, Met-Kb, 178.3, nude mice and respective
controls at various time points by real-time polymerase chain reaction (PCR) using the
TaqMan approach (2.5.5). TATA box associated factor 4A (TAF4A) was selected as a
suitable housekeeping gene based on constant expression levels by microarray analysis
in livers from control and CDE mice as well as different liver progenitor cell lines. All
expression levels were normalised to TAF4A and a calibrator that was analysed in every
run. The primers and TaqMan probes used are listed in Table A-II.8.
Protein concentrations of up to 7 cytokines were measured in parallel in serum samples
and liver homogenates from CDE, Met-Kb, 178.3, nude mice and respective controls.
This was done at various time points following treatment using the cytometric bead
array technology (2.6.3.1). The candidate cytokines TNFĮ and TWEAK were tested in
an in vitro proliferation assay (Cellscreen System) (2.2.4) on liver progenitor cell lines.
These were ‘bipotential murine oval cell liver’ (BMOL) and ‘bipotential murine
embryonic cell liver’, the latter which expresses the reporter gene ȕ-galactosidase under
the tyrosine aminotransferase (TAT) promoter (BMEL-TAT).
To identify the cytokine producers, liver leukocytes were isolated (2.1.10) from mice
that were subjected to the CDE diet for 1 week. Liver leukocytes were isolated from
Met-Kb, 178.3 and respective control (B10.BR) mice on day 2, 6, 11 and 21 after T cell
transfer. Lymph node cell preparations served as controls. From the leukocyte
populations CD4+ and CD8+ T cells, NK cells, NKT cells and macrophages were
purified using fluorescence-activated cell sorting (FACS) (2.4.3.2) followed by RNA
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isolation (2.5.1.2). Cytokine expression within each purified cell population was
assessed by RT-qPCR (2.5.5).

5.3 RESULTS
5.3.1

Induction of proliferative pathways in CDE and Met-Kb mice

Microarray analysis revealed that the three hepatitis models shared 1,076 >2-fold upregulated genes and 730 >2-fold down-regulated genes (Figure 5.2). The CDE and MetKb models possessed more genes in common (973 up-regulated, 860 down-regulated)
that differed from controls than the CDE and 178.3 models (135 up-regulated, 201
down-regulated) indicating a closer relationship between the CDE and Met-Kb models.
Each model was also characterised by a number of genes that were altered exclusively.
The greatest number of these model-specific genes was observed in the CDE model,
followed by the Met-Kb and then the 178.3 model that was characterised by only 50
induced and 368 suppressed genes. The immune-mediated liver injury models showed
more down-regulated than up-regulated transcripts in contrast to the CDE model in
which the reverse was true. Since we are interested in gene changes that are associated
with the LPC response, we focused on the genes shared by the CDE and Met-Kb models
(LPC+) (Figure 5.2, underlined numbers). We also investigated the genes specific for
the 178.3 model and associated KEGG pathways that were significantly over- or underrepresented (Z-score >2). In the LPC+ models, enriched transcripts belonged to cell
proliferation pathways such as cell cycle and the MAPK pathway (Figure 5.3A, red
bars). Furthermore, 11% of the listed genes of the TGFȕ pathway were induced. Four
categories of over-represented transcripts were associated with cell communication (gap
junction, focal adhesion, extracellular matrix interaction) and cellular architecture (tight
junctions) (Figure 5.3A, blue bars). Under-represented transcripts were part of
metabolic pathways such as the citrate cycle and the decomposition of xenobiotics by
the p450 cytochrome system in the liver (Figure 5.3A, yellow bars). In the 178.3 model,
the majority of over-represented or under-represented transcripts belonged in the
category of metabolic processes. The few induced transcripts were part of sugar
metabolism (Figure 5.3B, green bars), the down-regulated transcripts part of lipid
metabolism and transcription (Figure 5.3B, yellow bars). These data indicate that the
LPC+ models share signalling pathways that are associated with cell proliferation in
contrast to the 178.3 model, in which metabolic processes dominate.
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To further investigate the potential gene regulatory network that might account for the
changes in transcript expression we performed a promoter analysis as described below.
The list of identified genes that were significantly up-regulated in the individual models
(>5-fold in the CDE model and >2-fold in the Met-Kb or 178.3 models) were subjected
to a transcriptional regulatory network analysis using the publicly available promoter
analysis and interaction network tool (PAINT). Based on enriched transcription factor
response elements (TRE), potential binding transcription factors were predicted (Table
5.1). The analysis revealed a list of transcription factors that were very similar for all
models. However, when statistics were applied only a few of these candidates were
significant in the 178.3 model (p0.05, bold values). The majority of predicted
transcription factors were involved in cell proliferation. Furthermore, genes that induce
hepatocyte differentiation like hepatocyte nuclear factor 4 (HNF4) and upstream
stimulatory factor (USF) (Odenthal et al. 2002) were identified. The software also
predicted NFțB as a transcription factor exclusive to the LPC+ models. The majority of
the candidate binding factors belonged to the MAPK pathway and thus support the
previous finding from the KEGG analysis that transcripts from the MAPK pathway
were enriched in CDE and Met-Kb livers. The significant transcription factors in the
LPC+ models are illustrated in the KEGG pathway annotated ‘MAPK signalling
pathway’ in Figure 5.4 (purple circles) in addition to the >2-fold up-regulated genes
identified by gene pattern analysis (shown in red). Overall, our microarray data and
subsequent promoter analysis demonstrated that the CDE and Met-Kb models share
gene patterns that lead in particular to the activation of the classical MAPK, the c-jun Nterminal kinase (JNK)/p38 MAPK and the NFțB pathways (Figure 5.4). These
pathways are of particular interest in the context of liver inflammation. Proinflammatory cytokines such as TNFĮ and IL-1, released from KC and necrotic
hepatocytes, respectively, activate the classical NFțB pathway and induce transcription
of genes that promote tumour formation (for a review see Karin and Greten 2005).
Cytokine-dependent NFțB activation has been shown to be associated with liver cancer
through the induction of compensatory proliferation (Maeda et al. 2005). Other factors
such as IL-6, EGF and HGF, which are implicated in the LPC response, activate the
classical MAPK pathway. In the setting of liver injury, this pathway is involved in cell
cycle progression and allows integration of cytokine and growth factor signals.
Furthermore, TNFĮ has also been reported to activate JNK, another group of the MAPK
family, via TNF receptor-associated factor 2 (TRAF2) (Song et al. 1997).
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Figure 5.2. Changes in global gene expression in the CDE, Met-Kb and 178.3 models based on
microarray analysis.
Gene expression was analysed after microarray analysis in all liver injury models when compared to
controls. The number of genes that were 2-fold up-regulated or 2-fold down-regulated are displayed in
red and green, respectively. The number of genes that were shared between all models are shown in the
centre of the Venn diagram. Adjacent numbers indicate genes common to two models, and the outer
numbers represent genes that were specific for the individual models.
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Figure 5.3. KEGG pathways that are differentially regulated in the LPC+ and LPC- models.
Microarray data were analysed using the GeneSifter software. Lists of genes that were at least 2-fold upor down-regulated in the CDE and Met-Kb models (LPC+) or the 178.3 model (LPC-) were retrieved by
gene pattern analysis. These genes were categorised according to the KEGG pathways and the relative
number of changed genes was calculated. Transcripts that were commonly altered in the CDE and Met-Kb
models (A) differ from the ones in the 178.3 model (B). Only pathways with a Z-score >2 are listed.
Negative values indicate down-regulation of transcripts. ECM, extracellular matrix.
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Candidate
TRE
CDE diet
Met-Kb
transcription
Count pCount pfactor
value
value
Total promoters
708
668
Cell growth/proliferation
Elk-1
V$ELK1_02
55 0.741
74 0.008
Elk-1
V$ELK1_01
40 0.547
49 0.043
CRE-BP1/
V$CREBP1CJUN_01
44 0.239
53 0.006
c-Jun
CRE-BP1
V$CREBP1_Q2
13 0.238
20 0.002
CREB
V$CREB_01
34 0.374
42 0.019
CREB
V$CREB_Q2
10 0.042
8 0.132
Evi-1
V$EVI1_06
26 0.091
27 0.034
c-Myc/ Max
V$MYCMAX_02
24 0.261
14 0.927
GATA-1
V$GATA1_02
24 0.022
12 0.785
GATA-1
V$GATA1_05
4 0.896
12 0.023
E2F
V$E2F_02
17 0.073
20 0.007
E2
V$E2_01
4 0.003
1 0.453
CCAAT
V$CAAT_C
0
5 0.001
AP-1
V$AP1_C
16 0.836
32 0.002
Differentiation and hepatocyte specificity
HNF-4
V$HNF4_01
222 0.013
180 0.650
USF
V$USF_Q6
54 0.034
59 0.001
Pax-6
V$PAX6_01
43 0.016
23 0.891
NFțB superfamily
c-Rel
V$CREL_01
85 0.311
90 0.050
NFțB
V$NFKB_Q6
31 0.001
16 0.381
NFțB
V$NFKAPPAB_01
14 0.009
3 0.956
NFțB (p65)
V$NFKAPPAB65_01
10 0.007
2 0.891
ECM receptor interaction
COMP1
V$COMP1_01
166 0.001
132 0.300
TGFȕ pathway
Myogenin
V$MYOGNF1_01
31 0.011
18 0.611
c-Ets-1 (p54)
V$CETS1P54_01
26 0.791
39 0.026
Wnt pathway
FOXD3
V$FOXD3_01
190 0.849
204 0.127
v-Myb
V$VMYB_01
71 0.523
87 0.007
SOX-9
V$SOX9_B1
31 0.508
39 0.039

178.3
Coun pt
value
722
101
48
66

0.403
0.151
0.620

15
51
7
15
30
19
8
19
0
1
17

0.111
0.001
0.301
0.903
0.036
0.226
0.354
0.029

217
45
30

0.069
0.382
0.609

70
18
5
3

0.935
0.309
0.824
0.772

135

0.574

22
46

0.384
0.004

233
83
30

0.013
0.106
0.625

0.374
0.793

Table 5.1. Enriched transcription factor response elements in CDE, Met-Kb and 178.3 mice at the
peak of hepatitis.
Promoter analysis of genes up-regulated >5-fold (CDE model) or >2-fold (Met-Kb and 178.3 models) was
performed using the promoter analysis and interaction network tool (PAINT). Based on enriched
transcription factor response elements (TRE), candidate transcription factors were predicted. Bold
numbers indicate significant p-values (0.05). Only significant TRE with known function are listed.
Some factors are listed more than once because of different consensus sequences. ‘Count’ indicates how
many times the TRE were found in the gene set.
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Figure 5.4. LPC-associated genes and transcription factors within the MAPK pathway.
Microarray analysis identified 973 >2-fold up-regulated genes that were shared between the CDE and
Met-Kb models. Within this gene set, members of the MAPK pathway were significantly overrepresented. The KEGG annotation illustrates these genes within the pathway. Red font indicates genes
that were >2-fold up-regulated in the CDE and Met-Kb models but unchanged in the 178.3 model and
controls. Purple circles mark transcription factors predicted by PAINT that were significantly upregulated in the CDE and/or Met-Kb models.

5.3.2

Sustained expression of TNF superfamily members in CDE and
Met-Kb livers

To identify the factors that led to activation of the MAPK and NFțB pathway in the
LPC+ models, we investigated a number of growth factors and cytokines known to
induce these pathways. We identified 14 genes in this category, which were shared by
the CDE and Met-Kb but not the 178.3 model, using the KEGG annotation ‘cytokinecytokine-receptor interaction’ (Table 5.2). Two genes belonged to the TGFȕ pathway
(TGFȕ receptor II, bone morphogenetic protein (BMP) receptor type 1A). The list also
contained growth factors (hepatocyte growth factor, kit ligand), members of the TNF
superfamily (TNF receptor superfamily member 21, TWEAK), interleukins (IL-1Į, IL10 receptor beta) and chemokines (CX3CR1, CXCL4). Another highly enriched
transcript was colony stimulating factor 1 receptor, which is essential for macrophage
function and thus confirmed the importance of macrophages in the LPC response as
established in chapter 4. Most of the other transcripts have also been described in the
context of liver regeneration.
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identifier
BC012653
BG972377
BB476818
BG793483
AW537708
BB815530
NM_019932
BM939768
NM_023517
NM_008349
AK004947
BB371842
BC003727
NM_010511
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Gene title
Chemokine (C-X3-C) receptor 1
Tumour necrosis factor receptor
superfamily, member 21
Hepatocyte growth factor
Transforming growth factor, beta
receptor II
Transcribed locus
Kit ligand
Platelet factor 4 (chemokine (C-X-C)
ligand 4)
Bone morphogenetic protein receptor,
type 1A
Tumour necrosis factor (ligand)
superfamily, member 13 (TWEAK)
Interleukin 10 receptor, beta
Colony stimulating factor 1 receptor
Transcribed locus
Interleukin 1 alpha
Interferon gamma receptor 1

Fold increase over control
CDE diet Met-Kb 178.3
6.8
2.5
1.7
3.4
2.7
1.7
3.3
3.0

2.0
2.2

1.6
1.1

3.0
3.0
2.9

1.5
1.8
1.5

0.9
1.4
1.3

2.9

1.3

0.9

2.5

2.9

1.7

2.2
2.1
1.9
1.8
1.7

2.0
2.5
1.9
1.8
1.5

1.0
1.1
0.9
1.1
1.2

Table 5.2. LPC-associated gene transcripts within the cytokine KEGG pathway.
The list of 973 >2-fold up-regulated genes (Pearson coefficient =0.98; p<0.05) that were common in the
CDE and Met-Kb models were filtered for cytokine genes using the KEGG annotation ‘cytokine-cytokine
receptor interaction’. A list of 14 genes was retrieved. Expression levels within each experimental group
are presented relative to controls.

To validate gene expression levels from microarray analysis, we performed real-time
PCR on selected candidates. We also included additional genes from the literature that
are implicated in LPC-mediated liver regeneration as demonstrated by studies of KO or
transgenic mice but were not found to be differentially regulated in our microarray
analysis.
From the TNF superfamily, we studied TNFĮ, LTȕ and its receptor as well as TWEAK
and its cognate receptor Fn14. TNFĮ expression was highly induced in all hepatitis
models at the peak of hepatitis. CDE showed a 10-fold, Met-Kb a 40-fold and 178.3
livers a 20-fold increase over control (Figure 5.5A). A feature common to the LPC+
models was that the expression was sustained for more than 6 days. LTȕ transcripts
were also significantly enriched in all experimental groups at the peak of hepatitis
(Figure 5.5B) with expression levels highest in the 178.3 model. The LTȕR was present
in all groups and expression reached its maximum in the CDE model at 2 weeks (Figure
A-V.1). The cytokine TWEAK and its receptor Fn14 have been proposed to be involved
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in LPC induction. Our gene expression analysis showed the ligand to be significantly
induced only in the Met-Kb model on day 6 (Figure 5.5C). However, expression of the
receptor was increased 10-fold in CDE and 7-fold in Met-Kb livers at the peak of
hepatitis. Interestingly, this induction was restricted to the LPC+ models since Fn14
mRNA levels were unchanged in the 178.3 model (Figure 5.5D). These data support the
view that the TWEAK/Fn14 signalling pathway is associated with LPC but not
hepatocyte-mediated liver-regeneration.
We restricted the analysis of TGFȕ family members to the two ligands TGFȕ1 and
activin A based on reports in the literature that suggest a role for either of these two
ligands in the termination of the LPC response (Oe et al. 2004; Preisegger et al. 1999).
TGFȕ1 transcripts were significantly up-regulated only in the LPC+ models from the
peak of the hepatitis onwards validating our microarray results that had identified this
pathway as preferentially associated with LPCs (Figure 5.6A). Activin A expression
was unchanged in all experimental groups for the duration of the study (data not
shown).
The observation that IFNJ differentially affects hepatocyte or LPC proliferation in
culture (Brooling et al. 2005) and our microarray analysis, which identified IFNJ
receptor I as LPC-associated gene, strongly suggest a role for this cytokine in the LPC
response. However, when we quantified IFNJ expression by real-time PCR, we could
not find any similarities between the CDE and Met-Kb models. IFNJ expression was not
significantly changed compared to controls in the CDE model over a period of 21 days
(Figure 5.6B). In contrast, Met-Kb livers demonstrated an almost 300-fold increase over
control levels on day 6. IFNJ expression was also significantly induced in 178.3 mice
on day 2 but it was 10 times lower than in Met-Kb mice. The discrepancy in IFNJ
expression between the diet and immune-mediated models suggests that IFNJ
expression may not directly be associated with LPC expansion but rather with T cell
infiltration.
A number of interleukins (IL) are implicated in liver regeneration including IL-1Į and 1ȕ, IL-6, IL-8, IL-12, IL-15, IL-18 and IL-21. Microarray gene expression profiling
revealed that the majority of these genes were either absent or down-regulated in the
hepatitis models. An exception was IL-1Į, which was almost 2-fold elevated in the
LPC+ models, but unchanged in the 178.3 model (Table 5.2). Thus, we investigated the
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kinetics of IL-1Į, which is released from necrotic hepatocytes and in turn triggers NFțB
expression in KC (Sakurai et al. 2008). We also studied IL-6 as a well-characterised
factor in acute liver regeneration. Furthermore, we included interleukins in our study
that have a key role in activating the dominating cell type of the inflammatory response
such as IL-12, IL-17, IL-2 and IL-10 (for an overview see Laurence and O'Shea J 2007).
IL-12 is a classical activator of macrophages and promotes a Th1 response that is
important in cell-mediated immunity. IL-17 has been identified as a key cytokine of the
Th17 response. Being mainly produced by CD4+ T cells that express the transcription
factor RORJt (Th17 cells), IL-17 plays a role in host defence against extracellular
bacteria and some fungi and is also associated with chronic inflammatory diseases
including alcoholic liver disease (Lemmers et al. 2009). IL-2 acts as a general survival
factor for T cells. IL-10 on the other hand is considered an inhibitory cytokine since it
counter-acts the inflammatory effects of Th1 cytokines in many immune responses
(O'Garra and Vieira 2007). Our expression analysis showed that IL-1Į was 3-4-fold upregulated in CDE and Met-Kb livers at the peak of hepatitis and increased even further
in the Met-Kb model on day 10 (Figure 5.7A). Despite the well-characterised role of
IL-6 in liver injury, we could not detect statistically significant changes in IL-6
expression in any of the experimental models (Figure 5.7B). This is probably due to
high variation between mice. Interleukins 2 and 17 were present in all hepatitis models
but expression did not differ significantly from controls (data not shown) suggesting
that these factors play a minor role in the LPC response. IL-12 and IL-10 were only
assessed on the protein level (Figure A-V.2).
Collectively, our expression studies of LPC-associated cytokines revealed an important
role for TNFĮ, Fn14 and TGFȕ1 (Table 5.3). Expression of these genes was sustained
for more than 6 days in CDE and Met-Kb livers. In contrast, expression levels were
either unchanged or elevated transiently in the 178.3 model. TWEAK and TGFȕRII, the
catalytic TGFȕ receptor, were obtained from gene chip analyses and therefore validate
the study. Other proposed candidates such as IFNJ and IL-10 were not involved,
although we did not analyse receptor expression levels. Candidates, which we tested
based on reports in the literature, included LTȕ and a number of interleukins. LTȕ
expression was elevated in all models and again more sustained in the LPC+ models.
The majority of interleukins however appeared not to be involved in the LPC response.
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Figure 5.5. Kinetics of gene expression for members of the TNF superfamily in the three hepatitis
models assessed by real-time PCR.
Expression levels for the cytokines TNFĮ (A), LTȕ (B), TWEAK (C) and its receptor Fn14 (D) were
analysed in the CDE, Met-Kb and 178.3 models over time by real-time PCR. Expression levels are
presented relative to appropriate controls. Data are presented as mean ±SEM with n=2-7. Statistical
significance with respect to the control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5.5. continued. Kinetics of gene expression for members of the TNF superfamily in the three
hepatitis models assessed by real-time PCR.
Expression levels for the cytokines TNFĮ (A), LTȕ (B), TWEAK (C) and its receptor Fn14 (D) were
analysed in the CDE, Met-Kb and 178.3 models over time by real-time PCR. Expression levels are
presented relative to appropriate controls. Data are presented as mean ±SEM with n=2-7. Statistical
significance with respect to the control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5.6. Kinetics of TGFβ and IFNJ transcripts in the three hepatitis models assessed by realtime PCR.
Expression levels for the cytokines TGFȕ1 (A) and IFNJ (B) were analysed in CDE, Met-Kb and 178.3
mice over time by real-time PCR. Expression levels are presented relative to appropriate controls. Data
are presented as mean ±SEM with n=2-7. Statistical significance with respect to the control group is
represented as *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5.7. Kinetics of IL-1α and IL-6 expression in CDE, Met-Kb and 178.3 mice assessed by realtime PCR.
Expression levels for the two interleukins IL-1Į and IL-6 were assessed in the CDE, Met-Kb and 178.3
models over time by real-time PCR. Expression levels are presented relative to appropriate controls. Data
are presented as mean ±SEM with n=2-7. Statistical significance with respect to the control group is
represented as *p<0.05.
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Candidate Candidate tested based on

