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Scope of this thesis

Acute liver failure can develop as a consequence of viral hepatitis, drug- or toxin-
induced toxicity or rejection after liver transplantation, whereas chronic liver injury
can be due to long-term exposure to alcohol, chemicals, chronic viral hepatitis,
metabolic or cholestatic disorders. During acute and chronic liver injury, liver cells
are exposed to increased levels of cytokines, oxidative stress and bile acids. This
may result in cell damage followed by necrotic and apoptotic cell death of
hepatocytes and proliferation of stellate cells. Eventually, this may lead to loss of
liver function. Effective therapies for acute and chronic liver diseases are not
available.

Hepatocytes, the parenchymal cells of the liver, are well equipped with
protective mechanisms to prevent cell death. As long as these protective pathways
can be activated, the balance will be in favour of cell survival. However, the
balance between cell survival and cell death is delicate and can be easily tipped
towards cell death during liver injury. Therefore, insight into the cellular
mechanisms leading to cell death is of relevance to understand liver diseases. This
can result in identification of novel intervention targets in order to prevent cell
death.

The aim of this thesis is to investigate apoptotic mechanisms in acute and
chronic liver injury in order to develop strategies to protect hepatocytes against
apoptotic cell damage. In contrast to the loss of hepatocytes, chronic liver injury is
associated with the proliferation and activation of hepatic stellate cells. These cells
play a pivotal role in liver fibrosis. Thus, contrary to the prevention of cell death in
hepatocytes, induction of apoptosis in activated stellate cells may constitute a
relevant therapeutic strategy during chronic liver diseases.

An important anti-apoptotic mechanism is the activation of the transcription
factor NF-kB which results in the activation of anti-apoptotic genes. This thesis
describes the role of NF-kB in the protection against apoptosis in hepatocytes
during acute liver injury (chapter 3 in vitro and chapter 4 in vivo) and chronic liver
injury (chapter 5). Furthermore, NF-kB-regulated Inhibitor of Apoptosis Protein2
(clAP2) is highlighted as a new target of therapy.
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Chapter 1

In chronic cholestatic liver diseases, the accumulation of bile acids in the liver is
thought to play a role in causing hepatocyte damage. This thesis describes the
extent of apoptotic cell death in hepatocytes in an experimental model of
extrahepatic cholestasis and the ability of these cells to adapt to bile acid-induced
apoptosis (chapter 5). Patients with cholestatic liver disease are often treated with
ursodeoxycholic acid (UDCA), but its protective mechanism of action is not well
defined yet. Chapter 6 of this thesis describes the possible mechanisms behind the
anti-apoptotic action of taurine-conjugated UDCA.

Liver injury eventually results in excessive deposition of extracellular matrix
referred to as fibrogenesis. In this process, the activation and proliferation of
stellate cells (fibroblasts-like cells) is a key event. Therefore, the stellate cell is an
attractive target for anti-fibrotic therapies. One promising approach is the induction
of apoptotic cell death in activated stellate cells. However, it is crucial that this
induction should be selectively aimed at stellate cells while leaving hepatocytes
unaffected. Therefore, a gene delivery tool which selectively targets to activated
stellate cells is developed and tested (chapter 7). This will allow cell selective gene
modulation in this important cell type during chronic liver diseases accompanied by
fibrosis.

This thesis describes some of the mechanisms leading to apoptotic cell death

during liver disease and provides tools to selectively interfere with this process.
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General introduction

2.1 The liver

A major function of the liver is the transformation and metabolism of substances,
like endobiotics (bilirubin, ammonia) and xenobiotics (drugs, alcohol), into non-toxic
compounds. These compounds are subsequently eliminated from the body. In
addition, the liver is essential in bile homeostasis; it regulates the synthesis, uptake
and secretion of bile acids that are important components of bile. Derangement of
these functions may lead to damage to the hepatocytes leading to cell death and

liver failure.