Important in LPC response
b
Microarray analysis Literature (CDE & Met-K models)

TNF superfamily
TNFĮ
TWEAK
9 (TWEAK)
Fn14
LTȕ
LTȕR
TGFȕ superfamily
TGFȕ1
9 (TGFȕRII)
Activin A
Interferons
IFNJ
9 (IFNJRI)
Interleukins
IL-1Į
9 (IL-1Į)
IL-2
IL-6
IL-10*
9 (IL-10Rȕ)
IL-12*
IL-17

9
9
9
9

Yes
Likely
Yes
Likely
Likely

9

Yes
Unlikely
Maybe (low levels)

9
9
9
9

Maybe
Unlikely
Unlikely
Unlikely
Unlikely
Unlikely

Table 5.3. Summary of tested LPC-associated candidates.
Based on a microarray analysis search for LPC-specific cytokines and/or reports in the literature,
expression levels of 14 candidates were determined in the LPC+ models and compared with those in the
178.3 model. Increased expression levels and/or common kinetics in the LPC+ models indicate that these
factors are important in the LPC response. Two genes were not assessed at the mRNA but only at the
protein level (asterisk).
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Correlation between TNFα and TGFβ expression and liver
injury

Since the kinetics of TNFĮ expression showed the same pattern as the course of liver
injury (Figure 3.2E), we tested whether these two parameters are associated. Indeed,
TNFĮ expression levels correlated with regard to ALT levels in individual mice fed the
CDE or standard diet (Pearson r=0.88) (Figure 5.8A), Met-Kb and B10.BR (Pearson
r=0.82) (Figure 5.8B) but not 178.3 mice (Pearson r=0.24) over a period of three weeks
suggesting that TNFĮ is directly involved in liver damage. Whether TNFĮ is the cause
or effect of liver injury remains to be shown. Similarly, TGFȕ mRNA levels correlated
with ALT levels for mice fed the CDE diet and those fed the standard diet (Pearson
r=0.79) (Figure 5.9A), as well as Met-Kb mice (Pearson r=0.81) (Figure 5.9B) but not
178.3 mice (Pearson r=0.29). Since TGFȕ has not been described as direct mediator of
liver damage, it is likely that TGFȕ is induced in the context of the cytokine response
following liver damage. Furthermore, we observed a correlation between LTȕ and IFNJ
transcripts in CDE mice (Pearson r=0.82) (Figure 5.10A). This relationship was also
demonstrated for the Met-Kb (Pearson r=0.88) (Figure 5.10B) and to a lesser extent for
the 178.3 model (Pearson r=0.65) indicating that these two cytokines might induce each
other.
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Figure 5.8. Correlation between ALT levels and TNFα expression in CDE and Met-Kb mice.
Liver injury assessed by ALT levels correlated with expression levels of TNFĮ in mice subjected to the
CDE or standard diet (Pearson r=0.88) (A), Met-Kb and B10.BR mice (Pearson r=0.82) (B) over a period
of 21 days.
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Figure 5.9. Correlation between ALT levels and TGFβ1 expression in CDE and Met-Kb mice.
Liver injury assessed by ALT levels correlated with expression levels of TGFȕ1 in mice subjected to the
standard or CDE diet (Pearson r=0.79) (A) and Met-Kb mice (Pearson r=0.81) (B) over a period of 21
days.
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Figure 5.10. Correlation between gene expression levels of IFNJ and LTβ in mice from the CDE
and Met-Kb models.
Expression of IFNJ and LTȕ transcripts were assessed by real-time PCR. IFNJ and LTȕ expression
correlated in CDE (Pearson r=0.82) (A), Met-Kb mice (Pearson r=0.88) (B) and to a lesser extent in 178.3
mice (Pearson r=0.65) (data not shown) over a period of 21 days.
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Continuously elevated TNFα protein levels in CDE and Met-Kb
livers

To validate cytokine expression at the protein level, individual cytokines in serum from
all experimental models were tested using multiplex bead array technology. For TNFĮ,
sustained, high protein concentrations were detected in Met-Kb mice, thus confirming
previous mRNA data (Figure 5.11A). However, we were surprised to see no difference
in TNFĮ protein in CDE mice compared to controls. This discrepancy between mRNA
and protein levels might be due to the origin of analysed samples. Real-time PCR was
performed on liver RNA whereas protein content was measured in serum. IFNJ protein
concentrations correlated with mRNA expression levels in all models (Figure 5.11B).
Serum from CDE mice contained very low levels of IFNJ. About 12 and 18 times
greater IFNJ concentrations were present in serum from Met-Kb and 178.3 mice,
respectively. Within the interleukin family, IL-6 protein levels were significantly
induced in the Met-Kb model on day 6 (Figure 5.11C) although gene expression levels
were not significant, most likely due to animal-to-animal-variation. As observed
previously at the mRNA level, IL-6 protein concentrations were very low and variable
in all experimental groups. IL-12p70 and IL-10 protein levels did not differ significantly
from controls (data not shown).
The possibility that cytokine levels in the serum might not reflect the situation in the
liver prompted us to measure cytokine protein concentrations in liver homogenates,
which were then compared with serum samples. As predicted from RNA studies, we
found greater TNFĮ concentrations in CDE livers indicating a local cytokine response
in the CDE model in contrast to the systemic response seen in the Met-Kb and 178.3
models (Figure 5.12A). It should be noted that for this comparison protein levels were
measured in matching serum and liver samples from Met-Kb mice on day 10 instead of
day 6, which might account for the lower protein concentrations in Met-Kb compared to
178.3 mice. In all models, the highest IFNJ concentrations were detected in the serum
(Figure 5.12B). IFNJ levels were even lower in CDE livers suggesting that this cytokine
is either unimportant for the LPC response or that low serum levels are already
sufficient. Furthermore, this result indicates that transferred T cells could be the source
of IFNJ, in particular since we observed a systemic induction of IFNJ in Met-Kb and
178.3 mice. In the CDE model, IL-6 was elevated only in the liver, in Met-Kb and 178.3
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mice only in the serum (Figure 5.12C), but overall IL-6 concentrations were very low
and variable. No significant increase in IL-12 protein levels, which were more
prominent in serum, was found as observed at the mRNA level (Figure A-V.2). We also
analysed TWEAK protein concentrations in serum and liver homogenates by ELISA.
No significant change in TWEAK protein levels was observed in serum or livers from
any of the experimental groups at the peak of hepatitis (data not shown).
We then investigated the cytokine response in T cell-deficient nude mice that were fed a
CDE diet. These mice showed a delayed LPC response as demonstrated in chapter 4
(Figure 4.14). Therefore, we wished to know whether the reduction in LPCs in nude
mice could be explained by their cytokine profile. Induction of most cytokines was
either reduced (e.g. TGFȕ, IL-6) (Figure 5.13A) and/or delayed by 1 week (e.g. IL-1Į)
(Figure 5.13B) when compared to C57BL/6 mice on the CDE diet explaining the
diminished number and later onset of the LPC response. Remarkably, nude mice
reached higher LTȕ (Figure 5.14A) and Fn14 (Figure 5.14B) expression levels
compared to wt (Balb/c) mice fed the CDE diet on day 14 when LPC numbers reached
day 7 wt (Balb/c) levels. This excessive cytokine expression suggests a role of these two
factors in the delayed induction and expansion of LPCs. Interestingly, LTȕ expression
was higher in wt (Balb/c) and nude mice than C57BL/6 mice (orange dotted line), as
described previously (Knight et al. 2006), demonstrating that the intensity of LTȕ
expression does not correlate with LPC numbers. Absolute TNFĮ protein concentrations
did not differ significantly between nude, wt (Balb/c) and C57BL/6 mice on the CDE
diet (data not shown). However, relative intrahepatic TNFĮ levels (compared to
respective controls) were lower in nude and wt (Balb/c) mice (Figure 5.15A). Despite
low TNFĮ levels, nude mice showed significantly higher TNFĮ levels at 2 weeks
compared to wt (Balb/c) mice on the diet, which might be associated with the enhanced
LPC expansion at this stage. IFNJ was severely attenuated, both at the mRNA and
protein level in wt (Balb/c) and nude mice on the CDE diet as demonstrated by
decreased IFNJ concentrations in Figure 5.15B. This is consistent with the view that
IFNJ is mainly produced by Th1 cells, which are absent or not favoured in nude and
Th2-polarised wt (Balb/c) mice, respectively.
In summary, analysis of cytokine protein levels confirmed the mRNA expression data
for most cytokines. TNFĮ mRNA and protein were persistently elevated in CDE and
Met-Kb livers demonstrating that localised, sustained TNFĮ levels and not transient high
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levels are important for the LPC response. Very low IFNJ concentrations in the serum
appear to be sufficient if at all necessary. The TWEAK/Fn14 signalling pathway is
induced at the receptor level since TWEAK protein levels did not differ from controls.
Thus, we have narrowed down the list of candidates to TNFĮ, LTȕ, TGFȕ and
TWEAK/Fn14 and show that duration and not intensity of the signal, in particular
within the liver, is critical.
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Figure 5.11. Quantitation of cytokine protein levels in the serum of CDE, Met-Kb and 178.3 mice.
The total amount of TNFĮ (A), IFNJ (B) and IL-6 (C) in the serum of CDE, Met-Kb and 178.3 mice was
determined using multiplex cytometric bead array technology. Data are presented as mean ±SEM with
n=2-6. Statistical significance with respect to the control group is represented as *p<0.05, **p<0.01 and
***p<0.001.
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Figure 5.12. Comparison of TNFα, IFNJ and IL-6 protein levels in serum and livers from CDE,
Met-Kb and 178.3 mice.
Protein levels of TNFĮ, IFNJ and IL-6 were quantified in matching serum and liver samples for all
experimental groups. In the CDE model (day 7), TNFĮ levels were only elevated in the liver, whereas
Met-Kb and 178.3 mice displayed increased TNFĮ in serum and livers on day 10 and 2, respectively (A).
IFNJ protein levels were significantly higher in serum and livers from Met-Kb and 178.3 mice but very
low in CDE mice (B). IL-6 concentrations were very low, variable and only slightly elevated in CDE
livers as well as in serum from Met-Kb and 178.3 mice (C). Data are presented as mean +SEM with
n=2-6. Statistical significance with respect to the control group is represented as *p<0.05, **p<0.01 and
***p<0.001.
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Figure 5.13. Examples of reduced (TGFβ) and delayed (IL-1α) cytokine expression in nude mice
compared to C57BL/6 mice.
Nude mice showed reduced expression levels of TGFȕ1 compared to C57BL/6 mice when fed a CDE diet
(A). IL-1Į expression levels were lower 1 week into the diet but reached equivalent levels to C57BL/6
mice at 2 weeks (B). Data are presented as fold increase over control ±SEM with n=2-4. Statistical
significance with respect to wt (Balb/c) mice is represented as **p<0.01.
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Figure 5.14. Quantitation of LTβ and Fn14 expression in nude mice compared to wt (Balb/c) mice.
Expression of LTȕ (A) and Fn14 (B) was greater in nude mice compared to wt (Balb/c) mice following 2
weeks on the diet. For comparison, expression levels of C57BL/6 mice on the CDE diet are shown. Data
are presented as fold increase over control ±SEM with n=2-4. Statistical significance with respect to wt
(Balb/c) mice is represented as *p<0.05 and **p<0.01.

153

CHAPTER 5

RESULTS Cytokines

A

B

Figure 5.15. Relative protein levels of TNFα and IFNJ in liver and serum of nude mice.
Protein concentrations of TNFĮ and IFNJ were determined in matching serum and livers samples from
nude, wt (Balb/c) and C57BL/6 mice on a CDE diet. Nude mice showed a greater increase in relative
intrahepatic TNFĮ levels at two weeks compared to wt (Balb/c) mice (A). However, absolute TNFĮ
concentrations did not differ significantly between experimental groups. IFNJ protein was suppressed in
serum of nude and wt (Balb/c) mice compared to C57BL/6 mice (B). Data are presented as fold increase
over control ±SEM with n=2-4. Statistical significance with respect to wt (Balb/c) (A) or C57BL/6 mice
(B) is represented as **p<0.01.
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Pro-proliferative effect of TNFα and TWEAK on LPCs in vitro

Having shown a strong association between TNFĮ, TWEAK and the LPC response, we
wished to learn whether these two cytokines exhibit a direct effect on LPCs. Therefore,
we performed an in vitro proliferation assay using the non-invasive Cellscreen System
to quantify effects on cell proliferation (Viebahn et al. 2006). The liver progenitor cell
line ‘bipotential murine oval cell liver’ (BMOL), which was derived from CDE-treated
mice in our laboratory (Tirnitz-Parker et al. 2007), was exposed to increasing doses of
recombinant TNFĮ or TWEAK every two days. Cell growth was determined twice a
day for 12 days and plotted as individual growth curves (Figure 5.16A). TNFĮ
accelerated proliferation of LPCs in a dose-dependent manner (Figure 5.16B). Results
were confirmed by an MTT assay (data not shown). The TNF superfamily member
TWEAK also exhibited pro-proliferative effects on BMOLs, which was most prominent
at a dose of 100 ng/ml. However, TWEAK was also capable of slowing down
proliferation when cells were cultured in medium with high FBS concentrations (data
not shown). This is not surprising, since this cytokine is also capable of inducing
apoptosis. How the balance between proliferation and apoptosis is regulated remains the
subject of further investigations. These experiments demonstrate that the TNF
superfamily members TNFĮ and TWEAK can directly promote the expansion of LPCs
in vitro.
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Figure 5.16. Effect of TNFα on proliferation of LPCs in vitro.
Doubling times of the LPC line BMOL were determined during treatment with increasing dosage of
TNFĮ using the Cellscreen instrument. Growth curves for TNF-treated cells are shown (A). TNFĮ had a
dose-dependent pro-proliferative effect on BMOLs measured as decrease in doubling time (B). Statistical
significance with respect to the control group is represented as *p<0.05, and **p<0.01.
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Macrophages and CD8+ T cells are important cytokine
producers

To assess which cells produce the cytokines, which underlie the LPC response, and
whether they differ between models, we isolated liver leukocytes from all experimental
groups. Using fluorescence activated cell sorting (FACS) we purified five populations:
CD4+ and CD8+ T cells, NK cells, NKT cells and macrophages (Mac). We then
performed RT-qPCR for a number of cytokines on RNA isolated from the different
populations. Analyses of different time points in the Met-Kb and 178.3 models revealed
that the type of cytokine producing cells remained the same over time. However, levels
of cytokine expression in these cells differed at different time points and decreased over
time for some cytokines: for instance IL-6 expression was no longer detectable in
purified liver leukocytes, 3 weeks post-transfer (data not shown). To demonstrate the
main producing cells, representative data from the peak day of hepatitis for every
individual model are presented. To allow comparison of the different experimental
groups, the highest expression value per data set including controls was set to 100%.
Macrophages produced the majority of TNFĮ in all hepatitis models (Figure 5.17A).
TNFĮ production was also highly enhanced in CD8+ T cells in the LPC+ models. In the
CDE model, a significant proportion of TNFĮ was also produced by NK cells. CD4+ T
cells and NKT cells did not contribute significantly to TNFĮ production (data not
shown). LTȕ expression dominated in T and NKT cells in all experimental groups and
did not differ from controls (Figure A-V.3A). However, since intrahepatic LTȕ
expression was elevated above control levels (Figure 5.5B), production of LTȕ by
additional cells apart from the leukocyte population is likely. The TNF superfamily
member TWEAK was mainly derived from macrophages and NK cells in all models
(Figure 5.17B). T cells accounted for hardly any TWEAK production. All populations
of isolated liver leukocytes were characterised by low but continuous TGFȕ expression.
The macrophage population expressed twice as much TGFȕ compared to the other
populations but was again not different from controls (Figure A-V.3B). Surprisingly,
the IFNJ producing cells differed in all models (Figure 5.17C). In CDE livers, IFNJ was
mainly produced by NK and NKT cells. In the Met-Kb model, CD8+ T cells and to a
lesser extent macrophages contributed the most to IFNJ production at the peak of
hepatitis. From day 11 onwards, CD4+ T cells and NKT cells were found to express
IFNJ in addition to CD8+ T cells that still produced the majority of IFNJ. In the 178.3
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model, IFNJ was predominantly generated by NK cells and some CD4+ T cells at all
time points. This suggests that in the Met-Kb model the transferred T cells produce IFNJ
upon exposure to the antigen, which would explain the high IFNJ protein levels in MetKb mice in contrast to CDE mice that did not receive any T cell transfers. Furthermore,
the variation in IFNJ-producing cells reflects the heterogeneity of immune responses
that can be induced in the context of hepatitis. IL-6 expression was very low in isolated
liver leukocytes, restricted to macrophages and not significantly different from controls
(data not shown), as previous results suggest. It should be noted that this analysis was
restricted to liver leukocytes, but other non-parenchymal liver cells such as stellate cells,
KC, LSEC, dendritic cells and cholangiocytes are also potential cytokine producers.
In summary, we provide evidence for the role of macrophages as producers of TNFĮ,
TWEAK and IL-6. TNFĮ expression is highly and persistently induced in CD8+ T cells,
both in the CDE and in the Met-Kb models but not the 178.3 model. We further
demonstrate that IFNJ is produced by different cell types in a model-specific manner,
which does not rule out that low levels of IFNJ independent of the source contribute to
the LPC response.
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Figure 5.17. Cytokine expression in different populations of liver leukocytes in the hepatitis models.
Liver leukocytes were isolated from CDE mice on day 7, Met-Kb mice on day 6 and 178.3 mice on day 2
and sorted into different populations. Expression levels of TNFĮ (A), TWEAK (B) and IFNJ (C) were
assessed in purified CD4+ and CD8+ T cells, NK, NKT cells and macrophages (Mac) by real-time PCR.
To allow comparison of different experimental models, the highest expression level per data set was set to
100%. Data are presented as mean +SEM with n=2-4. Statistical significance with respect to the control
group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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5.4 DISCUSSION
Many cytokines have been described in the context of the LPC response. We wished to
narrow down the list of potential inducers. IL-12, IL-6 and activin A have been
implicated in the LPC response but did not play an important role in our models.
Furthermore, IL-2, IL-10 and IL-17, which polarise the immune response, were not
involved. However, TNFĮ, TWEAK/Fn14 and TGFȕ1 have been identified as major
players in this study (Figure 5.18).
Our investigation of TNFĮ revealed that it is present in all three liver injury models at
the peak of hepatitis. However, mRNA and protein levels were sustained over a longer
period exclusively in the LPC+ models. TNFĮ expression correlated significantly with
ALT levels implicating a role for this cytokine in the early phase of the LPC response.
Furthermore, nude and wt (Balb/c) mice were characterised by lower induction of TNFĮ
and reduced LPC numbers at 1 week. When LPCs expanded in nude mice at 2 weeks,
TNFĮ induction increased in parallel. Thus, continuously elevated TNFĮ levels appear
to be directly linked to LPC expansion. Our in vitro proliferation experiment confirmed
a direct pro-proliferative effect of TNFĮ on LPCs. We further identified CD8+ T cells
and macrophages, the inflammatory cell types that dominate during the LPC response,
as common producers of this cytokine. In the literature LSEC, bile duct cells (Ramadori
and Armbrust 2001) and KC (Peters et al. 1990) have also been reported as TNFĮ
producers. The fact that blocked TNFĮ signalling does not fully abrogate the LPC
response (Knight and Yeoh 2005; Knight et al. 2000) indicates that more than one
cytokine is important for the LPC response and that redundancy exists within the large
TNF superfamily (Figure 5.18A).
One of the factors, which could compensate for the lack of TNFĮ signalling is LTȕ.
Consistent with this view, nude mice displayed greater LTȕ expression levels than mice
that were not T cell-defective. However, additional LTȕ-producing cells apart from T
and NKT cells must exist since these cell populations are absent from nude mice
(Pellicci et al. 2002). Reports suggest that LTȕ is also produced by LPCs (Akhurst et al.
2005; Ruddell et al. 2009) and stimulates adjacent hepatic stellate cells via the LTȕ
receptor leading to fibrosis. An elegant study using liver-specific depletion of LTȕ in T
cell-deficient mice revealed that T cell-derived LTȕ is essential for liver regeneration
following PHx. This contradicts the observation of down-regulated LTȕ transcripts after
PHx (Akhurst et al. 2005). Thus, it is unlikely that LTȕ is exclusive to the LPC160
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mediated regeneration pathway but it may serve different functions and vary in
importance in the two regenerative pathways.
The TWEAK/Fn14 signalling pathway stands out from the TNF superfamily by
stimulating LPCs but leaving hepatocytes unaffected (Jakubowski et al. 2005). TWEAK
over-expression leads to hyperplasia of LPCs. Furthermore, loss of the receptor results
in reduced LPC numbers in a chronic liver disease model. This has been confirmed in
the CDE model in our laboratory where KO of the receptor and to a lesser extent KO of
the ligand ensued a decrease in LPCs (Tirnitz-Parker 2007). As for nude mice, the
suppression of LPCs was substantial but incomplete suggesting that other cytokines or
pathways can compensate for the lack of TWEAK/Fn14 signalling, which is not
surprising, given the large number of related TNF superfamily members. We only
observed a significant induction of TWEAK expression in the Met-Kb but not the CDE
model. This might be due to the difference in IFNJ levels in the two models since
(constitutive) TWEAK expression is inducible by IFNJ (Nakayama et al. 2000). We
also did not see a change in protein levels in any of the models, which could be due to
TWEAK being cleaved and secreted and/or degraded. So far, there are no data available
about the half-life of this cytokine. It should be noted that a membrane-bound and
soluble form of TWEAK exist which are both functional in vivo. We have identified
macrophages and NK cells as the main producers of TWEAK, which is consistent with
the literature (Maecker et al. 2005; Nakayama et al. 2000). However, we could not
detect significant TWEAK expression in CD4+ or CD8+ T cells as claimed previously
(Kaplan et al. 2002). A more convincing study reported the preferential presence of
TWEAK on the surface of IFNJ-stimulated monocytes but absence on the surface of T
cells even after a variety of different stimuli (Nakayama et al. 2000). In preliminary
experiments using flow cytometry, we observed an increase in TWEAK expression at
the peak of hepatitis in the Met-Kb but not the 178.3 model on the surface of liverderived macrophages, which were re-stimulated with irradiated splenocytes in vitro.
This aspect requires further investigation but indicates a role for liver-derived
macrophage as major TWEAK-producing cells in vivo. In humans, where specific
antibodies are available to distinguish the membrane-bound and secreted forms, resting
and activated macrophages produce both extracellular (Nakayama et al. 2000) and
intracellular (Maecker et al. 2005) TWEAK. However, most of these TWEAK
expression studies were restricted to blood-derived cells. To the best of our knowledge,
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this is the first study of TWEAK expression in liver-derived leukocytes with higher
relevance for chronic liver disease.
Expression of the specific receptor Fn14 on the other hand is massively increased in
both LPC+ models supporting the view that TWEAK/Fn14 signalling is regulated at the
receptor level (for a review see Burkly et al. 2007). Up-regulation of Fn14 is mediated
by growth factors, which are frequently induced during the process of liver
regeneration. For example, our search for LPC-associated factors identified the growth
factors HGF and SCF/c-kit, which might be involved in this process. Since LPCs have
been shown to express Fn14 (Jakubowski et al. 2005), the question arises whether the
distinct Fn14 expression levels in the Met-Kb and CDE models versus the 178.3 model
reflect simply an increase in LPC numbers; or is it causal with regard to expansion of
LPCs. Our finding, that TWEAK exerts a direct pro-proliferative effect on LPCs
suggests that Fn14 expression is causal rather than a consequence of LPC expansion.
Collectively, these results argue for an involvement of the TWEAK/Fn14 signalling
pathway in the LPC response, where LPCs and other epithelial cells respond to
macrophage-derived TWEAK through up-regulation of the specific receptor Fn14.
We also studied members of the TGFȕ pathway (Figure 5.18B). Our TGFȕ expression
data support the view that TGFȕ1 is induced as a counter-balance to ongoing LPC
expansion (Park and Suh 1999). The sustained, high expression levels in the CDE and
Met-Kb models are not directly linked to LPC expansion but reflect that the LPC
compartment is less affected by the growth-inhibitory effect of TGFȕ1 than hepatocytes
(Nguyen et al. 2007). We ruled out a role for activin A as the major player as suggested
by Oe and others (2004) given that expression levels were unchanged in all
experimental groups. Our data endorse the idea of HSC being the main producers of
TGFȕ1 during the LPC response (Park and Suh 1999) since none of the isolated liver
leukocyte populations showed higher TGFȕ expression compared to controls. On the
contrary, these data indicate that there is basal expression of TGFȕ within the healthy
and injured liver, mainly by macrophages, which is consistent with the suggested
function of TGFȕ1 in liver homeostasis as shown in TGFȕ1 KO mice (Williams et al.
1996).
Our study revealed major differences in IFNJ expression pattern and producing cell
types in the hepatitis models suggesting a minor role for this cytokine. Moreover, nude
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and wt (Balb/c) mice, which showed dramatically reduced IFNJ mRNA expression and
protein levels, still mounted an LPC response. This suggests that IFNJ is mainly T cellderived. Indeed, this was the case in the Met-Kb model where CD8+ T cells, most likely
the transferred antigen-specific T cells, produce the majority of this cytokine. In CDE
and 178.3 mice however, NK cells showed the highest expression levels. It is possible
that also in the 178.3 model upon encounter with the antigen (i.e. before day 2) CD8+ T
cells secrete IFNJ, which in turn stimulates NK cells to produce more IFNJ. IFNJ
production by T cells could explain why T cells are only supportive in the LPC
response. We hold the view, that IFNJ might favour LPC over hepatocyte-mediated
liver regeneration without being essential. We observed a statistical correlation
(Pearson) between LTȕ and IFNJ transcripts. This interrelationship has already been
described in various culture systems in 1983 (Robbins 1983; Yip et al. 1983) and
recently in the CDE model (Akhurst et al. 2005). However, the functional relevance
needs to be investigated further.
Members of the interleukin family proved to be less important in the LPC response
(Figure 5.18C). Despite their well-documented role in liver regeneration in the PHx
model and evidence for its induction in LPC-mediated liver regeneration, we did not
observe significant induction of IL-6 at the mRNA or protein levels. The only cell type
that expressed IL-6 was macrophages but the overall level of expression was very low.
Concordantly, reports in the literature suggest KC as the main producers for IL-6 during
liver regeneration (Aldeguer et al. 2002). Furthermore, LSEC produce IL-6 (Knolle et
al. 1997). Studies in the concanavalin A model, a model for T cell-mediated hepatitis,
which stimulates the LPC compartment in particular following PHx, found increasing
LPCs despite reduced IL-6 levels. Moreover, the expansion of LPCs in this model was
associated with elevated TNFĮ, TGFȕ1 and IFNJ expression (Hines et al. 2007). These
findings support our data and strongly argue for a major role of TNFĮ, TGFȕ and low
levels of IFNJ but not IL-6 in LPC-mediated liver regeneration. We were surprised that
IL-12 levels did not differ in CDE livers, as this factor is a classical activator of
macrophages, the dominating inflammatory cell type in the LPC response. One
explanation could be that we did not analyse the appropriate time points. Previous
studies of IL-12 expression in the CDE model found the highest expression very early
(after 3 days), a time point that we did not include in our analysis. Alternatively, the
different nature and heterogeneity of the macrophage population, as pointed out in the
last chapter, implicates different activation factors for each subset, which requires
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further investigation. Among the three hepatitis models, the Met-Kb model displayed the
highest percentage of classical activated macrophages (4.3.7.) and elevated IL-12 levels.
In the CDE model, however, KC dominated within the macrophage pool and IL-12
levels were low indicating that liver-resident macrophages might respond to distinct
signals, which should be further investigated.
In conclusion, the results presented in this chapter clearly demonstrate that the TNF
superfamily, in particular TNFĮ, TWEAK/Fn14 and to a lesser extent LTȕ play a major
role in the induction of LPC expansion. It is not the intensity but the duration of the
signal, that is important. Sustained TNFĮ expression favours the LPC response.
Macrophages and CD8+ T cells represent the main common producers of cytokines that
are clearly associated with the LPC response.
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Figure 5.18. Summary of LPC-associated cytokines and the producing cell types.
From the vast number of LPC-associated cytokines, 14 potential candidates from the TNF superfamily
(A), TGFȕ superfamily (B) and IFN/IL family (C) were tested at the mRNA and/or protein level in the
three hepatitis models. Furthermore, the cytokine producing cells were identified by FACS. Displayed are
factors that are important for the LPC response (bold), factors that are likely involved but of less
importance (normal font) and factors which are not involved in our experimental models (shaded). Mĭ,
macrophages; SMAD, Sma- and mad-related protein; JAK, janus-activated kinase; STAT, signal
transducer and activator of transcription; gp130, glycoprotein 130.
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6.1 INTRODUCTION
Chemotactic cytokines, in short chemokines, were discovered 21 years ago. To date,
more than 50 chemokines and 20 receptors have been identified. They are classified into
four subfamilies according to the relative position of conserved cysteine residues. Alpha
chemokines are defined by two cysteine residues that are separated by another amino
acid (designated as X) (CXC), whereas in the group of beta chemokines the cysteine
residues are directly adjacent (CC). The two gamma chemokines contain only one
conserved cysteine residue (C) and the single member of the delta group CX3CL1
shows the unique pattern of two cysteine residues separated by three non-conserved
amino acids (CXXXC or CX3C). This systematic classification further annotates
ligands with an L and receptors with an R. The original names for the chemokines
discussed in this chapter can be found in Figure 6.1.
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Figure 6.1. Overview of the four chemokine families and their members.
Chemokines are classified according to their chemical structure, in which C designates a cysteine residue
and X a variable amino acid. Based on that, four classes are formed: CXC chemokines (Į group), CC
chemokines (ȕ group), C chemokines (J group) and CXXXC chemokines (į group). The ligands (L),
highlighted in yellow, bind to one or multiple receptors (R), which belong to the family of
7-transmembrane G protein coupled receptors. Note that not all known chemokines and their receptors are
shown but only representative members. Chemokines and receptors that were part of the study are
highlighted (bold). Asterisks indicate chemokine receptors that are specific for a single chemokine.

Chemokines are secreted at the site of inflammation by resident tissue cells, resident
and invading leukocytes and cytokine-activated endothelial cells. In the liver,
chemokines are produced by LSEC, KC, activated hepatic stellate cells, biliary and
vascular endothelial cells as well as stimulated hepatocytes (Heydtmann and Adams
2009). Secreted chemokines are locally retained and presented in the proteoglycan-rich
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extracellular matrix thus establishing a chemokine concentration gradient surrounding
the inflammatory stimulus on the surface of the overlying endothelium. Chemokine
secretion is an early event during injury with the purpose of recruiting the first wave of
inflammatory cells. Initial capture of leukocytes in the liver sinusoids is mediated by
interaction of integrins on leukocytes and constitutively expressed cell adhesion
molecules on the endothelium, without the need for selectins (Zeremski et al. 2007).
Chemokine signalling activates leukocyte integrins and leads to conformational changes
resulting in firm adhesion of leukocytes. Facilitated by rearrangement of cytoskeletal
structures these cells then transmigrate through the fenestrated endothelium into the
liver where they can become activated by pro-inflammatory cytokines.
Much has been published on chemokines in HCV-induced hepatitis but there is little
knowledge of the role of chemokines in the context of liver regeneration. All chemokine
families with exception of the C chemokines have been implicated in liver pathology.
The two largest and best-characterised subgroups are the CXC and CC chemokines and
both are associated with a range of liver diseases (for an excellent overview see
Simpson et al. 2003).

6.1.1

The role of CXC chemokines in the liver

CXC chemokines can be further subdivided into those that contain an ELR motif
(glutamate, leucine, arginine) before the CXC near the N-terminus and those that do not.
The former bind to CXCR1 and CXCR2 and attract predominantly neutrophils, the
latter act on lymphocytes and monocytes (Baggiolini et al. 1997; Luster 1998). CXCL9,
CXCL10 and CXCL11 bind to CXCR3 and do not contain this motif, thus they act
predominantly on lymphocytes and monocytes. These chemokines, in particular
CXCL10 and their cognate receptor are up-regulated in HCV-mediated hepatitis
(Zeremski et al. 2008), chronic liver disease (Narumi et al. 1997), biliary atresia
(Kobayashi et al. 1999) and HCC (Hirano et al. 2007). CXCL12 is a special chemokine
because of its wide distribution in different tissues and broad functions. In the liver, it is
constitutively expressed by cholangiocytes. CXCL12 is critical for embryonic
development (Ma et al. 1998) and involved in stem cell biology as well as cancer (for a
review see Balkwill 2004). Interestingly, LPCs have been shown to express CXCL12 as
well as its receptor CXCR4 in the AAF/PHx rat model and blocking of CXCL12 led to
reduction in LPCs (Mavier et al. 2004). This chemokine is a candidate for an LPC-
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specific factor since it is not induced in liver regeneration following PHx (Hatch et al.
2002).

6.1.2

The role of CC chemokines in the liver

The literature contains evidence for the involvement of a number of CC chemokines in
different liver pathologies. CCL2, CCL3, CCL4 and CCL5 were increased at the mRNA
and/or protein level in chronic hepatitis C (CCL2: Narumi et al. 1997), fulminant
hepatic failure and chronic liver disease (CCL2-5: Leifeld et al. 2003), ALD (CCL2-4:
Afford et al. 1998) and HCC (CCL5: Hirano et al. 2007). In these pathologies, the CC
chemokines often correlated with the degree of inflammation. Within the CC family,
receptors are shared and multiple receptors bind one chemokine (e.g. CCL5 can bind to
CCR1, CCR3, CCR4 and CCR5). In most liver pathologies, an increase of CC
chemokines was associated with infiltration of T cells and monocytes suggesting that
these chemokines are potent T cell and monocyte attractants.

6.1.3

The role of CX3C chemokines in the liver

CX3CL1 (Bazan et al. 1997) and its specific receptor CX3CR1 (Imai et al. 1997) are
thus far the only members of the CX3C family. CX3CL1 and CXCL16 are the only
chemokines that exist in a soluble as well as a membrane-bound form (Imai et al. 1997);
the soluble form mediates chemotaxis and the membrane-bound form adhesion. Several
studies have demonstrated a role for this ligand/receptor pair in acute and chronic liver
disease (Efsen et al. 2002), liver fibrosis and hepatitis C (Heydtmann and Adams 2009;
Wasmuth et al. 2008), biliary cirrhosis (Isse et al. 2005) and HCC (Tang et al. 2007). In
HCC, increased expression of the ligand and/or the receptor correlated with greater
patient survival (Matsubara et al. 2007) and delivery of CX3CL1 into tumour cells
reduced tumour growth in mice (Tang et al. 2007). Whether this is due to increased
infiltration of T cells into the tumour and/or whether CX3CL1 functions as a tumour
suppressor gene, remains unresolved.
The aim of this study is to identify chemokines that might play an important role in the
LPC response by either attracting inflammatory cells or influencing liver resident cells.
Furthermore, there is a need to establish which cells produce these factors and more
importantly, which cells are responsive.
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6.2 METHODOLOGY
To study the chemokine profile in CDE, Met-Kb and 178.3 mice, microarray analysis
was performed as outlined in chapter 5. Gene expression of candidate chemokines and
their cognate receptors at different time points was validated by real-time PCR (2.5.5).
Protein levels of CCL2, CCL3 and CCL5 were assessed in matching serum and liver
samples for all experimental groups including nude mice using multiplex cytometric
bead array technology (2.6.3.1). Chemokine producers and responders were investigated
by real-time PCR analysis on isolated cell populations. Accordingly, liver leukocytes
were isolated from all hepatitis models followed by purification of T cells, NK, NKT
cells and macrophages by FACS (2.4.3.2). Expression of the chemokine receptors
CX3CR1, CCR2 and CXCR3 as well as the chemokine CCL12 was studied in cDNA
derived from the purified cell populations. Furthermore, clonally derived murine LPC
lines (BMOL, PIL-2, PIL-4) were analysed for chemokine expression by real-time PCR
(2.5.5).