5 -%Hepatic venule
Zone3 -7

aaaiien. Saag —Terminal :
“» "/ hepatic :
% ;f venule

Figure 1. Schematic representation of a liver lobule (left panel) with blood and bile flow. Bile flow of
canaliculus (1) towards the common bile duct (2). Blood is transported from the portal tract (3;4) to the
hepatic venule (6) via sinusoids (5) establishing a zonated blood distribution (right panel). Reprinted
from Bloom et al. (1975), a textbook of histology and from Young B and Heath JW (2000), Wheather's

Functional Histology, a text and colour atlas.
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Chapter 2

2.1.1 Liver anatomy and physiology
The classical microscopic unit of the liver is a hexagonal lobule. At the corners of

each hexagon, blood enters via the portal tracts. Each portal tract consists of a
portal vein, hepatic arteries and a common bile duct. In the centre of each
hexagon, a central vein is located (Fig 1). Liver cells are situated in cell cords
radially orientated around the central hepatic vein. Between these cell layers, blood
is transported from the portal tracts to the central vein via sinusoids (Fig 1). In this
way, a zonated distribution is established, composed of a periportal area which is
provided with oxygen- and nutrient-rich blood (zone 1, surrounded by zone 2), and
a pericentral area receiving oxygen-deprived blood (zone 3) (Fig 1).

The liver consists of different cell types of which the hepatocytes, the
parenchymal cells, are most abundant.? Hepatocytes are polarised cells comprised
of a basolateral membrane facing the sinusoid (portal blood) and an apical
membrane facing the bile canaliculus (bile). Tight junctions separate both
membranes. A bile canaliculus is present between two adjacent hepatocytes (Fig 1
and 2). Bile acids taken up or produced in the hepatoyctes are transported across
the canalicular membrane and arrive via the canals of Hering in small and large
bile ducts, present in the portal tracts (Fig 1). From there, bile acids reach the
extrahepatic bile duct and eventually the gut. The canals of Hering are lined both
by hepatocytes and biliary epithelial cells (cholangiocytes). Depending on the size
of the bile duct, bile ducts are lined by small or large cholangiocytes with different
metabolic functions.

The sinusoidal wall comprises endothelial cells that contain fenestrae through
which transport of portal blood plasma and small particles to the hepatocytes
occur. The space between the sinusoids and the hepatocytes is the space of Disse
(Fig 2). This space contains Kupffer cells (liver macrophages), natural killer cells
and stellate cells (fat-storing cells). Hepatocytes contain microvilli that project into
the space of Disse. Via the fenestrae of the endothelium, they come directly in
contact with the blood (Fig 2).
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Figure 2. Liver cells during normal conditions and after liver injury. See text for details. Reprinted with

permission from the copyright holder the American Society for Biochemistry and Molecular Biology;

Friedman SL, J of Biol Chem 2000; 275:2247-2250.

2.2 Bile acids in health and cholestatic liver disorders

In normal conditions, between 500-800 ml bile is produced daily in a human adult.
Bile is made up of 80 % water and 20 % dissolved substances of which bile acids
form the main part followed by phospholipids, proteins, and products of metabolic
processes like vitamins, hormones and conjugated bilirubin. In the hepatocytes,
bile acids are synthesised from cholesterol via a series of enzymatic steps. Primary
bile acids produced in the liver are cholic acid and chenodeoxycholic acid that are
conjugated with glycine or taurine in the peroxisomes of hepatocytes. Energy-

dependent transport by means of a hile salt export pump (BSEP) is required for
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Chapter 2

secretion of bile acids across the canalicular membrane into the bile canaliculus.
BSEP is a member of the ATP-binding cassette (ABC) membrane transporter
family. A defect in canalicular bile acid transport causes severe liver disease.’
Cholangiocytes play a role in the final modification of bile fluid and thus contribute

to the excretion of bile acids and other compounds.*®

2.2.1 Enterohepatic circulation of bile acids
Bile acids follow an enterohepatic circulation in which 90 % of primary bile acids

formed in the liver is absorbed from the intestine and transported back to the liver.
Ten percent enters the colon. Here, bile acids are converted into secondary bile
acids due to de-conjugation and bacterial transformation. In healthy humans,
approximately 0.5 g bile acids is lost daily in the faeces. Primary and secondary
bile acids circulate back to the liver through the portal vein. In the liver, bile acids
reach the hepatocytes via the sinusoids. Uptake of bile acids is mediated in the
basolateral membranes of hepatocytes predominantly by the sodium-dependent
bile acid transporter NTCP and members of the sodium-independent organic anion
transporting polypeptide family.®” In the liver, de-conjugated bile acids will be re-
conjugated with taurine or glycine. Part of the secondary bile acid deoxycholic acid
is converted into ursodeoxycholic acid. In normal conditions, loss of bile acids from
the enterohepatic circulation will be replaced by de novo bile acid synthesis in the

liver. Bile acid synthesis is tightly regulated.8

2.2.2 Cholestasis

Cholestatic liver disorders (cholestasis) are characterised by a disturbance in the
formation, secretion or drainage of bile acids. Causes of cholestasis include
impairments in bile flow through intra- or extrahepatic obstruction (e.g. by
gallstones), cancer (e.g. in the pancreas or gall bladder), drugs, inflammatory bile
duct damage’® or genetic disorders of bile salt transport and metabolism.**®