6.3 RESULTS
6.3.1

Up-regulation of CXC, CC and CX3C chemokines in the LPC+
models

Microarray analysis of the hepatitis models identified 27 genes of the chemokine family
(22 ligands and 5 receptors), 14 of which were >2-fold up-regulated in the LPC+ models
(Table 6.1, bold). The majority of chemokines belonged to the CC and CXC family.
Interestingly, in the CC group, both ligand and receptor expression was elevated,
whereas in the CXC group only transcripts of the ligands were enriched. Since we are
interested in factors that are directly linked to LPC numbers we looked for a statistical
correlation (Pearson) between chemokine levels and LPC numbers (i.e. CDE>MetKb>178.3>controls). Based on our microarray data and reports in the literature, we
chose the following candidates for further investigation: CCL2, CCL3, CCL5, CCL6,
CCL12, CCR1, CCR2 (CC family); CXCL10, CXCR3 (CXC family); CX3CL1,
CX3CR1 (CX3C family).
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identifier
NM_008510
U50712
AF065933
AF281075
BB640315
NM_009138
NM_011336
BQ174669
BE198116
NM_011337
AF128218
NM_013653
BC002073
AF128196
AV231648
BB148128
BB148128
BB148128
X94151
D83648
AJ131357
BC012653
NM_008176
NM_021274
NM_019494
NM_013655
BC006640
AF030636
AF252873
BC019961
BC019961
NM_009140
NM_019932
NM_009141
BI104444
NM_008599
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Gene
abbreviation
CCL1
CCL12
CCL2
CCL24
CCL25
CCL25
CCL27
CCL27
CCL27
CCL3
CCL4
CCL5
CCL6
CCL9
CCR1
CCR2
CCR2
CCR2
CCR5
CCR5
CCR9
CX3CR1
CXCL1
CXCL10
CXCL11
CXCL12
CXCL12
CXCL13
CXCL14
CXCL16
CXCL16
CXCL2
CXCL4
CXCL5
CXCL9
CXCL9

Fold increase over control
CDE diet
Met-Kb
178.3
0.83
8.32
10.14
4.53
13.51
37.09
46.87
9.88
11.10
1.56
7.22
6.60
1.08
0.54
1.01
0.58
0.62
0.57
0.28
0.40
0.66
0.20
0.36
0.59
0.16
0.39
0.70
5.20
27.29
12.20
1.27
3.29
1.83
1.21
10.33
3.70
5.86
2.35
1.86
0.28
1.54
1.25
8.79
13.05
7.59
9.50
30.16
6.90
22.10
10.97
5.19
2.75
4.17
2.32
3.76
3.08
1.89
2.02
5.28
2.16
3.75
1.36
0.51
6.16
2.75
1.85
6.59
6.31
7.15
4.17
12.44
11.07
0.64
2.79
2.91
0.30
0.55
0.61
0.41
0.66
0.66
0.33
0.22
0.31
12.74
146.31
9.57
3.97
1.73
1.95
3.47
2.32
2.63
9.33
7.57
5.28
2.42
1.75
1.48
11.28
2.25
3.28
1.06
41.55
31.44
0.85
24.62
21.96

p-value
0.00001
0.01044
0.01365
0.01609
0.03395
0.01295
0.00702
0.00403
0.01257
0.00091
0.02051
0.00205
0.00101
0.00014
0.04297
0.01207
0.00312
0.00410
0.00005
0.00205
0.00341
0.01475
0.04604
0.00033
0.00237
0.00199
0.01929
0.01324
0.00681
0.00061
0.00430
0.00768
0.00162
0.00243
0.00026
0.00001

Table 6.1. List of chemokine ligands and receptors that differ statistically between the hepatitis
models and controls.
Microarray array data from CDE, Met-Kb, 178.3 and control mice was filtered for significant (p<0.05)
changes in chemokine expression within the KEGG pathway ‘cytokine- cytokine receptor interaction’.
Highlighted (bold) are genes that were at least 2-fold increased over controls in the CDE and Met-Kb
models.
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Increased expression of the CX3C chemokine family in CDE
and Met-Kb mice

First, we investigated the delta chemokine CX3CL1 and its specific receptor CX3CR1
since our search for LPC-specific factors had identified CX3CR1 as a potential
candidate. Furthermore, expression of this chemokine has been shown to be increased in
a variety of liver pathologies and thus makes it a promising candidate. Gene expression
analysis revealed significant up-regulation of both the ligand (Figure 6.2A) and receptor
(Figure 6.2B) in CDE and Met-Kb livers at the peak of hepatitis. In the 178.3 model, no
significant change in CX3CL1 expression was observed despite up-regulation of its
receptor. The next chemokine ligand/receptor pair we analysed belongs to the alpha
group of chemokines which were also found to be up-regulated in liver disease. In the
CDE model, CXCL10 expression was enhanced 15-fold over controls and it remained
elevated for a period of 3 weeks. In Met-Kb mice CXCL10 expression was also
sustained and reached 55-fold greater levels on day 6 compared to controls (Figure
6.3A) demonstrating that the change in expression levels determined by real-time PCR
was far greater than the change predicted from microarray analysis. CXCL10 expression
was also induced in 178.3 mice. Analysis of the receptor CXCR3 showed the same
expression pattern as the ligand in all experimental groups (Figure 6.3B). We found a
significant correlation between CXCL10 and IFNJ transcripts in Met-Kb mice (Pearson
r= 0.87) (Figure A-VI.1), which suggests that this chemokine is induced by IFNJ as the
original name interferon gamma-inducible protein 10 (IP10) suggests. However, no
significant correlation was observed in CDE or 178.3 mice.

173

CHAPTER 6

RESULTS Chemokines

A

B

Figure 6.2. Expression kinetics for the delta chemokine family member CX3CL1 and its cognate
receptor assessed by real-time PCR.
Expression levels for the chemokine CX3CL1 (A) and its specific receptor CX3CR1 (B) were analysed in
the CDE, Met-Kb and 178.3 models at different time points by real-time PCR. Expression levels are
shown relative to appropriate controls. Data are presented as mean ±SEM with n=2-7. Statistical
significance with respect to the control group is represented as *p<0.05 and ***p<0.001.
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Figure 6.3. Expression kinetics for the alpha chemokine family member CXCL10 and its receptor
assessed by real-time PCR.
Expression levels for the chemokine CXCL10 (A) and its receptor CXCR3 (B) were analysed in the CDE,
Met-Kb and 178.3 models at different time points by real-time PCR. Expression levels are shown relative
to appropriate controls. Data are presented as mean ±SEM with n=2-7. Statistical significance with
respect to the control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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Increase in CCR1 and CCR2 expression in CDE and Met-Kb
livers

Within the CC chemokine family, CDE mice showed high variation at the 1 week time
point for all chemokines analysed. Interestingly, the expression kinetics of all CC
chemokines or receptors was very similar in all hepatitis models. CDE mice always
showed the greatest expression followed by Met-Kb mice. No significant change in gene
expression was detected in the 178.3 model. We found a 45-fold and 20-fold increase in
CCL2 transcripts in CDE and Met-Kb livers at the peak of hepatitis, respectively (Figure
6.4A). CCL6 expression levels varied between mice and were therefore not significantly
changed in the hepatitis models (Figure 6.4B). CCL2 primarily signals through CCR2.
CCL6 however, can bind to CCR1, CCR2 and CCR3. Thus, we investigated CCR1
(Figure 6.4C) and CCR2 (Figure 6.4D) expression and found that both receptors peaked
at 1 week in CDE and Met-Kb mice. Elevated CCR2 expression was maintained in these
models as observed for the ligand CCL2. Another chemokine that binds to CCR2 is
CCL12. This chemokine was induced in all three models at the peak of hepatitis.
However, due to high variation between mice in all experimental groups, no significant
change was found (data not shown).
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Figure 6.4. Expression kinetics for the alpha chemokine family members CCL2, CCL6 and their
cognate receptors CCR2 and CCR1 assessed by real-time PCR.
Expression levels for the chemokines CCL2 (A), CCL6 (B) and their receptors CCR1 (C) and CCR2 (D)
were analysed in the CDE, Met-Kb and 178.3 models at different time points by real-time PCR.
Expression levels are shown relative to appropriate controls. Data are presented as mean ±SEM with
n=2-7. Statistical significance with respect to the control group is represented as *p<0.05 and
***p<0.001.
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Figure 6.4. continued. Expression kinetics for the alpha chemokine family members CCL2, CCL6
and their cognate receptors CCR2 and CCR1 assessed by real-time PCR.
Expression levels for the chemokines CCL2 (A), CCL6 (B) and their receptors CCR1 (C) and CCR2 (D)
were analysed in the CDE, Met-Kb and 178.3 models at different time points by real-time PCR.
Expression levels are shown relative to appropriate controls. Data are presented as mean ±SEM with
n=2-7. Statistical significance with respect to the control group is represented as *p<0.05 and
***p<0.001.
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Correlation between Fn14 and CCL2/CCL6 transcripts in the
CDE and Met-Kb models

The resemblance of cytokine and chemokine expression kinetics prompted us to
investigate whether a relationship exists between individual chemokines and cytokines.
Indeed, we observed a significant correlation between Fn14 and the two ȕ chemokines
CCL2 (Figure 6.5) and CCL6 (Figure 6.6). CCL2 transcripts correlated with Fn14
transcripts in CDE (Pearson r=0.85) and Met-Kb (Pearson r=0.93) but not 178.3 mice
(Pearson r=0.54) over a period of 3 weeks. The correlation between CCL6 and Fn14
transcripts correlated in all experimental groups (CDE Pearson r=0.86, Met-Kb Pearson
r=0.96, 178.3 Pearson r=0.77). These findings argue for Fn14 as a possible inducing
factor of CC chemokines.

6.3.5

Compensation in nude mice by increased CX3CR1 expression

To test which of these chemokines is involved in the initiation/early expansion of LPCs
we examined their expression pattern in nude mice, which were fed the CDE diet and
show a delayed onset of LPCs compared to wt (Balb/c) mice. Wt (Balb/c) mice
displayed similar expression of the CX3C chemokine family. Nude mice were
characterised by delayed CX3CL1 expression (Figure 6.7A) but more importantly, they
showed almost 7 times or 3 times greater expression of the receptor CX3CR1 at two
weeks (Figure 6.7B) compared to wt (Balb/c) or C57BL/6 mice, respectively suggesting
a major role for this chemokine receptor in the LPC response. Receptors of the CC
chemokine family were down-regulated in wt (Balb/c) and nude mice one week into the
diet indicating an association between these receptors and the T cell defect in these
mice. At 2 weeks however, CCR1 (Figure 6.8A) and CCR2 (Figure 6.8B) expression
was about 10 times greater in nude mice compared to wt (Balb/c) mice. CC ligands
showed a similar pattern to the receptor expression (data not shown). CCL12 expression
on the other hand was reduced to control levels in wt (Balb/c) and nude mice throughout
the experiment (data not shown).
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Figure 6.5. Correlation between Fn14 and CCL2 transcripts in CDE and Met-Kb livers.
Expression of Fn14 and CCL2 transcripts was assessed by real-time PCR. Fn14 and CCL2 expression
correlated in CDE (Pearson r=0.95) (A) and Met-Kb mice (Pearson r=0.93) (B) over a period of 3 weeks.
One animal fed the CDE diet for 1 week was considered an outlier and removed from the graph.
However, this animal did not invalidate the overall correlation (not shown).
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Figure 6.6. Correlation between Fn14 and CCL6 transcripts in CDE and Met-Kb livers.
Expression of Fn14 and CCL6 transcripts was assessed by real-time PCR. Fn14 and CCL6 expression
correlated in CDE (Pearson r=0.96) (A) and Met-Kb mice (Pearson r=0.96) (B) over a period of 3 weeks.
One animal fed the CDE diet for 1 week was considered an outlier and removed from the graph.
However, this animal did not invalidate the overall correlation (not shown).
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Figure 6.7. Comparison of expression kinetics for the delta chemokine family member CX3CL1 and
its specific receptor in nude and wt (Balb/c) mice assessed by real-time PCR.
Expression levels for the chemokine CX3CL1 (A) and its specific receptor CX3CR1 (B) were analysed by
real-time PCR in nude and wt (Balb/c) mice that were subjected to the CDE diet for 1 or 2 weeks.
Expression levels are shown relative to appropriate controls. Data are presented as mean ±SEM with
n=2-4. Statistical significance with respect to wt (Balb/c) mice is represented as *p<0.05, **p<0.05 and
***p<0.001.
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Figure 6.8. Comparison of expression kinetics for the alpha chemokine family receptors CCR1 and
CCR2 in nude and wt (Balb/c) mice assessed by real-time PCR.
Expression levels for the chemokine receptors CCR1 (A) and CCR2 (B) were analysed by real-time PCR
in nude and wt (Balb/c) mice that were subjected to the CDE diet for 1 or 2 weeks. Expression levels are
shown relative to appropriate controls. Data are presented as mean ±SEM with n=2-4. Statistical
significance with respect to wt (Balb/c) mice is represented as ***p<0.001.
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Increased protein levels of CCL2, CCL3 and CCL5

Having shown that CC chemokines and the respective receptors were up-regulated at
the mRNA level in the LPC+ models and nude mice, we sought to validate the
expression data at the protein level. We quantified the protein concentration of CCL2
and included two additional candidates in the analysis based on evidence from the
literature of their possible involvement- CCL3 and CCL5 (another ligand for CCR1).
Other candidates could not be validated at the protein level, as assays were not available
at the time of the study. To determine the distribution of chemokines, matching serum
and liver samples were compared at the peak of the hepatitis. For all animals, CCL2
protein levels were very similar in serum and liver samples (Figure 6.9A), which were
significantly increased in Met-Kb and 178.3 mice. Surprisingly, serum from 178.3 mice
contained the highest CCL2 concentration with an average of 830 pg/ml. Moreover, we
detected very high CCL3 concentrations in the liver of both immune-mediated models
but not the CDE model (Figure 6.9B), which suggests that this chemokine is not an
important player in the LPC response. CCL5 protein levels were similar in serum and
liver samples and increased significantly in serum of Met-Kb and 178.3 mice (Figure
6.9C). Nude mice displayed no significant change in any of these chemokines (data not
shown).
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Figure 6.9. Quantitation of CC chemokine protein levels in serum and livers from CDE, Met-Kb
and 178.3 mice.
Protein concentrations of CCL2, CCL3 and CCL5 were measured in serum and livers from CDE (day 7),
Met-Kb (day 10), 178.3 mice (day 2) and respective controls using bead array technology. CCL2 levels
were almost identical in matching serum and liver samples (A). CCL3 was predominantly detected in
liver samples of Met-Kb and 178.3 mice (B). CCL5 was elevated in serum and liver samples (C). Data are
presented as mean ±SEM with n=2-6 (A) and n=2-3 (B, C). Statistical significance with respect to the
control group is represented as *p<0.05, **p<0.01 and ***p<0.001.
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Attraction of macrophages via CX3CR1

We further sought to identify the chemokine producing and responding cells. Therefore,
we tested LPC lines for chemokine expression. All three clonal murine LPC lines
BMOL, PIL-2 and PIL-4, which were derived from CDE-fed mice, expressed the
ligands CX3CL1, CXCL10 and CCL2 (Figure A-VI.2) but none of the analysed
receptors (CCR1, CCR2, CX3CR1, CXCR3), suggesting that LPCs themselves are not
responsive

to

chemokines.

Interestingly,

expression

levels

correlated

with

tumorigenicity showing the greatest expression in tumorigenic PIL-2 cells followed by
PIL-4 and BMOLs, which are non-tumorigenic. We then examined purified liver
leukocyte populations for chemokine receptor expression. We found CX3CR1
predominantly expressed on liver macrophages and to a lesser extent on NK cells in all
experimental groups (Figure 6.10A). This finding suggests that LPCs can attract
macrophages via CX3CL1. CCL12 has been described as a potent monocyte
chemoattractant that is produced by activated macrophages (Sarafi et al. 1997). When
we examined the purified macrophage populations from the different models, we found
indeed that they expressed CCL12. As expected, only activated macrophages, isolated
from Met-Kb mice on day 6 and 12 and 178.3 mice on day 2 and 6, were characterised
by CCL12 expression but macrophages from controls livers were CCL12-negative. The
expression kinetics in liver macrophages reflected the expression pattern we had
observed in total liver in Met-Kb mice (Figure 6.10B) indicating that activated
macrophages are the main producers of this chemokine.

6.3.8

Attraction of T cells via CCR2 and CXCR3

We further investigated whether T cells harbour the appropriate receptor to be attracted
by any of the CC and CXC chemokines analysed. CD8+ T cells from Met-Kb livers
expressed significantly greater levels of CCR2 than control or 178 mice (Figure 6.11A).
This finding suggests the possibility of direct T cell recruitment by LPCs and
demonstrates that not only monocytes/macrophages (as the original name monocytechemotactic protein 1 suggests) are responsive to CCL2. CD4+ T cells expressed
CXCR3 (Figure 6.11B) enabling them to respond to the T cell chemoattractant
CXCL10. Lymphocytes isolated from 178.3 livers up-regulated neither CCR2 nor
CXCR3. Taken together these data suggest that macrophages are attracted to the injured
liver by CX3CL1 and CCL2 and T cells by CXCL10, CCL2 and possibly CCL5.
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Figure 6.10. Analysis of CX3CR1 and CCL12 expression in purified leukocyte subsets in the
hepatitis models.
Expression levels for the chemokine receptor CX3CR1 (A) were assessed in purified leukocyte
populations by real-time PCR. Macrophages and NK cells were found to be the main producers in all
experimental groups. CCL12 expression was quantified in purified macrophage populations. Only
activated macrophages were positive. Comparison of expression levels within the livers of Met-Kb mice
and the macrophage population purified from these mice showed very similar kinetics. Data are presented
as mean ±SEM with n=2-5 (A) and n=2-3 (B).
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Figure 6.11. Analysis of CCR2 and CXCR3 expression in purified T cell subsets in the immunemediated hepatitis models.
Expression levels for the chemokine receptors CCR2 (A) and CXCR3 (B) were analysed in the CD4+ and
CD8+ T cell subsets that were purified by flow cytometry from Met-Kb, 178.3 and control livers at the
peak of hepatitis. Data are presented as mean ±SEM with n=2-4. Statistical significance with respect to
the control group is represented as *p<0.05.
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6.4 DISCUSSION
Our data suggest a role for CXC (CXCL10), CC (CCL2, CCL5, CCL12) and CX3C
(CX3CL1) chemokines in LPC-mediated liver regeneration. We found increased
expression of CXCL10 and its receptor in all hepatitis models. This finding is not
surprising since CXCL10 is induced in many models of liver and bile duct injury
(Koniaris et al. 2001) including hepatitis C where expression levels correlated with
inflammation and fibrosis (Zeremski et al. 2008). Since CXCL10 appears to be upregulated in direct response to liver injury it can be considered a general feature of
hepatic inflammation and injury (Koniaris et al. 2001). Indeed, in hepatitis C and biliary
atresia, it could be used as a prognostic marker (Kobayashi et al. 1999; Narumi et al.
1997). Administration of CXCL10 however, neither stimulated hepatocyte proliferation
in vitro nor increased hepatocyte mass in vivo proving that CLCL10 is not a direct
hepatic mitogen (Koniaris et al. 2001). On the contrary, CXCL10 is mainly produced by
hepatocytes and LSEC (Narumi et al. 1997; Zeremski et al. 2008; 2007) and attracts
NK and Th1 cells (Farber 1997; Gangur et al. 1998). In HCC, CXCL10 transcripts
correlated with infiltration of CD8+ T cells (Hirano et al. 2007) supporting the idea of
CXCL10 as a T cell chemoattractant in the liver. This is in agreement with our finding
of CXCR3 expression on CD4+ and CD8+ T cells that were purified from Met-Kb and
178.3 livers. Therefore, it is likely that this chemokine pair contributes to T cell
recruitment into the liver during the early phase of liver regeneration. However,
CXCL10 is not exclusive to LPC-mediated liver regeneration. Thus, it might serve as a
general signal to attract inflammatory cells to the site of injury. We also examined
expression of CXCL12 which has been reported to be induced in the LPC response
(Mavier et al. 2004), but our preliminary expression data (data not shown) revealed
decreased expression levels compared to controls in all hepatitis models. This is
consistent with studies in HCC that also relied on real-time PCR (Shibuta et al. 1997).
Thus, it is important to confirm this finding at a protein level in the future when an
assay is available. It will also be of interest to test additional CXC chemokines that were
identified as LPC-associated candidates by our microarray screen, in particular CXCL2,
CXCL4, CXCL5 and CXCL16 (Table 6.1).
Within the CC subfamily, we found very similar expression patterns for CCL2, CCL6,
CCL12 and their receptors CCR1 and CCR2 reaching their maximum at the peak of
hepatitis. CDE mice always showed the highest and 178.3 mice the lowest expression
levels, which correlate with LPC numbers. At the protein level however, CCL2 levels
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were significantly increased in 178.3 mice, which suggests that this chemokine is also
involved in hepatocyte-mediated regeneration. CCL3 was only elevated in the immunemediated models and thus is unlikely to be involved in the LPC response. Similarly,
CCL5 protein levels were greater in the immune-mediated models than the CDE model
suggesting regulation at the receptor level. Our data confirm and complement findings
from Leifeld and others (2003) who analysed the expression profile of CCL2-5 in liver
and serum samples from 20 patients with chronic liver disease of different aetiology.
They observed a significant increase in chemokine-positive cells in the patients’ livers,
which was most prominent for CCL2 and to a lesser extent CCL5, despite only
marginally elevated serum levels. CCL2 was mainly produced by hepatocytes and
LSEC, CCL3 by vascular endothelial cells and CCL5 by biliary endothelial cells.
However, for all four CC chemokines, KC and LSEC populations showed the greatest
increase (>10-fold) in chemokine production. This is consistent with studies in which
depletion of KC resulted in severely reduced levels of most CC chemokines, in
particular CCL12 (Kopydlowski et al. 1999; Yamaguchi et al. 1999). Interestingly, in
particular pro-inflammatory cytokines such as IFNJ and TNFĮ, which are up-regulated
during the LPC response (5.3.), can induce CC chemokine expression on KC and HSC
(Sozzani et al. 1995; Zeremski et al. 2007). A recent study demonstrated that the two
TNF family members LTȕ and LIGHT (lymphotoxin-related inducible ligand
competing for glycoprotein D binding to herpes virus entry mediator on T cells) induce
CCL5 expression by HSC in vitro (Ruddell et al. 2009). Furthermore, a clonal LPC line
responded to CCL5 in an in vitro migration assay implying a role for this chemokine as
an LPC chemoattractant. However, the observation that CCL5 only attracted one out of
three LPC lines tested could indicate that this chemokine acts on a minor subset of the
heterogeneous LPC compartment. Therefore, CCL5 might be more important for the
recruitment of inflammatory cells and additional HSC given that leukocytes and HSC
are CCL5-responsive (Lalor et al. 2002; Schwabe et al. 2003). Further experiments
using primary cultures have to be undertaken to clarify the role of CCL5 on LPCs.
Since CCL5 can signal through four different receptors, namely CCR1, CCR3, CCR4
and CCR5, it is likely that different receptors mediate different functions, for example
recruitment of T cells via CCR5 and NK cells via CCR1 (Karlmark et al. 2008; Qin et
al. 1998). After all, HSC are important players in the chemokine response, both as
target and as source of chemokines, as demonstrated for CXCR3 (Pinzani and Marra
2001), CCL2 (Marra et al. 1999) and CX3CR1 (Wasmuth et al. 2008). CX3CL1 and
CCL5 in particular have been shown to promote fibrosis through activation of HSC
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(Schwabe et al. 2003; Wasmuth et al. 2008) suggesting that perpetuation of the
chemokine signal in a chronic disease setting might be detrimental.
We also investigated CCL6, a so far poorly characterised member of the CC family.
Expression of CCL6 and its receptor CCR1 appeared elevated exclusively in the LPC+
models, although the increase in expression was not significant due to a large animal-toanimal variation. Only little is known about the rodent-specific chemokine CCL6, and
mainly from models of pulmonary infection where it attracts neutrophils and
macrophages induced by IL-13 (Ma et al. 2004). We identified Fn14 as potential
inducer of this chemokine in the liver. Fn14 expression was also associated with CCL2
transcripts, a relationship that has been described in melanoma cell lines where Fn14
mediated CCL-2 dependent monocyte attraction (Kang et al. 2008). Thus, we have
established a mechanism how monocytes/macrophages might be attracted into the liver
during the LPC response (Figure 6.12). These cells can in turn attract more
inflammatory cells through secretion of CCL12. We found CCL12 only in activated
macrophages which is consistent with the literature (Sarafi et al. 1997). CCL12 is a
functional and structural homologue of CCL2 that attracts monocytes, lymphocytes and
eosinophils in vivo and in vitro (Jia et al. 1996). In the liver, CCL12 is inducible by LPS
and IFNJ (Kopydlowski et al. 1999) and appears to be involved in paracetamol
poisoning (Bone-Larson et al. 2000) and bacterial infection (Ehrlichiosis) (Miura and
Rikihisa 2009).
Increasing evidence suggests a major role for the chemokine pair CX3CL1/CX3CR1 in
chronic liver disease (6.1.). Our search for LPC-specific cytokines revealed the CX3C
family as a prime candidate (Table 5.2). Indeed, expression analysis showed that both,
the ligand and the receptor are significantly up-regulated in CDE and Met-Kb livers. In
the 178.3 model, expression of the ligand was unchanged. More importantly, nude mice
displayed much greater receptor expression levels than wt (Balb/c) and even C57BL/6
mice at the time of LPC expansion suggesting a role for this chemokine pair in the early
phase of LPC proliferation. CX3CL1 plays a dual role as adhesion and signalling
molecule. The membrane-bound form of CX3CL1 is mainly expressed on LSEC (Bazan
et al. 1997) and also on biliary epithelial cells (Isse et al. 2005) where it is highly
inducible by inflammatory cytokines such as TNFĮ, IFNJ and IL-1ȕ. It promotes
adhesion of monocytes and T cells but not neutrophils (Bazan et al. 1997). The soluble
form is released after cleavage and attracts NK cells, T cells (CD8>CD4) and
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monocytes/macrophages (Imai et al. 1997). Concordantly, we observed the greatest
expression of CX3CR1 on liver macrophages and NK cells but levels were very low on
T cells. It has been shown that receptor expression per se does not determine the
migratory behaviour. In vitro, mostly NK and CD8+ T cells migrated after stimulation
with CX3CL1 but only few monocytes, despite the fact that 80% of monocytes
expressed the receptor (Imai et al. 1997). Therefore, it is important to determine the
effect of CX3CL1 protein on liver leukocytes. Furthermore, it should be investigated in
blocking experiments whether the observed migration of T cells and macrophages
towards liver homogenates is CX3CR1-dependent.
We have demonstrated that LPCs themselves are a source for CX3CL1, CXCL10 and
CCL2 but do not express the respective receptors. This negates the idea of autocrine
signalling as suggested following the detection of ligand and receptor in biliary
epithelial cells (Isse et al. 2005) and the HCC cell line HepG2 (Efsen et al. 2002).
Furthermore, the latter group provided evidence that LPCs produce CX3CL1 in vivo in
human chronic liver disease by identifying small oval-shaped cells that stain positive for
CX3CL1 and CK7. They further observed activated macrophages in close proximity that
expressed the receptor but not the ligand suggesting that they were attracted by this
chemokine. This finding strengthens our proposal of an interaction between
macrophages and LPCs, specifically that LPCs themselves attract macrophages during
the regeneration response (Figure 6.12). Our data demonstrate that LPCs are also
capable of attracting other inflammatory cells through the production of CXCL10 and
CCL2. Furthermore, we showed that T cells express the responding receptors CXCR3
and CCR2, which is consistent with the literature. CCL2 is known as a T cell (Loetscher
et al. 1994; Taub et al. 1995) and monocyte (Uguccioni et al. 1995) chemoattractant
mediated by the main receptor CCR2 (Sozzani et al. 1995). In the setting of human
chronic liver disease, CC chemokines correlated strongly with CD8+ T cells, KC
(CD68+) and invading macrophages (Mac387+) (Leifeld et al. 2003). This observation
does not only confirm the findings of our previous investigation of inflammatory
infiltrates but also provides evidence that CC chemokines such as CCL2 might be
involved in their recruitment.
In conclusion, we have identified CX3CL1, CCL2 and CCL12 as three principal
chemokines that are involved in the LPC response by recruiting T cells and
macrophages. LPCs and a variety of other liver-resident cells can produce these factors
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in the setting of chronic liver injury. Further studies in knockout mice are necessary to
understand the role of these chemokines in the LPC response. We propose that it is not a
single chemokine but an intrahepatic chemokine cascade involving CX3C, CC and
maybe CXC chemokines, which controls the regeneration response (Figure 6.12). At
this, crosstalk between liver-resident cells and invading/resident inflammatory cells is
important. The concept of crosstalk between multiple players also applies to the
cytokine network, where the orchestrated induction of different members of the TNF,
TGF and to a lesser extent interleukin superfamily drives the LPC compartment. Fn14
might represent one mediator that connects these two networks. Future research will
need to focus on the precise role of specific chemokines at each stage of the LPC
response. We need to continue unravelling the intrahepatic source of chemokines and
which cells are responsive. This will elucidate which chemokine network promotes
chemotaxis of inflammatory cells, LPCs and HSC. Such information will be crucial in
designing strategies to augment the LPC-mediated liver regeneration process to
maximise liver repair as a consequence of chronic injury.
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Figure 6.12. Summary of proposed chemokine signalling events during LPC-mediated liver
regeneration.
Based on our expression and protein data, we propose the following model. LPCs and HSC are a source
(blue) of chemokines (yellow) that upon binding to the specific receptor(s) (purple) attract inflammatory
cells and HSC (green). Chemokine expression is induced by pro-inflammatory cytokines and signalling
through the TWEAK receptor Fn14, thus establishing a link between the two networks. Principal
mediators are displayed in bold. The signalling cascade on the right is based on (Ruddell et al. 2009;
Schwabe et al. 2003).
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In the light of an increasing liver shortage for orthotopic transplantation, the treatment
of choice for chronic liver disease is liver regeneration through LPCs. Therefore, there
has been an increasing interest in LPC biology over the past decades. Their ability to
give rise to cells of both the hepatic and biliary lineages makes them excellent
candidates for cell therapy. Despite considerable effort to understand LPC biology and
the subsequent progress made, many questions remain. For example, it is still unknown
what ultimately induces and terminates the LPC reaction, and the cellular origin of these
signals is undefined. These questions need to be addressed, for example in order to
augment LPC numbers and prevent uncontrolled LPC expansion, before LPCs can be
utilised in clinical therapies. To achieve this goal, standardisation of experimental
approaches and animal models that characterise LPCs is desirable (Sancho-Bru et al.
2009). This call is justified since most studies of LPCs rely on a single experimental
liver injury model in a variety of organisms such as mouse, rat, pig or human. Thus,
direct comparison of these findings and their translation to human liver pathologies
represent a major challenge. Furthermore, since chronic liver injury can be caused by
many agents, it is important to address the variability of aetiologies in the respective
animal models. It is intriguing that LPCs are commonly induced under most
pathological conditions irrespective of their aetiology, arguing for common initiating
and regulatory mechanisms of the LPC response. Since a close spatial and temporal
association has been described between inflammatory cells and the expansion of LPCs,
we proposed that an immune cell type might be common to LPC-mediated regeneration
across models. To date, only few studies have examined the inflammatory environment
in great detail and to the best of our knowledge, no comparative studies across models
have been performed.
To investigate the LPC response, we chose two models of diet-induced liver injury
(CDE diet fed to C57BL/6 and nude mice) and two models of immune-mediated liver
injury (Met-Kb, 178.3). The CDE diet resembles non-alcoholic fatty liver disease seen
in humans, which can progress to HCC triggered by disturbed lipid metabolism,
increased hepatocyte oxidative stress and persistent hepatocyte death (Jou et al. 2008).
The latter two models reflect autoimmune hepatitis where the host’s own immune cells
are autoreactive and kill hepatocytes. As demonstrated in chapter 3, all hepatitis models
were characterised by severe liver damage and inflammation. However, only the CDE
and Met-Kb models mounted an LPC response. To the best of our knowledge, we were
the first to show the presence and expansion of LPCs in Met-Kb and not in 178.3 mice.
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We have demonstrated that this lack of LPC expansion is not dependent on the severity
of injury. The Met-Kb and 178.3 models represent a ‘black and white image’ of LPC
activation in the same injury setting and therefore provide a powerful tool to dissect the
factors that are specifically associated with the LPC response. Furthermore, our data
provide evidence that the two regenerative pathways mediated by hepatocytes and LPCs
respectively, are not mutually exclusive. Thus, we have established valuable
experimental models to study the LPC response in the inflammatory environment.
In chapter 4, we explored our idea of an immune cell type that is common to the LPC
response in different injury models. Our data show that NK cells were induced in the
CDE model consistent with a recent study that investigated the impact of different
immune cell types on the LPC response in the CDE model (Strick-Marchand et al.
2008). However, NK cells were not induced in any of the other liver injury models we
studied, and thus we cannot conclude that these cells play a major role in LPC biology.
This observation strengthens our concept of comparing different injury models instead
of relying on one model in order to unravel general LPC-associated features.
Our analysis further demonstrated that T cells are not essential but nevertheless
important for the LPC response. Nude mice displayed a delayed LPC response when fed
a CDE diet suggesting that T cells are involved in the temporal coordination of the
regeneration response. We can presume that T cells amplify the cytokine signalling
cascade by producing cytokines themselves, as outlined in chapter 5, and by recruiting
more inflammatory cells. When this positive feedback loop is missing or impaired, the
onset of LPC expansion is delayed.
Importantly, we identified macrophages as the principal cellular infiltrates associated
with an LPC response in distinct liver injury models. We successfully distinguished
liver-resident KC from invading macrophages by immunofluorescent staining for CRIg
and CD11b, respectively. This is a reliable and convenient approach to estimate the
abundance of the two subsets and might be applicable for the assessment of a variety of
liver pathologies. Based on numbers, we found evidence for an involvement of both
Kupffer cells and infiltrating macrophages in the LPC response. Further studies are
required to clarify the function of the different macrophage subsets, in particular since
macrophages are known to exert divergent functions. In the context of fibrosis for
example, macrophages either promote fibrosis through activation of HSC or they
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resolve fibrosis through degradation of matrix and inhibition of HSC (Duffield et al.
2005). Whether these contrasting functions are executed by the same cell type following
phenotype switching, or by two different macrophage subsets is unresolved (Friedman
2005). Based on our observations and others (Klein et al. 2007), it is tempting to
speculate that KC and infiltrating macrophages fulfil different functions. To address the
question of whether KC or invading macrophages are the principal players in the LPC
response, bone marrow (BM) chimeras could be generated and subjected to the CDE
diet. For example, sex-mismatched BM transplants from male donor mice into female
recipients would allow us to distinguish liver-derived KC from BM-derived invading
macrophages through in situ hybridisation for the Y chromosome combined with
immunostaining for the pan macrophage marker F4/80. An overall increase in the one
or the other subset and close spatial and/or temporal association with LPCs could clarify
the importance of these subsets. However, the finding that some KC are BM-derived as
opposed to ‘sessile’ KC (Klein et al. 2007) might confound the interpretation of this
experiment. Alternatively, CRIg+, CD11b+ and CRIg+CD11b+ cells could be purified by
FACS from CDE and Met-Kb livers at different time points in order to perform
transcriptional profiling by microarray analysis and functional studies. We speculate
that KC are the cells that initially respond to the injury stimulus by producing cytokines
and growth factors and are then replaced and/or supported by invading macrophages.
The enhancing role of the latter subset is consistent with the increase in CD11b+ cells in
nude mice at the time of LPC expansion and might present compensation for the lack of
T cells. Thus, the heterogeneous macrophage population is of major importance in the
regeneration response and could serve as a target for directed manipulation once we
know more about their regulation.
The second aim of this work was to analyse the cytokine profile associated with LPCs
and to narrow down the list of potential inducers to common and principal candidates.
We investigated the kinetics, expression levels and location of cytokines as well as the
cytokine producing cells in the different hepatitis models to pinpoint the most
prominent factors (chapter 5). From our initial list of 14 candidates, four cytokines
showed similar profiles in the LPC+ models based on duration of expression and source
of the cytokine: TNFĮ, TWEAK/FN14, LTȕ and TGFȕ. Thus, our analysis did not
reveal a single factor that is exclusive to the LPC response but identified multiple
candidates, in particular members of the TNF superfamily. This is not surprising for the
coordination of wound healing and the regeneration process, which require a
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combination of factors to act in concert, as demonstrated by the substantial but
incomplete suppression of LPC expansion in a variety of cytokine KO mice.
Furthermore, redundancy often exists within the signalling pathways. Depletion of one
or two members of the TNF superfamily, as demonstrated in CDE-fed TNFRI KO,
TNFĮ/LTĮ KO, LTȕ KO, LTȕR KO, TWEAK KO and Fn14 KO mice does not lead to
complete abrogation of the LPC response (Akhurst et al. 2005; Knight and Yeoh 2005;
2000; Tirnitz-Parker 2007). It is likely that these ligands compensate for each other to
prevent a total failure of the system, which would otherwise have fatal consequences.
Given the presence of common cytokines in the Met-Kb and 178.3 models, it is likely
that differential temporal and/or spatial regulation triggers the LPC response. Indeed,
we found sustained cytokine expression exclusively in the LPC+ models in contrast to
the transient expression in 178.3 mice. We further provided evidence that the source of
cytokines might be a critical determinant apart from the duration of the signal, e.g.
localised production of TNFĮ by CD8+ T cells in the liver. TNFĮ is a pleiotropic
cytokine that is involved in multiple signalling mechanisms. In the liver, TNFĮ can
stimulate LPCs and HSC as part of the regeneration response, attract inflammatory cells
and induce divergent effects in particular in hepatocytes resulting in proliferation or
apoptosis. In chronic liver injury, persistent TNFĮ expression in inflammatory and
endothelial cells induced NFțB in transformed hepatocytes that in turn were protected
from apoptosis, promoting tumour progression (Pikarsky et al. 2004). Thus, persistent
cytokine expression is not only associated with liver regeneration but also linked to
cancer, a complexity we must be aware of when trying to manipulate LPCs for therapy.
In the last experimental chapter of this thesis (chapter 6), we sought to investigate the
mediators that recruit inflammatory cells to the site of injury and thus enable interaction
between liver-resident and invading cells. Our analysis revealed CX3CL1 and CCL2 as
important macrophage and T cell chemoattractants. CCL12, being expressed by
activated macrophages, provides a positive feedback loop that helps to recruit more T
cells and macrophages. We have demonstrated that LPCs themselves are a source of
chemokines. Hence, LPCs actively recruit inflammatory cells such as macrophages and
T cells that in turn secrete LPC-mitogenic cytokines or induce other cells to do so. This
interdependence of LPCs, inflammatory cells and non-parenchymal cells reflects the
complexity of this regeneration process and makes a chronological order of signalling
events difficult to predict. Furthermore, since our study concentrated on the impact of
invading inflammatory cells, we cannot be certain what contribution liver-resident cells
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make. As suggested earlier, we hold the view that these cell populations interact. Thus,
it is unlikely that infiltrating cells directly activate LPCs through secretion of cytokines
without the help of resident cells. TGFȕ1 might be one of the linking factors; being
produced by macrophages, it can activate HSC, which in turn release growth factors that
stimulate LPCs and chemokines that attract additional inflammatory cells.
Following extensive investigation of the inflammatory environment associated with the
LPC response, we have modified our initial model proposed in chapter 1 (Figure 1.4)
based on the findings presented in this thesis (Figure 7.1). In the setting of chronic liver
damage, inflammatory cells are attracted to the site of injury in response to endotoxins
where they produce cytokines such as TGFȕ1. TGFȕ1 can activate HSC to
myofibroblasts, which act as enhancers of the inflammatory response through the
secretion of chemokines and growth factors (Ramadori and Armbrust 2001). We have
shown that the dominant infiltrates are macrophages and T cells and that they are also
the main cytokine producing cells. TNFĮ, LTȕ, TWEAK and to a lesser extent IFNJ
promote LPC proliferation. In disagreement with our initially proposed model of
TWEAK-mediated interaction between T cells and LPCs (Figure 1.5), we found
TWEAK expression on macrophages and NK cells, but not on T cells. Furthermore, our
expression data did not support a role for CXCL12 in the expansion of the LPC
compartment. Thus, direct contact between T cells and LPCs appears very unlikely.
Macrophages are better candidates for direct cell-cell contact as immunostaining shows
their close proximity to LPCs. CX3CL1 in its membrane-bound form mediates cell
adhesion. Since LPCs express this chemokine and macrophages the respective receptor,
direct cell-cell contact between LPCs and macrophages is likely. Even if no direct cell
contact takes place, communication between inflammatory cells and LPCs is ensured
through paracrine signalling. LPCs themselves and LSEC are a source of additional
chemokines, e.g. CCL2 and CXCL10, and are thus capable of amplifying the
inflammatory response. However, this self-enhancing process can have detrimental
effects, if perpetuated and uncontrolled, leading to cirrhosis and HCC. Therefore, one
major goal for future work should be to identify the factors and regulatory mechanisms
that terminate this response, which if unchecked could induce transformation to cancer.
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Figure 7.1. Proposed model of the interplay of the liver inflammatory environment and LPCs.
In chronic liver injury, a number of infiltrating immune cells are attracted, in particular macrophages and
T cells. Macrophages produce TGFȕ1, which activates HSC. Activated HSC/myofibroblasts release and
produce growth factors that stimulate LPCs as well as chemokines that attract additional inflammatory
cells. Macrophages and T cells are the main sources of cytokines including TNFĮ, TWEAK, IFNJ and
LTȕ, which promote expansion of the LPC compartment. Stimulated by these pro-inflammatory
cytokines LPCs themselves and LSEC secrete chemokines, which attract more inflammatory cells via the
chemokine receptors CCR1, CCR2, CX3CR1 and CXCR3 resulting in a positive feedback loop.
Macrophages are also capable of attracting inflammatory cells through secretion of CCL12. NKT and
Th17 cells do not play a major role in the LPC response. NK cells represent another source of some
cytokines but appear not to be critical. The role of DC has not been investigated. Factors and pathways
that were correctly predicted are indicated with a tick; those that were not consistent with our data are
indicated with a cross and shaded.
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In conclusion, we have identified a potential synergy between LPCs and immune cells.
Macrophages and T cells are the principal immune cells that support the LPC response
through the production of mitogenic cytokines and indirectly through interaction with
other cell types. The source and kinetics of cytokine signalling are important
determinants of the regeneration pathway and thus deserve more attention in the future.
The studies described in this thesis provide the following novel contributions to the
field:
x