During cholestasis, the accumulation of bile acids in the liver causes damage to

cholangiocytes and hepatocytes, and may induce the activation of Kupffer cells™
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and stellate cells."”**® Cholestasis is accompanied by (increased sensitivity to)

endotoxemia and could result in chronic liver inflammation and liver fibrosis.***°

2.3 Acute and Chronic liver injury

The liver is exposed to many potential harmful agents that in a normal situation do
not damage the liver cells due to protective mechanisms and a large repair
capacity in these cells. However, acute or chronic exposure to certain insults such
as cytokines, reactive oxygen species and bile acids results in disturbed liver

function.

2.3.1 Acute liver injury
Acute liver failure develops in a short period as a consequence of viral hepatitis,

drug-induced (e.g. paracetamol overdose) or toxin-induced (e.g. mushroom-
derived Amanitin) toxicity or due to rejection after liver transplantation.'® Cell death
can occur in different forms, that is programmed cell death (apoptosis) which is
tightly controlled, and necrosis. During acute liver injury, Kupffer cells and newly
recruited leukocytes and lymphocytes are activated. This results in the production
of pro-inflammatory cytokines and reactive oxygen species causing apoptotic and
necrotic cell death in hepatocytes.”” Eventually, this may lead to loss of liver

function, which is a life-threatening condition (Fig 3).

2.3.2 Chronic liver injury
Chronic cholestasis or long term exposure to alcohol, drugs, or chemicals can

result in liver failure progressing into liver fibrosis. Liver fibrosis is characterised by
deposition of scar tissue. Its end-stage is called liver cirrhosis. Other causes of
chronic liver failure are viral hepatitis, metabolic diseases like Wilson's disease
(copper storage disease), or auto-immune diseases (e.g. primary biliary cirrhosis,

primary sclerosing cholangitis).
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During chronic liver injury, the endothelial cells, hepatocytes and cholangiocytes
can be damaged due to the accumulation of toxic metabolites, reactive oxygen
species and bile acids. This results in the activation of Kupffer cells and the
recruitment of inflammatory cells and the subsequent release of growth factors
(e.g. Transforming Growth Factor-3, (TGF-B)), cytokines and reactive oxygen
species that induce the activation and proliferation of hepatic stellate cells (Fig 3).

These cells are major players in the development of liver fibrosis.

Liverinjury

acute chronic

cytokines
cytokines bile acids
hepatocytes stell_ate _ceII
activation
necrosis apoptosis liver fibrosis
loss of

liver function

Figure 3. Highlights of this thesis

In normal conditions, stellate cells function as vitamin A stores and are crucial in
regulating extracellular matrix metabolism.'® This extracellular matrix (ECM), a
complex network of collagens, glycoproteins, proteoglycans and
glycosaminoglycans, is essential for maintaining the differentiated function of all

resident liver cells.”® Besides production of matrix material, stellate cells, among
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other cell types, also synthesise matrix-degrading proteinases (metalloproteinases
or MMPs) and tissue inhibitors of metalloproteinases (TIMPS). In this way they play
a pivotal role in the turnover and deposition of the ECM.

During chronic liver injury, activated stellate cells markedly increase matrix
production through the action of TGFB1. Furthermore, the number of stellate cells
increases by increased expression of the Platelet Derived Growth Factor-receptor
(PDGF-R) on their cell membranes and production of its ligand PDGF. A major
consequence is a remodelling of the ECM that leads to deposition of scar tissue
(fibrosis) and liver dysfunction.’® Therefore, the activation and proliferation of
stellate cells are considered key events in liver fibrosis (Fig 3). Progression of the
fibrotic process is associated with the loss of sinusoidal fenestrae and perturbation

of hepatocyte function.