provision of two new mouse models to study LPC and hepatocyte-mediated
liver regeneration in parallel in the immune environment;

x

identification of LPC-associated cellular infiltrates that are common to liver
injury models of different aetiology;

x

a new approach to distinguish liver-resident from invading macrophages;

x

identification of cytokine location and cytokine producing cell types in the
liver during the LPC response;

x

identification of candidate chemokines as well as their source and target in
LPC-mediated liver regeneration.

The data presented in this thesis have shed some light on mechanisms by which the
inflammatory environment in the liver shapes the LPC response, and significantly
contributed to our understanding of LPC biology, which will form the basis for future
studies.
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CHAPTER 1

I.1

ABBREVIATIONS AND SYNONYMS

Abbreviation
°C
1°
178.3

Meaning
degrees Celsius
primary
transgenic mouse model in which the model antigen Kb is expressed under its natural
MHC class I promoter
secondary
2-acetylaminofluorene
tertiary
marker expressed by mouse liver progenitor cells
Alexa Fluor
acidic fibroblast growth factor
alpha-fetoprotein
antigen
alcoholic liver disease
alanine transaminase
acetone/methanol
Analysis of Variance
antigen presenting cells
allophycocyanin (FACS)
amphiregulin
Animal Resources Centre
anti
inbred mouse strain
inbred mouse strain
bicinchoninic acid
bipotential murine embryonic cell liver
bipotential murine oval cell liver
bone morphogenic protein
base pair
bovine serum albumin
cysteine
inbred mouse strain
cytometric bead array
carbon tetra chloride
choline-deficient, ethionine-supplemented diet
livers dissected from mice placed on the CDE diet
mice placed on the CDE diet
complementary deoxyribonucleic acid
cytokeratin
control
cyclooxygenase
crossing point
complement receptor immunoglobulin
colony stimulating factors
cytotoxic T lymphocyte
complete T cell medium
day(s)
diaminobenzidine
4',6-diamidino-2-phenylindole
dendritic cells
3,5-diethoxycarbonyl-1,4-dihydrocollidine
double-deionised water
diethylnitrosamine
diethyl pyrocarbonate
Désiré

2°
2-AAF
3°
A6
AF
aFGF
AFP
Ag
ALD
ALT
AM
ANOVA
APC
APC
AR
ARC
Į
B10.BR
BALB/c
BCA
BMEL
BMOL
BMP
bp
BSA
C
C57BL/6
CBA
CCl4
CDE diet
CDE livers
CDE mice
cDNA
CK
con
COX
Cp
CRIg
CSF
CTL
CTM
d
DAB
DAPI
DC
DDC
DDW
DEN
DEPC
Des
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DIPIN
dlk
DMEM
DMF
DMSO
DNase
dNTP
dT
DTT
ECM
EDTA
EGF
EGFR
ELISA
ERK
FACS
FAM
FBS
FGF
FITC
Fn14
FSC
FW
g
GF
gp
h
H&E
HB-EGF
HBSS
HBV
HCC
HCV
HEPES
HGF
HNF
HRP
HSC
ICAM
IF
IFN
Ig
IGF
IHC
IL
IP10
ITS
JAK
JNK
KC
kDa
KEGG
KO
L
LFA
LIF
LN
LPC
LPCLPC+
LPS
LSEC

ABBREVIATIONS

1,4-bis [N,N’-di-(ethylene)-phosphamide] piperazine
delta-like protein-1
Dulbecco’s modified eagle medium
dimethyl formamide
dimethyl sulfoxide
deoxyribonuclease
desoxynucleoside triphosphate
desoxythymidine
1,4-dithiothreitol
extracellular matrix
ethylene-diamine-tetra-acetic acid
epidermal growth factor
epidermal growth factor receptor
enzyme-linked immunosorbent assay
extracellular signal-regulated kinase
fluorescence activated cell sorting
fluorescein
fetal bovine serum
fibroblast growth factor
fluorescein isothiocyanate
fibroblast growth factor-inducible 14
forward scatter
FACS wash
gravity force
growth factor
glycoprotein
hour(s)
Haematoxylin and eosin
heparin-binding epidermal growth factor-like growth factor
Hank’s balanced salt solution
hepatitis B virus
hepatocellular carcinoma
hepatitis B virus
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
hepatocyte growth factor
hepatocyte nuclear factor
horseradish peroxidase
hepatic stellate cells
intercellular adhesion molecule
immunofluorescence
interferon
immunoglobulin
insulin growth factor
immunohistochemistry; refers to immunohistochemical and immunofluorescent
detection of markers
interleukin
interferon gamma-inducible protein 10
insulin, transferrin, selenium
janus-activated kinase
c-jun N-terminal kinase
Kupffer cells
kilo Dalton
Kyoto Encyclopaedia of Genes and Genomes
knockout
ligand
leukocyte functional antigen
leukaemia inhibitory factor
lymph node
liver progenitor cell
refers to the 178.3 model
refers to the CDE and Met-Kb models
lipopolysaccharide
liver sinusoidal endothelial cells
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LT
M2PK
Mac
MAPK
MCP
Met-Kb
MFI
MHC
min
MIP
MOPS
mRNA
mTOR
MTT
MyD88
Mĭ
NFțB
NK cell
NKT cell
NSAID
O/N
OD
OSM
p
PAINT
PanCK
PBC
PBMC
PBS
PCR
PDGF
PE
Pearson r
PFA
PHx
PIL
PK
PSC
qPCR
R
r2
Rag
RANTES
RCRB
RNase
rpm
RPMI
RT
RT-PCR
s
SA
SCF
SD
SDF-1
SDS
SEM
SMAD
SOCS
SSC
STAT
T reg
TAE

ABBREVIATIONS

lymphotoxin
muscle pyruvate kinase 2
macrophage
mitogen-activated protein kinase
monocyte chemotactic protein
sheep metallothionein-driven expression of the model antigen Kb in a transgenic mouse
model
median fluorescence intensity
major histocompatibility complex
minute(s)
macrophage inflammatory protein
3-[N-morpholino] propane sulphonic acid
messenger ribonucleic acid
mammalian target of rapamycin
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
myeloid differentiation primary response gene 88
macrophages
nuclear factor kappa B
natural killer cell
natural killer T cell
non-steroidal anti-inflammatory drug
overnight
optical density
oncostatin M
probability value (statistics)
promoter analysis and interaction network generation tool
pan cytokeratin
primary biliary cirrhosis
peripheral blood mononuclear cell
phosphate-buffered saline
polymerase chain reaction
platelet-derived growth factor
phycoerythrin
Pearson’s correlation coefficient
paraformaldehyde
partial hepatectomy
p53-immortalised liver
proteinase K
primary sclerosing cholangitis
quantitative polymerase chain reaction
receptor
coefficient of determination
recombination-activating gene
regulated upon activation, normal T cell expressed and secreted
red blood cell removal buffer
ribonuclease
rounds per minute
cell culture media (developed at the ‘Rosewell Park Memorial Institute’)
room temperature
reverse transcriptase polymerase chain reaction
second(s)
streptavidin
stem cell factor
standard deviation
stromal cell-derived factor 1
sodium dodecylsulphate
standard error of the mean
Sma- and mad-related protein
suppressor of cytokine signalling
side scatter
signal transducer and activator of transcription
regulatory T cell
Tris-acetate-EDTA
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TAF4A
TAT
TBS
TCM
TCR
TGF
Th
TLR
TNF
TNFR
TNFRSF
TRADD
TRAF
TRE
TUNEL
TWEAK
UPL
USF
UV
v/v
VCAM
w/v
wk
wt
X

ABBREVIATIONS

TATA box associated factor 4A
tyrosine aminotransferase
tris-buffered saline
T cell medium
T cell receptor
transforming growth factor
T helper
Toll-like receptor
tumour necrosis factor
tumour necrosis factor receptor
tumour necrosis factor receptor superfamily
TNF Receptor-Associated Death Domain
tumour necrosis factor receptor-associated factor
transcription response element
Terminal deoxynucleotidyl transferase dUTP nick end labelling
tumour necrosis factor-like weak inducer of apoptosis
Universal ProbeLibrary
upstream stimulatory factor
ultraviolet
volume per volume
vascular cell adhesion molecule
weight per volume
week(s)
wild type
variable amino acid

Table A-I.1. Abbreviations and synonyms in alphabetical order.
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II.1

MATERIAL

COMMERCIAL CHEMICALS AND REAGENTS

Reagent
Acetic acid, glacial
Acetone
Agarose
Alanine, DLAmmonium chloride
Avertin
Boric acid
Bovine serum albumin (BSA; Fraction V,
fatty acid free)
Bromophenol blue
Cell strainer, 40ȝm
Chemotaxis plates (5 ȝm filter, 5.7 mm
diameter, 300 ȝl capacity)
Chloroform
Chloroform-isoamyl alcohol 49:1
Choline-deficient mouse chow
Cover slips
Cryomatrix (Shandon cryomatrix™)
DAKO REAL™ antibody diluent
DakoCytomation Envision+® System
Labelled Polymer-HRP anti-rabbit
DAPI
DePeX mounting medium, Gurr®
Dexamethasone
Diethyl pyrocarbonate (DEPC)
Dimethyl sulfoxide (DMSO)
Dimethyl formamide (DMF)
Dinitrophenylhydrazine, 2,4Di-sodium hydrogen orthophosphate,
anhydrous
DMEM + glucose + pyruvate + glutamine
DNA ladder, 50 bp and 100 bp
DNA Loading dye blue/ orange
dNTPs, 10 mM
EDTA, disodium salt (ethylene-diaminetetra-acetic acid di-sodium salt)
ELISA Colour Reagent A (H2O2)
ELISA Colour Reagent B
(Tetramethylbenzidine)
ELISA plates
Eosin Y solution, alcoholic ‘accustain’
Epidermal growth factor (EGF murine,
natural)
Ethanol (absolute)
Ethanol (absolute)
Ethidium bromide
Ethionine, DLFicoll 400

Grade*
AR
AR
MB
RNA
AR
CC

Manufacturer
Merck, Germany
Merck, Germany
Fisher Biotec, Australia
Hopkin & Williams Ltd, UK
Ajax Chemicals Ltd, Australia
Sigma Aldrich, USA
Merck, Germany
Sigma Aldrich, USA
Merck, Germany
BD Biosciences, USA
Neuro Probe Inc, USA

AR
RNA

Crown Scientific, Australia
Fluka, USA
ICN Biomedicals, USA
Scot Scientific, Australia
Thermo Scientific, USA
DAKO, Denmark
DAKO, Denmark

CC

Fluka, USA
Chem Supply, Australia
Sigma Aldrich, USA
Sigma Aldrich, USA
Merck, Germany
Chem Supply, Australia
Sigma Aldrich, USA
Merck, Germany

RNA
CC
AR
AR
CC
PCR
AR

Invitrogen, Australia
Promega, USA
Promega, USA
Fisher Biotec, Australia
Ajax Chemicals Ltd, Australia
R&D Systems, USA
R&D Systems, USA

CC
MB
standard
TLC

R&D Systems, USA
Sigma Aldrich, USA
BD Biosciences, USA
Ajax Chemicals Ltd, Australia
Chem Supply, Australia
Roche Diagnostics, Germany
Sigma Aldrich, USA
Pharmacia Pty Ltd, Australia
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Foetal bovine serum (FBS)
Formaldehyde (37%)
Formamide, deionised
Fungizone/ amphotericin B
Gelatin
GeneChip®, mouse MG430 v2.0
Glucose, D (+)
Glutamine, L (-)
Glycerol
Glycogen
Goat serum, pooled

CC
AR
AR
CC
RNA

Guanidine-thiocyanate salt
Haematoxylin, Harris’ ‘accustain’
Hank’s balanced salt solution (HBSS, 10x)
Hank’s balanced salt solution (HBSS, 10x),
modified, without calcium chloride
Heparin, sodium salt
Histopaque 1083
Humulin
Hydrogen chloride (32%)
Hydrogen peroxide (30%)
Insulin-like growth factor (IGF) II (murine,
recombinant)
Interferon gamma (murine, recombinant)

RNA

Isopropanol (propan-2-ol)
Isopropanol (propan-2-ol)
ITS+ (insulin, transferrin, selenious acid)
Kaiser’s gelatin glycerol
Ketoglutarate, ĮLightCycler 480 Probes Master
Magnesium chloride
Magnesium chloride, 25 mM
Mercaptoethanol, 2- (ȕ ME)
Methanol
Microplates, 96 flat-bottom (Cellscreen)
Microplates, 96 U-bottom
Mineral oil
MOPS (3-[N-morpholino] propane
sulphonic acid)
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide)
Nail polish
Needles
Niacinamide
PAP pen
Paraffin wax, paraplast X-tra
Paraformaldehyde
PCR Reaction Buffer, 10x
Penicillin G potassium salt
Percoll™
Periodic acid
Phenol, TE saturated pH 7.9

CC
CC

Invitrogen (Gibco), Australia
Ajax Chemicals Ltd, Australia
Merck, Germany
Invitrogen, Australia
Sigma Aldrich, USA
Affymetrix, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Ajax Chemicals Ltd, Australia
Fermentas, USA
Gift from Dr M. Blackberry, School
of Animal Sciences, UWA
(Australia)
Sigma Aldrich, USA
Sigma Aldrich, USA
Invitrogen, Australia
Sigma Aldrich, USA

CC
CC
AR
AR
CC

Sigma Aldrich, USA
Sigma Aldrich, USA
UWA pharmacy, Australia
Ajax Chemicals Ltd, Australia
Ajax Chemicals Ltd, Australia
Sigma Aldrich, USA

CC
CC
CC
RNA

CC

RNA

Gift from Dr R. Ganss, UWA
(Australia)
Sigma Aldrich, USA
Chem Supply, Australia
BD Biosciences, USA
Laboratory Supply, Australia
Sigma Aldrich, USA
Roche Diagnostics, Germany
Ajax Chemicals Ltd, Australia
Fisher Biotec, Australia
Merck, Germany
Chem Supply, Australia
Nunc, Denmark
BD Biosciences, USA
Sigma Aldrich, USA
Invitrogen (Gibco), Australia

TLC

Sigma Aldrich, USA

RNA
AR
CC
AR
AR
PCR
RNA
AR

UWA pharmacy, Australia
Terumo Corporation, Japan
CC
Sigma Aldrich, USA
Zymed Laboratories Inc, USA
Oxford Labware, USA
extrapure Merck, Germany
PCR
Fisher Biotec, Australia
CC
Merck, Germany
CC
GE Healthcare, USA
Sigma Aldrich, USA
RNA
Sigma
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Potassium chloride
Potassium di-hydrogen phosphate,
anhydrous
ProLong® Gold antifade reagent with DAPI
Protease inhibitor cocktail (#P2714)
Protein Assay Reagent A, BCA
Protein Assay Reagent B, BCA
Proteinase K solution in Tris-HCl
Rabbit serum (New Zealand white rabbit)

AR
AR

RNase ERASE™
RPMI 1640 + glutamine
Saponin
Sarcosyl (N-lauroylsarcosine sodium salt)
Servio rinse buffer
Servio stain buffer
Servio stain solution
Sodium acetate, anhydrous
Sodium azide
Sodium borohydride
Sodium carbonate, anhydrous
Sodium chloride
Sodium dodecyl sulphate (SDS)
Sodium hydrogen carbonate
Sodium hydroxide, pellet
Streptavidin-HRP
Streptomycin sulphate
Sulphuric acid
Superfrost®Plus slides
Syringe filter ‘acrodisc’, 0.22 ȝm
syringes
Taq DNA polymerase, 50 U
Thimerosal
TNFĮ (murine, recombinant)
Trichlor acetic acid
Tris-hydrochloride
Tri-sodium citrate
Triton X-100
Trizma® base
TRIzol® reagent
Trypan blue
Trypsin-EDTA
TWEAK (human, recombinant)
Tween® 20
Vectastain® ABC® Elite kit
Water, ‘UltraPure’, DNase/ RNase-free
Williams’ E medium
Xylene

RNA
CC

RNA

RNA

RNA
AR
AR
ultrapure
AR
AR
CC
AR

PCR
CC
AR
RNA
AR
RNA
RNA
CC
CC
ultrapure
CC
AR

Merck, Germany
Sigma Aldrich, USA
Invitrogen, Australia
Sigma Aldrich, USA
Pierce, USA
Pierce, USA
BD Biosciences, USA
Gift from Dr M. Blackberry, School
of Animal Sciences, UWA
(Australia)
MP Biomedicals, USA
Invitrogen (Gibco), Australia
Sigma Aldrich, USA
Sigma Aldrich, USA
Royal Perth Hospital, Australia
Royal Perth Hospital, Australia
Royal Perth Hospital, Australia
Sigma Aldrich, USA
Sigma Aldrich, USA
Ajax Chemicals Ltd, Australia
Ajax Chemicals Ltd, Australia
Chem Supply, Australia
Invitrogen (Gibco), Australia
Merck, Germany
Chem Supply, Australia
DAKO, Denmark
Invitrogen, Australia
Chem Supply, Australia
Menzel-Gläser, Germany
Pall, USA
Terumo Corporation, Japan
Fisher Biotec, Australia
Sigma Aldrich, USA
Bioscientific Pty Ltd, Australia
Chem Supply, Australia
Sigma Aldrich, USA
Merck, Germany
Sigma Aldrich, USA
Sigma Aldrich, USA
Invitrogen, Australia
Sigma Aldrich, USA
Invitrogen, Australia
Biogen, USA
Sigma Aldrich, USA
Vector Laboratories, USA
Invitrogen (Gibco), Australia
Sigma Aldrich, USA
Chem Supply, Australia

Table A-II.1. List of general chemical and reagents in alphabetical order.
* AR, analytical reagent; MB, molecular biology; CC, cell culture; TLC, thin layer chromatography.
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MATERIAL

WATER

All general solutions were prepared with double-deionised water (denoted as DDW)
obtained from a Milli-Q Plus Ultrapure System (PureLab Classic UF, Ibis Technology,
Australia). For molecular techniques involving RNA, UltraPure™ DNase/RNase-free
water (Invitrogen, Australia) was used.

II.3

CONSUMABLES

General plastic ware was purchased from BD Biosciences, USA unless specified
otherwise; cell culture equipment was purchased from Nunc, Denmark.

II.4

COMMERCIAL KITS AND ENZYMES

Commercial reagent

Manufacturer

BD™ CBA Mouse Flex Set:
IFNJ, 100 tests
IL-12p70, 100 tests
IL-6, 100 tests
CCL2/MCP-1, 100 tests
CCL3/MIP-1Į, 100 tests
CCL5/RANTES, 100 tests
TNF, 100 tests
Mouse/ Rat Soluble Protein Master Buffer Kit, 500
Tests

BD Biosciences,
USA

Biotin Blocking System, 2x 15 ml
CBA mouse inflammation bead kit, 80 runs

DAKO, Denmark
BD Biosciences,
USA
Promega, USA

X0590
552364

Ambion, USA
R&D Systems, USA
Roche Diagnostics,
USA
DAKO, Denmark
Invitrogen, Australia
Qiagen, Germany
Invitrogen,
Australia
Invitrogen,
Australia
Invitrogen,
Australia
Roche Diagnostics,
USA

AM1906
DY1237
04887301001

DeadEnd™ Colorimetric TUNEL System, 40
reactions
DNAfree™ kit, 50 rxns
DuoSet® ELISA Development System
LightCycler 480 Probes Master, 10x 5ml
Liquid DAB Standard, 110 ml
Platinum Taq Polymerase. high fidelity, 100 U
RNeasy® Mini Kit, 50 reactions
Superscript® VILO™ cDNA synthesis kit, 50 ×
20 μl rxns
SuperScript™ III First-Strand Synthesis SuperMix
for qRT-PCR, 50 reactions
ThermoScript™ RT-PCR System for First-Strand
cDNA Synthesis, 100 rxns
Universal ProbeLibrary Set, Human, Probes #1 to
#90
Universal ProbeLibrary Extension Set, Probes #91 to
#165

Catalogue
number
558296
558303
558301
558342
558449
558345
558299
558267

G7130

K3466
11304-011
74104
11754-050
11752-050
11146-016
04683633001
04869877001

Table A-II.2. List of commercial kits and enzymes.
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MATERIAL

EQUIPMENT

Item
Centrifuges:

Manufacturer

Benchtop centrifuge: GmCLab centrifuge
Refrigerated benchtop centrifuge: 5417R
Centrifuge for Falcon tubes and plates: C312
Refrigerated centrifuge for Falcon tubes and
plates: 5810R
Centrifuge with insert for FACS tubes: IEC
Centra-7R
Cytocentrifuge: Cytospin4
Air-driven ultra centrifuge: Airfuge™
Microscopes:

Gilson, France
Eppendorf, Germany
Jouan Robotics, USA
Eppendorf, Germany
Damon/ International Equipment Company
Division, USA
Thermo Shandon, Germany
Beckman, USA

Fluorescent microscope: IX71 equipped with
camera TH4-200
Light microscope: CX41equipped with camera
DP11
RNA and PCR equipment:

Olympus, Australia

Photometer: Bio Photometer

Eppendorf, Germany

Spectrophotometer NanoDrop ND-1000
Bioanalyser: Agilent 2100 Bioanalyzer
PCR machine: iCycler
LightCycler 480
Gel imaging apparatus: GelDoc™ XR
Electrophoresis tank: Liberty2
Electrophoresis power supply: PowerPac200
Automated pipette: Pipetman concept C200
Histology equipment:

Thermo Scientific, USA
Agilent Technologies, CA
BioRad, Australia
Roche Diagnostics, Germany
BioRad, Australia
Fisher Biotec, Australia
BioRad, Australia
Gilson, France

Flat bed Roller: Spiramix 10
Freezing microtome: Leica CM3050
Tissue processor: Shandon Elliot tissue
processor
Tissue processor: LEICA ASP200S automated
vacuum tissue processor
Microtome: American Optical 820 Spencer
Microtome: LEICA RM 2135 rotary
microtome (manual)
Flow cytometers:

Denley, England
Leica Microsystems, Germany
Shandon, UK

FACSAria™ Cell Sorter
FACSCalibur™
FACSCanto™ II
FACSVantage™ Cell Sorter
General equipment:

BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA

Peristaltic pump: Minipuls3
Vacuum pump
Magnetic stirrer with hotplate: Cimarec® 2

Gilson, France
Rena, Australia
Thermolyne subsidiary of Sybron, Laboratory
Supply Pty Ltd, Australia
Stovall Lifescience Inc, USA
IKA® Labortechnik, Germany
Julabo, Australia

Orbital Shaker: Belly Dancer
Vortexer: MSI minishaker
Waterbath: SW-20C

Olympus, Australia

Leica Microsystems, Germany
American Optical, USA
Leica Microsystems, Germany
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Heat block: 16500 Dri-Bath
Electronic homogeniser: Ultra-turrax T25
Microwave: NEC N668E
Sysmex KX-21 cell counter
Cellscreen instrument
Microplate reader:
FLUOstar OPTIMA
M3550-UV

MATERIAL
Thermolyne subsidiary of Sybron, Laboratory
Supply Pty Ltd, Australia
Janke & Unkel, IKA® Labortechnik,
Germany
Edwards Instrument Company, Australia
Toa Medical Electronics Co, Kobe, Japan
Innovatis, Germany
BMG Labtech, Germany
BioRad, Australia

Table A-II.3. List of equipment used for experimental procedures.

II.6

SOFTWARE & PUBLIC DATABASES

Item
Adobe Photoshop 6.0

Provider/ URL:
Adobe Systems, USA

analySIS LS Professional 2.6
BD CBA Array Software v1.4
BD CellQuest Pro Software v5.2
DP Controller v2.1.1.183
DP Manager v2.1.1.163
Endnote 9.0
Ensembl genome browser
BD FACSDiva Software v6.1.1
Fast PCR v3.8.32
FCAP Array v.1.0.1
FLUOstar OPTIMA v1.3
GeneCards
GeneSifter® microarray data analysis
system
GraphPad InStat 3.0a for Macintosh
GraphPad Prism 4.0
iQ™5 Optical System Software
LightCycler® 480 Relative Quantification
Software
Microsoft Office for Windows XP
(Microsoft Word/ Excel/ PowerPoint 2002)
MouseCount v1.2b
NCBI database
PAINT v3.5
The Discovery Series™, Quantity One®
v4.6
Universal ProbeLibrary Assay Design
Center

Olympus, USA
BD Biosciences, USA
BD Biosciences, USA
Olympus Corporation, USA
Olympus Corporation, USA
Thomson, USA
http://www.ensembl.org/index.html
BD Biosciences, USA
Institute of Biotechnology, Finland
BD Biosciences, USA
BMG Lab Technologies
http://www.genecards.org/index.shtml
VizX Labs LLC, USA
GraphPad Software Inc, USA
GraphPad Software Inc, USA
BioRad, Australia
Roche Diagnostics, Germany
Microsoft, USA
Michael W. Dean
http://www.ncbi.nlm.nih.gov/
http://www.dbi.tju.edu/dbi/tools/paint
BioRad, Australia
https://www.roche-appliedscience.com/sis/rtpcr/upl/index.jsp

Table A-II.4. List of software and data bases in alphabetical order.
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II.7

MATERIAL

MOUSE STRAINS AND CELL LINES

Organism
C57BL/6J wt
mice
Balb/c wt mice
Balb/c nu/nu
mice
B10.BR mice
Des-TCR mice*
178.3 mice*
Met-Kb mice*
BMOL cells
BMOL-TAT 1.1
cells
BMEL-TAT cells
PIL-2 cells
PIL-4 cells
RAW 264.7 cells

Source
Animal Resources Centre (ARC) of Western Australia , Australia
ARC, Australia
ARC, Australia
ARC, Australia
Drs B. Arnold, G. Schönrich, G.J. Hämmerling (DKFZ, Heidelberg,
Germany)
Dr. M. Hoffmann (Hannover, Germany)
Drs G. Morahan and J. Miller (WEHI Sydney, Australia)
Dr. J. Tirnitz-Parker (UWA, Perth, Australia), (Tirnitz-Parker et al. 2007)
Dr. J. Tirnitz-Parker (UWA, Perth, Australia), (Tirnitz-Parker et al. 2007)
Drs H. Strick-Marchand and M. Weiss (Pasteur Institute, Paris, France),
(Strick-Marchand and Weiss 2002)
Dr. M. Dumble (UWA, Perth, Australia), (Dumble et al. 2002)
Dr. M. Dumble (UWA, Perth, Australia), (Dumble et al. 2002)
kind gift from J. Steer (UWA, Perth, Australia)

Table A-II.5. List of mouse inbred strains and cell lines.
* These transgenic mouse strains were bred and maintained on the B10.BR background.

II.8
Host
species

ANTIBODIES
Specificity

Epitope

Supplier

Primary antibodies for histology:
rat
mouse
unknown

Conjugate Clone/
catalogue
number
--

A6
hybridoma

rat

mouse

CK19

--

Troma 3

rabbit

cow

--

Z0622

rat

mouse

pan
cytokeratin
CD45 (Ly5)

kind gift from
Valentina Factor,
Bethesda, MD
(USA)
kind gift from Rolf
Kemler, Freiburg
(Germany)
DAKO, Denmark

--

30-F11

rat

mouse

CD4

--/ biotin

GK1.5

rat

mouse

CD8

--/ biotin

Ly-2

rat
rat

mouse
mouse

unknown
CD11b

-biotin

F4/80
M1/70

rabbit

human/mouse

Prox1

--

rat

mouse

Ki67

--

PAKhProx1r100
TEC-3

BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
ATCC, USA
BD Pharmingen,
USA
Strathmann,
Germany
DAKO, Denmark
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goat

mouse

TNFĮ

--

rat

mouse

TNFĮ

--

AF-410NA
MP6-XT22

rabbit

mouse/rat/human

--

G7481

rat

mouse

activated
Caspase 3
CRIg

--

17C9.1.2

hamster

mouse

CD11c

biotin

HL3

Secondary/ tertiary antibodies for histology:
rabbit
rat
IgG

biotin

BA-4001

goat

rabbit

IgG

AF488

A11008

goat

rat

IgG

AF594

A11007

goat

rat

biotin
IgG

SA-HRP
HRP

P0397
NA9350V

swine
rabbit

rabbit
goat

IgG
IgG

biotin
--

rabbit

goat

IgG

AF488

E0432
305-001003
A11078

biotin

SA-AF488

S-32354

Antibodies for flow cytometry:
rat
mouse
CD3
rat
mouse
CD3

FITC
APC

145-2C11
145-2C11

rat

mouse

CD4

PE

RM4-5

rat

mouse

CD8

FITC

53-6.7

rat

mouse

NK1.1

PE

PK136

rat

mouse

NK1.1

PECy7

PK136

rat

mouse

CD11b

PECy7

M1/70

rat

mouse

CD11b

PE

M1/70

biotin

SA-PE

554061

TWEAK

PE

MTW1

TWEAK
(capture)
TWEAK
(detection)

--

DY1237

biotin

DY1237

rat
mouse
Antibodies for ELISA:
rat
mouse
goat

mouse

R&D Systems,
USA
BD Pharmingen,
USA
Promega, USA
kind gift from
Genentech, USA
BD Pharmingen,
USA
Vector
Laboratories, USA
Molecular Probes,
USA
Molecular Probes,
USA
DAKO, Denmark
GE-Healthcare,
USA
DAKO, Denmark
Jackson
Laboratories, USA
Molecular Probes,
USA
Molecular Probes,
USA
BioLegend, USA
BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
BD Pharmingen,
USA
Santa Cruz, USA
R&D Systems,
USA
R&D Systems,
USA

Table A-II.6. List of antibodies used for different applications.
Specificity, clone and company are listed. AF, Alexa Fluor; APC, allophycocyanin; PE, Phycoerythrin;
FITC, fluorescein isothiocyanate; SA, streptavidin.
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NM_001001303

NM_008337.1

NM_031168

NM_031168

X51975

NM_001013365

NM_011019

NM_013693.1

AF030100.2

Fn14

GAPDH

IFNJ

IL-6

IL-6

IL-6R

OSM

OSMR

TNFĮ

TWEAK

GCT TTG CAG CTC TTC CTC
AT
ATG AAG TTC CTC TCT GCA
AGA GAC
CTG CAA GAG ACT TCC ATC
CAG TT
GTT CTA CAG AAG CAA CGA
GTG TCC TC
ACG GGG AAC ACA GAA TCA
CT
TGA CAT TCC CAA TCC GTA
CA
ACA AGG CTG CCC CGA CTA

CAT GGT TCT TCT TCA GGT
AGG C
CTA GTT TCC TGG TCT GGA
GAA GAT G
TGC CCC CTC TGC TGA TGC C

CTT GAC GGC AGA GAG GAG
GTT
ACC TGC TTG TGC TCC ATC CT

CCT TTT CTG TTG GCA CGA TT

CAC TAG GTT TGC CGA GTA
GAT CTC
AAG TAG GGA AGG CCG TGG
TT
GTC TCT GTT GCT GTT GTC
ATA AGG G
CTT TGG AAA AGC CGG AGT CT

GCT GCA GAT GAC TTC AGA
ACC
CCC TCT CCA CCA GTC TCC
TCT A
CCT CCG ACG CCT GCT TCA
CCA C
TTT TGC CAG TTC CTC CAG AT

Reverse primer (5’Æ3’)

60°C

58°C

60°C

60°C

58°C

58°C

58°C

60°C

58°C/ 60°C

60°C

Annealing
temperature
58°C

All oligonucleotide primers (desalted) were purchased from Invitrogen, Australia. These primers amplify genes of the murine genome.