2.4 Cell death in liver diseases

During acute and chronic liver diseases, hepatocytes are exposed to increased
levels of cytokines (e.g. Tumour necrosis factor-alpha (TNF-a), Interleukin-1beta
(IL-1B) and Interferon-gamma (IFN-y)), oxidative stress and bile acids.” Although
hepatocytes have an enormous capacity to defend themselves against these
agents, over-exposure will result in cell death. Therefore, accurate knowledge of
the cellular mechanisms leading to cell death is of relevance to understand liver
diseases.

Cell death is often divided into two different processes, necrosis and apoptosis.
However, features characteristic of both necrotic and apoptotic cell death can
occur in the same tissue and even in the same cell simultaneously.?? Necrosis
results from metabolic disruption with energy depletion (loss of adenosine
triphosphate, ATP), mitochondrial and cellular swelling and activation of

degradative enzymes. This leads to cell lysis followed by loss of cell constituents in
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its surroundings. Therefore, necrosis is accompanied by inflammation. In contrast,
apoptotic cell death is ATP-dependent and develops more orderly (programmed
cell death) following a cascade of events. Apoptosis is characterised by DNA
condensation, nuclear fragmentation, plasma membrane blebbing and cell
shrinkage. Eventually, the apoptotic cell breaks into small membrane-surrounded
fragments (apoptotic bodies) which are cleared by surrounding cells.”*** All these
events are tightly controlled and well organized.

Apoptotic cell death is complementary to mitosis and crucial in embryonic
development and adult tissues by controlling tissue homeostasis.** Hepatocyte cell
death occurs in both acute and chronic liver diseases. Massive cell death occurs in
acute liver failure, whereas the mode of cell death in chronic liver injury is
controversial. The strict regulation of apoptotic cell death allows therapeutic
intervention strategies. Therefore, this thesis focuses on the mechanisms of
apoptotic cell death and cell survival in hepatocytes during acute and chronic liver

injury.

2.4.1 Receptor-mediated apoptosis
Apoptotic cell death can be initiated by activation of death receptors on the cell

membrane that belong to the tumour necrosis/nerve growth factor (TNF/NGF)
receptor super family. Hepatocytes express Fas (CD95), Tumour necrosis factor
related apoptosis inducing ligand-receptor (TRAIL-R1), TRAIL-receptor 2 (TRAIL-
R2), and Tumour necrosis factor-receptor type 1 (TNF-Rl).25 Death receptors are
type-1 transmembrane proteins with an extracellular ligand-binding N-terminal
region, a membrane spanning region and a C-terminal intracellular tail. The
extracellular region contains cysteine-rich domains, whereas the intracellular
region contains the death domain essential for signalling apoptosis. Unlike Fas or
TRAIL-R1 and -R2 signalling, TNF-R1-mediated intracellular signalling is more
complex as it activates both apoptotic and survival signals. Since Tumour Necrosis
Factor-alpha (TNF-a) is an important cytokine in liver injury®®, this thesis focuses

on TNF-R1-mediated signalling. Understanding of the TNF signalling pathways in
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hepatocytes is important in developing new therapeutic strategies for liver
diseases.

TNF-R1-mediated signalling
In the liver, inflammatory cells, cholangiocytes and Kupffer cells are the main

sources of TNF-a.2"?°

Upon activation by TNF-a, trimerization of TFN-R1 is
followed by recruitment of the adaptor protein TRADD (TNFR-associated protein
with death domain) (Fig 4). TRADD recruits signalling proteins like FADD (Fas
associated death domain), TRAF-2 (TNF-associated factor-2), and RIP (receptor-
interacting protein). FADD contains a death effector domain, which mediates the
recruitment of cysteine aspartyl-specific proteases (caspases), such as caspase-8
and caspase-10 that activate a death-signalling cascade (Fig 4). Binding of RIP to
TRAF-2 initiates the activation of survival pathways like Nuclear Factor kappa B
(NF-kB) and Mitogen-activated protein kinases (MAPKs).*

Caspase-8 contains in its prodomain a death effector domain, which binds to
FADD. Local clustering of the inactive pro-form of caspase-8 to the TNF-a-
activated TNF-R1 results in a death-inducing signalling complex (DISC) and auto-
activation of caspase-8. In fact, internalisation of TNF receptors may be required

for this process.®
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Receptor-mediated signalling
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Figure 4. Schematic overview of Receptor-mediated and Mitochondria-mediated signal transduction
pathways. TNF-R1-mediated intracellular signalling activates both apoptotic and survival signals. See
text for details.