CGA GCT ATT GCA GCC CAT
TAT
Table A-II.7. List of primers used for conventional PCR.

AF156164.1

CK19

Forward primer ( 5’Æ3’)

OLIGONUCLEOTIDES AND TAQMAN PROBES

Accession number
(mRNA)
M28698

Gene

II.9

63 bp

94 bp

209 bp

231 bp

336 bp

70 bp

639 bp

152 bp

438 bp

76 bp

Product length
(cDNA)
176 bp

---

---

863 bp

1075 bp

---

---

---

1347 bp

656 bp

158 bp

Product length
(genomic DNA)
---

00000049103
00000031778
00000052336
00000034855
00000058427
00000050232
00000023905
00000055170
00000025929
00000027399
00000027720
00000025746

00000024399
00000030339
00000061353
00000039117
00000002603
00000024401
00000023915
00000018752

Activin A
CCL12
CCL2
CCL6
CCR1

CCR2
CX3CL1
CX3CR1
CXCL10
CXCL2
CXCR3
Fn14
IFNJ
IL-17
IL-1Į
IL-2
IL-6

LTȕ
LTȕR
SDF1
TAF4A
TGFȕ
TNFĮ
Tnfrsf21
TWEAK

ATC ATC ACC TTT GCC GAG TC
CCA TCA GTC CTC AGG TAT TGG
CAT CCA CGT GTT GGC TCA
TTA TCC TTG TGG CTG TCC TTG
TGG ACA AAA TAC TCT GGA AAC
ACA
CAG GGC TCT ATC ACA TTG GTT
CGC GTT CTT CCA TTT GTG TA
AAG TTC CCT TCC CAT CTG CT
AAT GAA AGC GTT TAG CCA AAA A
ACT GGT CCT GCT GCT GCT
GCA GCA CGA GAC CTG ACC
ATT CGG CTT GGT GTT GAT G
ATC TGG AGG AAC TGG CAA AA
CAG GGA GAG CTT CAT CTG TGT
TTG GTT AAA TGA CCT GCA ACA
GCT GTT GAT GGA CCT ACA GGA
GCT ACC AAA CTG GAT ATA ATC
AGG A
CCT GGT GAC CCT GTT GTT G
GCT CCA GGT ACC TCC TAC TCG
CCA AAC TGT GCC CTT CAG AT
CCA CAG CAG ATC CAA CTG AA
TGG AGC AAC ATG TGG AAC TC
CTC TAG CCC ACG TCG TAG C
GAG CAT ATG GAA TCC CAC GA
GCC CAT TAT GAG GTT CAT CC

Forward primer (5’Æ3’)

TGC TCC TGA GCC AAT GAT CT
ATG GCC AGC AGT AGC ATT G
TAA TTT CGG GTC AAT GCA CA
GGT AAC ACG GTG GGT TTC AC
GTC AGC AGC CGG TTA CCA
TTG AGA TCC ATG CCG TTG
TTG GAA TCT GTT GAG TTC ATG C
TCA CTG TCC CAT CCA CAC C

TCA ATT GTC AGG AGG ATA ATG AAA
CAT GAT TTC GCA TTT CGT CA
CAA AAT TCT CTA GAT CCA GTT CAG G
AGG GGA GTG ATG GAG AGA GG
CAG GGT CTT CAG GCA TTG AC
GGC ATC TAG CAC TTG ACG TTC
CCA TGC ACT TGT CGA GGT C
TTC AAG ACT TCA AAG AGT CTG AGG TA
GCT GAG CTT TGA GGG ATG AT
GAG CGC TCA CGA ACA GTT G
ATC CTG GGG AGT TTC AGG TT
CCA GGT AGC TAT GGT ACT CCA GAA

TCA CTG CCT TCC TTG GAA AT
CTT CCG GAC GTG AAT CTT CT
GAT CAT CTT GCT GGT GAA TGA GT
TGG AGG GTT ATA GCG ACG AT
TGT GAA ATC TGA AAT CTC CAT CC

Reverse primer (5’Æ3’)

For real-time PCR assays, gene-specific primers were used in conjunction with the matching TaqMan probes as listed.
*No intron-spanning assay could be designed (CCR2 contains only 1 exon).

Table A-II.8. List of primers and TaqMan probes for real-time PCR.

ENSEMBL gene
ID
(ENSMUSG)
00000041324
00000035352
00000035385
00000018927
00000025804

Gene

76
21
41
71
72
25
69
58

31
74
10
56
49
5
1
21
74
52
15
6

UPL
TaqMan
probe (#)
72
93
62
64
73

106 bp
74 bp
72 bp
62 bp
73 bp
97 bp
71 bp
67 bp

61 bp*
67 bp
72 bp
117 bp
91 bp*
89 bp
104 bp
89 bp
94 bp
122 bp
69 bp
78 bp

71 bp
95 bp
76 bp
80 bp
112 bp

Amplicon
size
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MATERIAL

BUFFERS AND SOLUTIONS

Animal studies:
Avertin stock solution 25 g 2,2,2 tribromoethanol dissolved in 15.5 ml T-amyl alcohol
for 12 h; stored at RT protected from light
Avertin working
0.5 ml stock solution diluted in 39.5 ml saline: stored at 4°C
solution
protected from light
Saline
0.9% (w/v) NaCl in DDW; filtered (0.22 ȝm) and stored at RT
RCRB
145.6 mM NH4Cl, 0.1 mM EDTA, 11.9 mM NaH2CO3, pH 7.7
without adjustment; filtered (0.22ȝm) and stored at RT
Cell culture:
Collagen
1 g collagen fibres dissolved in 300 ml of 0.1% (v/v) acetic
acid, for 48 h at 4°C; solution filtered through multiple layers
of sterile gauze and stored at 4°C
Trypan blue
0.4% (w/v) solution of trypan blue
Growth medium for
Williams’ E medium supplemented with 2.5 μg/ml fungizone,
LPCs
44.8 ng/ml penicillin G potassium salt, 675 ng/ml streptomycin
sulphate, 292.3 ng/ml glutamine, 30 ng/ml IGF-II, 20 ng/ml
EGF, 10 μg/ml Humulin, 5% (v/v) FBS; stored at 4°C
Complete T cell
RPMI1640 supplemented with 25 mM Hepes, 292.3 ng/ml
medium (CTM)
glutamine, 44.8 ng/ml penicillin G potassium salt, 675 ng/ml
streptomycin sulphate, 2.5% (v/v) FBS; stored at 4°C
RAW cell medium
DMEM supplemented with 4.5 mg/l D-glucose, 110 mg/l
sodium pyruvate, 292.3 ng/ml, glutamine, 44.8 ng/ml,
penicillin G potassium salt, 675 ng/ml streptomycin sulphate,
5% (v/v) FBS; stored at 4°C
MTT
5 mg/ml in PBS pH 7.4; stored at 4°C protected from light
Solubilisation buffer
26.6% (w/v) SDS in 44.8% (v/v) DMF at pH 4.7; stored at RT
Histology:
Phosphate-buffered
saline (PBS) pH7.4

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.5 mM
KH2PO4; adjusted to pH 7.4 with 1M HCl; filtered (0.22 μm)
and stored at RT when prepared as a 10X stock solution; for
long-term storage supplemented with 0.01% (w/v) thimerosal
and stored at 4°C
Tris-buffered saline
136.9 mM NaCl, 2.7 mM KCl, 24.8 mM trizma base in DDW;
(TBS)
adjusted to pH 7.4 with 10 M HCl; stored at RT
4% Paraformaldehyde 4 g PFA dissolved in 50 ml DDW at 65°C; supplemented with
(PFA) fixative
6 ȝl 10 M NaOH; filtered solution mixed with 10 ml 10x PBS
and filled up to 100 ml with DDW; stored in aliquots at -20°C
Carnoy’s fixative
60% (v/v) ethanol, 30% (v/v) chloroform, 10% (v/v) glacial
acetic acid; mixed by inversion and stored at RT
Acetone/methanol
acetone/methanol mixture 1:1( v/v); stored at -20°C
fixative
Proteinase K solution 40 ȝg/ml proteinase K in TE buffer; prepared fresh
Peroxidase block
3% (v/v) H2O2 in appropriate buffer (DDW/ PBS/TBS);
prepared fresh
Serum block
5% (v/v) goat serum or 10% (v/v) FBS in PBS; stored at -20°C
Antibody diluent
PBS supplemented with 0.5% (w/v) BSA; filtered (0.4 μm) and
stored at 4°C
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Blocking solution
Permeabilisation
buffer
Washing buffer
ABC kit buffer
Dehydrating ethanol
series
1% acid alcohol
Scott’s tap water
(blueing solution)
Flow cytometry:
EDTA stock solution
FACS Wash (FW)
with EDTA
FW without EDTA
Percoll solution
Collection buffer
2% PFA fixative
DAPI stock solution
DAPI working
solution
Molecular biology:
DEPC water
Solution D (stock)
Solution D (working
solution)
Sodium citrate
Sarcosyl
10x MOPS running
buffer
RNA sample loading
buffer
Sodium acetate
Ethanol wash

MATERIAL
0.1% (v/v) Tween20, 5% (v/v) FBS in PBS pH 7.4; prepared
fresh
0.2% (v/v) triton-X100 in PBS pH 7.4; stored at RT
0.1% (v/v) Tween20 in PBS pH 7.4; stored at RT
0.9 M NaCl solution in DDW; filtered (0.22 μm) and stored at
RT
70% (v/v), 90% (v/v), 100% (v/v) ethanol in DDW; stored at
RT
1% (v/v) HCl in absolute ethanol; stored at RT
4 mM magnesium sulphate, 8 mM sodium bicarbonate in tap
water; stored at RT
0.5 M EDTA in DDW, dissolved at 50°C, adjusted to pH 8
with NaOH pellet, filtered and stored at RT
PBS supplemented with 2% (v/v) FBS and 2 mM EDTA; filtersterilised (0.22 μm) and stored at 4°C
PBS supplemented with 5% (v/v) FBS, 0.1% (w/v) BSA,
0.01% (w/v) NaN3; filter-sterilised (0.22 μm) and stored at 4°C
9 parts Percoll mixed with 1 part 10x PBS; sterile solution
stored at 4°C
RNAse-free FBS; heat-inactivated in water bath at 56°C for
1 h; sterile solution stored at 4°C
2% (w/v) in FW; stored in aliquots at -20°C or prepared fresh
2% (v/v) from liquid stock
diluted 1:2000 (w/v) in FW; stored at -20°C protected from
light
stock solution diluted 1:50 (v/v) in FW; stored at -20°C
protected from light
0.1% (v/v) DEPC in DDW; autoclaved and stored at RT
293 ml DEPC-water, 17.6 ml 0.75 M sodium citrate pH 7.0,
26.4 ml 10% (w/v) sarcosyl, 250 g guanidine thiocyanate salt;
dissolved at 60-65°C, filtered and stored at RT
50 ml stock solution D supplemented with 0.35 ml ȕ-ME
0.75M sodium citrate in DEPC water; adjusted to pH 7 and
stored at 4°C
10% (w/v) sarcosyl in DEPC water; stored at 4°C
0.4 M MOPS pH 7, 0.1 M sodium acetate, 0.01 M EDTA pH 8;
stored at 4°C protected from light
6.5 ml deionised formamide, 1.3 ml 10x MOPS, 2.2 ml
formaldehyde, 10% (w/v) ficoll 400, 2.2 mL of 0.1% (w/v)
bromophenol blue; stored at 4°C protected from light
2 M sodium acetate in DEPC water, adjusted to pH 4; stored at
RT
70% (v/v) and 95% (v/v) ethanol in DEPC water; stored at
20°C
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Tris EDTA (TE)
10 mM Tris in DDW, adjusted to pH 8 with HCl; supplemented
buffer
with 1 mM EDTA pH 8; autoclaved and stored at RT
50x Tris acetate
242 g trizma base, 57.1 ml acetic acid, 100 ml 0.5 M EDTA in
EDTA (TAE) running 1 l DDW, adjusted to pH 8.5; stored at RT
buffer
Ethidium bromide
10 mg/ml in DDW; diluted 1:20 (v/v) in 2% (w/v) agarose
solution
Biochemical assays:
PBS pH 7.2
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.5 mM
KH2PO4; adjusted to pH 7.2 with 1 M HCl; filter- sterilised
(0.22 μm) and stored at 4 qC
ALT substrate solution 0.2 M DL-alanine, 1.8 mM Į-ketoglutarate in PBS; adjusted to
pH 7.5 and stored at 4 qC
ALT colour reagent
1 mM 2,4-dinitrophenylhydrazine in 1 M HCl, 20 mg of 2,4dinitrophenylhydrazine; dissolved in 20 ml of 5 M HCl and
adjusted to 100 ml with DDW; stored at 4°C
ALT stop solution
0.4 M NaOH in DDW; stored at RT
Liver homogenisation PBS pH 7.4 supplemented with protease inhibitor cocktail 3:1
buffer
(v/v); prepared fresh
ELISA wash buffer
0.05% (v/v)Tweenҏ20 in PBS; adjusted to pH 7.2 and stored at
RT
ELISA reagent diluent 1% BSA (w/v) in PBS; adjusted to pH 7.2, filtered (0.4 μm)
and stored at 4°C
ELISA substrate
1:1 (v/v) mixture of colour reagent A (H2O2) and colour
solution
reagent B (tetramethylbenzidine); prepared fresh
ELISA stop solution
2 N H2SO4; stored at 4°C protected from light
Table A-II.9. Composition of buffers and solutions.
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Figure A-III.1. Overlay of immunofluorescent staining for different LPC markers.
Frozen liver sections from CDE mice were double-stained for the LPC markers cytokeratin 19 and
pan cytokeratin (A, B) or A6 and pan cytokeratin (C, D). Nuclei were visualised with DAPI (blue)
(A, C). Cytokeratin 19 staining (red) is found near ducts and within the parenchyma (A, B). It
almost completely overlaps with pan cytokeratin staining (green), as demonstrated in the overlay (A,
B; yellow). A6 (red) stains a smaller subset of cells (C, D), which also overlaps strongly with pan
cytokeratin staining (green), as seen in the overlay (C, D; yellow).
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Figure A-III.2. Quantitation of LPCs in the CDE, Met-Kb and 178.3 models based on staining for
cytokeratin 19.
Quantitation of CK19-positve cells gave very similar results to data obtained from A6 staining for all
experimental groups. CDE mice showed significant numbers of LPCs already following 1 week on the
diet (A). Met-Kb livers showed increasing numbers of LPCs peaking at day 13 (B). In the 178.3 model, no
expansion of LPCs was observed. Data are presented as mean ±SEM with n=3 (A) and n=2-7 (B).
Statistical significance with respect to the control group is represented as *p<0.05, **p<0.01 and
***p<0.001.
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Figure A-III.3. Quantitation of LPCs in the modified 178.3 model.
Quantitation of immunofluorescent staining for A6 (A) and CK19 (B) showed no statistical difference
between control mice and 178.3 mice that were treated as before (1 injection), received multiple
injections or were injected with increasing number of T cells (10-40u106 cells).
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Figure A-IV.1. Serviostain of cytospins from freshly isolated PBMCs.
PBMCs were isolated from fresh mouse blood for chemotaxis assays. Cytospins from all isolations
were assessed with a Romanowsky stain (Serviostain) to determine the presence and frequency of
different leukocyte subtypes. The majority of cells were lymphocytes (arrow heads) but there were
also a number of monocytes (arrows) present. Occasionally, neutrophil granulocytes (B, asterisk)
and rarely eosinophil granulocytes (C, asterisk) were observed. The amount of contaminating red
blood cells (C, small pink cells) varied between isolations. Three representative images from
different isolations are shown. Scale bar represents 20 μm.
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Figure A-IV.2. Quantitation of immunofluorescent staining for CD11b and CD11c in the hepatitis
models and nude mice on the CDE diet.
Frozen liver sections from the different hepatitis models were double-stained for CD11c and CD11b to
identify dendritic cells. Both LPC-inducing models showed a significant increase in CD11c+ cells at the
peak of hepatitis (A). About half of these cells were also CD11b+ suggesting that they represent a subset
of monocytes/macrophages. The number of CD11c+ cells did not differ in nude mice compared to wt
(Balb/c) mice (B). However, the double positive cells significantly expanded in nude mice following 2
weeks on the diet. Data are presented as mean ±SEM with n=5-7 (A) and n=2-4 (B). Statistical
significance with respect to the appropriate control group is represented as *p<0.05, **<p0.01 and
***p<0.001.

224

APPENDIX A-V

Chapter 5

APPENDIX A-V.

CHAPTER 5

Figure A-V.1. LTβR expression levels in CDE, Met-Kb and 178.3 livers assessed by real-time PCR.
LTȕ receptor expression was analysed at different time points in livers from CDE, Met-Kb, 178.3 mice
and respective controls using real-time PCR. Expression levels are expressed relative to controls. Data are
presented as mean ±SEM with n=2-7. Statistical significance with respect to the control group is
represented as *p<0.05.

Figure A-V.2. Comparison of IL-12p70 protein levels in serum and livers from CDE, Met-Kb and
178.3 mice.
Protein levels of IL-12p70 were quantified in matching serum and liver samples for all experimental
groups (CDE day 7, Met-Kb day 10, 178.3 day 2) using cytometric bead array technology. IL-12p70 was
more prominent in serum samples but no significant increase over control levels was observed.
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Figure A-V.3. Quantitation of LTβ and TGFβ expression in different populations of liver
leukocytes in the CDE model.
Expression levels of LTȕ (A) and TGFȕ1 were assessed in sorted CD4+and CD8+ T, NK, NKT cells and
macrophages (Mac) by real-time PCR. Representative figures for the CDE model at the peak of the
hepatitis are shown. Similar results were obtained for the Met-Kb and 178.3 models. In all experimental
groups transcript expression did not differ significantly from controls. Data are presented as mean ±SEM
with n=2-4.
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Figure A-VI.1. Correlation between IFNJ and CXCL10 transcripts in Met-Kb mice.
Expression levels for IFNJ and the chemokine CXCL10 were analysed in Met-Kb livers at different time
points by real-time PCR. IFNJ and CXCL10 transcripts correlated (Pearson r=0.87) over a period of 21
days.
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Figure A-VI.2. Quantitation of chemokine expression in three clonal LPC lines.
Expression levels of CX3CL1 (A), CXCL10 (B) and CCL2 (C) were determined in the clonal LPC lines
BMOL, PIL-2 and PIL-4 by RT-qPCR. All three cell lines expressed the chemokine ligands but were
negative for the respective receptors. Note that the tumorigenic PIL-2 cells show the highest expression
for CX3CL1 and CCL2 compared to non-tumorigenic BMOL and PIL-4 cells. Data are presented as mean
+SEM with n=2-3.
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