The active form of a caspase is a heterotetrameric enzyme and consists of two
large and two small subunits with two active sites per molecule. Caspases cleave
their substrates at aspartic acid (Asp) residues in the context of tetrapeptide motifs.
Active caspase-8 is involved in the cleavage and activation of effector caspase-3
(Fig 4). Caspase-3 is regarded as one of the central executioner molecules and is
responsible for cleaving various proteins thereby disabling important cellular,
structural and repair processes.

Dependent on the cell type and stimulus, the mitochondria play a minor or
crucial role in controlling apoptotic cell death. Hepatocytes are type Il cells in which

only a small amount of active caspase-8 is formed at the DISC. Therefore, a
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mitochondrial amplification loop is essential to induce apoptotic cell death in
hepatocytes.*® Thus, mitochondria play a crucial role in regulating cell death in
hepatocytes (Fig 4).243334%5

Since the mechanisms of mitochondria-mediated apoptosis may differ between
different types of hepatocyte stimuli, knowledge of mitochondria-controlled
apoptosis is needed to find suitable intervention targets for acute and chronic liver
diseases. Although in different cell types, the mechanisms of mitochondria-
mediated apoptosis have been partially unravelled, in hepatocytes further
investigation is still needed. In this thesis, much attention is paid to mitochondria-

controlled apoptosis in cytokine- and bile acid-exposed hepatocytes.

2.4.2 Mitochondria-mediated apoptosis
In normal conditions, the inner membrane of the mitochondria contains the protein

complexes of the respiratory chain and the ATP synthase.*® During an apoptotic
stimulus, the permeability of the mitochondrial membrane is disrupted which is
called the mitochondrial permeability transition (MPT). The MPT is characterised by
rapid permeability of the mitochondrial membrane and release of apoptotic factors
from the intermembrane space into the cytosol (Fig 5). Furthermore, there is a
rapid reduction in the mitochondrial membrane potential due to disruption of the
electron transport chain.*” Consequently, the ATP production is abolished and
electrons escape from the respiratory chain to form reactive oxygen species.38
Another consequence of the MPT can be swelling of the matrix and rupture of the
outer membrane, allowing release of apoptotic proteins from the mitochondria.

The decision between necrotic and apoptotic cell death may depend on the
cellular concentration of ATP. Thus, the mitochondrial permeability transition (MPT)
mediates both necrosis and apoptosis, but when the bulk of mitochondria will
undergo MPT, a marked depletion of ATP can develop leading to necrotic cell
death. When the MPT occurs without severe ATP depletion, apoptosis develops
which may be followed by secondary necrosis if ATP eventually is depleted during

apoptosis.
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Mitochondria-mediated release of pro-apoptotic proteins

The mitochondrial permeability transition (MPT) followed by the release of
mitochondrial proteins is initiated by the opening of pores in the mitochondrial
membrane. Different models have been developed to explain pore-mediated

release of proteins.**%%

Both direct pore formation by some pro-apoptotic Bcl-2
family members and opening of the permeability transition pore (PTP) complex
releases apoptotic proteins from the mitochondria. Depending on the apoptotic
stimulus either pathway may predominate***? (Fig 5).

The importance of Bcl-2 family members regulating mitochondria-mediated
apoptosis is demonstrated using knockout animals. The Bcl-2 family consists of
pro- and anti-apoptotic members that can interact through homo- and
heterodimerization and regulate mitochondrial-mediated apoptosis**** (Fig 5). Bax
and Bak double knockout cells are completely resistant to mitochondrial
cytochrome c release during apoptosis.”> Moreover, Bid-deficient hepatocytes are
more resistant to TNF-a-induced and Fas-mediated apoptosis compared to wild-
type mice hepatocytes.*® In this thesis, the role of the Bcl-2 family in hepatocytes is
further investigated.*

Anti-apoptotic members like Bcl-2, Bel-XL and A1/Bfl-1, and pro-apoptotic Bak
are integral membrane proteins that are predominantly present in the outer
mitochondrial membrane. In contrast, pro-apoptotic members like Bax, Bid and
Bad are sequestered in the cytosol prior to a death signal.”” Upon an apoptotic
stimulus, caspase-8 cleaves Bid into a truncated form (tBid) (Fig 4 and 5), whereas
Bax oligomerises, and Bad is released from the adaptor molecule 14-3-3 by de-
phosphorylation. These events result in the translocation and insertion of tBid, Bax

and Bad in the outer mitochondrial membrane*®° (Fig 5).
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Figure 5. Schematic summary of mitochondria-controlled apoptosis. See text for details. Induction is

>

represented as a regular arrow, whereas inhibition is demonstrated using: —e .

In the mitochondrial membrane, Bad interacts with and antagonises anti-apoptotic
Bcl-2 and/or Bel-XL*!, whereas tBid, Bax and Bak are able to form tetrameric outer
membrane channels through which cytochrome ¢ can escape (Fig 5 right panel).
Bax and Bak need the interaction with tBid to form pores in the mitochondrial
membrane.* The anti-apoptotic Bcl-2 family members inhibit apoptosis by binding
Bax and Bak, sequestering tBid and Apaf-1, and preventing mitochondrial release
of cytochrome ¢ and Smac/DIABLO®*®* (Fig 5 left panel).

Mitochondrial death factors
Factors released from the mitochondria are crucial for the activation of pro-

apoptotic signalling. Therefore, some of these factors are outlined below.
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Cytochrome c, an electron shuttle molecule, is released from mitochondria during
apoptosis. It complexes with apoptosis protease-activator factor 1 (Apaf-1), dATP
and cytosolic pro-caspase-9 to form a caspase-activating complex called the
apoptosome (Fig 5). Cytochrome ¢ and dATP induce refolding of Apaf-1, which
allows interaction with pro-caspase-9. In this way, pro-caspase-9 is activated which
subsequently cleaves and activates caspase-3.>° Depending on cell type and
stimulus, caspase-3 can be involved in the activation of procaspase-8, pro-
caspase-6, pro-caspase-9, and Bid that results in a feedback amplification of the
apoptotic signal (Fig 5).>"*®

Other mitochondrial apoptogenic factors that are released from the
intermembrane space include Smac/DIABLO and Omi/HtrA2 (Fig 5). These
proteins require proteolytic processing in the mitochondria to become active.**®
The release of Smac/Diablo requires active caspases, occurs downstream of
cytochrome c¢ translocation and can be controlled by Bax.*®** Smac/DIABLO acts
as a dimer and sequesters members of the Inhibitor of Apoptosis Family (IAP
family) such as XIAP, clAP1 and clAP2 (Fig 5). This results in the release of active

6364 Omi/HtrA2 exerts a

caspases and the propagation of caspase cascades.
similar function although it also contributes to caspase-independent apoptosis due
to its N-terminal serine protease catalytic domain.®®

The balance between pro-apoptotic and anti-apoptotic pathways determines
the outcome of cell death upon a stimulus. As long as protective proteins are
present in high amounts, the balance will be in favour of cell survival. Thus,
understanding of cell survival mechanisms is essential to find therapeutic

interventions for acute and chronic liver diseases.
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2.5 Cell survival mechanisms in liver diseases

Hepatocytes and stellate cells contain different protective mechanisms against
cytotoxic cytokines, bile acids and reactive oxygen species (ROS). In fact, stellate
cells proliferate in response to these factors."> Common protective mechanisms
include antioxidants like reduced glutathione, which is present in very high

66,67

amounts in hepatocytes. In addition, bile acid transporters undergo adaptive

responses during cholestatic disorders in order to protect hepatocytes against
elevated intracellular levels of bile acids.®®®

Another defence mechanism of the liver is the precise regulation of its growth
and mass. When the functional capacity of the liver becomes too small due to
surgical resection of hepatic lobes, or hepatocyte loss caused by toxic injury,
quiescent hepatocytes become proliferative. The replication of hepatocytes allows
restoration of the liver capacitiy. In situations in which hepatocyte proliferation is
blocked or delayed, intra-hepatic precursor cells (oval cells) are responsible for this
process.’”"*

Among the cytokines, TNF-a, Interleukin-1p3 (IL-1B), and Interferon-y (IFN-y)

172472 gince these

are abundantly present during acute and chronic liver failure.
inflammatory cytokines also activate survival signalling pathways, such as NF-kB,
their presence can be beneficial. In the studies described in this thesis, a mixture of
these cytokines is used to investigate the apoptosis-related effects on hepatocytes
during acute and chronic liver injury. In this way, the in vivo situation is best
mimicked, as some NF-kB-regulated genes are solely expressed in response to

this cytokine mixture.
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2.5.1 Survival pathways

NF-«B signalling

Since NF-kB is a major regulator of the balance between cell survival and cell
death, the studies in this thesis investigate its role in acute and chronic liver injury.
Other studies on mice that are deficient in subunits of the transcription factor NF-
kKB demonstrated the essential role of NF-kB in preventing TNF-a-induced cell
death.”®™ Recently, it has been postulated that NF-kB inhibits TNF-a-induced
accumulation of ROS that normally mediate prolonged c-Jun N-terminal kinase
(JNK) activation and cell death.” Indeed, inhibition of NF-kB activity induces
apoptosis in hepatocytes, indicating its role in the transcription of anti-apoptotic
genes.’® Advances in our understanding of these genes may provide opportunities
for the development of novel therapies that favour the balance towards cell survival
during acute and chronic liver injury.

NF-kB is activated by inflammatory cytokines, including TNF-a and IL-1f3, and
endotoxin (LPS)”’ (Fig 4). Other NF-kB activating signals include protein kinase C
(PKC) and phosphatidylinositol-3 kinase (PI3-kinase). Evidence that reactive
oxygen species mediate NF-kB activation is controversial.”®"

Although the active DNA-binding form of NF-kB exists as a heterogeneous
collection of dimers, in most cells, NF-kB is predominantly composed of a p65:p50
heterodimer.®® The NF-kB-inducing kinase (NIK), a member of the MAP-kinase
family, serves as a common mediator in the NF-kB signalling cascade (Fig 4).
Activation of NIK often occurs after its binding to receptor-recruited TRAF-2 (TNF-
a) or TRAF-6 (IL-1pB). As a consequence, an IkB kinase-comples (IKK) is activated
consisting of IKK-o, IKK-B and IKK-y.**® This complex is involved in the
phosphorylation and thereby inactivation of inhibitors of NF-kB. Of these inhibitors,
IKB-a, IkB-p and IkB-y (IkBs) are most abundantly present. Upon phosphorylation

at specific serine residues, IkBs are ubiquitinated and degraded via the 26S
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proteasome complex allowing release of NF-kB (Fig 4). In contrast to IkB-f3 and
IKB-y, the degradation of IKB-a is very rapid but IkB-a is quickly re-synthesised in
an NF-kB-dependent manner. In this way, cells can react adequately and regulate
downstream genes differentially upon different stimuli.?%#*

The release of NF-kB exposes a nuclear localization signal sequence and
permits translocation of NF-kB to the nucleus (Fig 4). In the nucleus, NF-kB binds
to kB binding sites in promoters of target genes and induces transcription of these
genes. Among NF-kB-regulated genes, inflammation-related genes are present like
TNF-a, IL-1B, IL-6, intercellular and vascular cellular adhesion molecules (ICAM-1,
VCAM-1), as well as apoptosis-related genes like inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and Inhibitor of Apoptosis (IAP) family
members.®" %

This thesis investigates which apoptosis-related genes are regulated by NF-kB
in hepatocytes and which apoptosis-related genes can be used as a novel therapy.
Attractive candidates belong to the Bcl-2 family and IAP family. These families
contain important anti-apoptotic proteins that are strong inhibitors of cell death in
different cell types**®® (Fig 4 and 5).

The Inhibitor of Apoptosis Protein (IAP) family consists of different members
such as XIAP, clAP1 and clAP2. These members not only inhibit active caspases-
3, -7 and (pro- and active) caspase-9 (Fig 5), but are also involved in signal

transduction and protein degradation.®®®’

The IAP family members contain different
protein domains for their anti-apoptotic activities, such as baculovirus IAP repeats
(BIRs) and a Ring finger domain. This Ring domain is involved in protein
degradation, like IkB degradation.® In addition, IAPs associate with TRAF proteins
implying that IAPs participate in the stimulation of NF-kB.5%°

Besides NF-kB, other signalling pathways may antagonise cell death in
hepatocytes, thereby influence the balance between pro- and anti-apoptotic
signals. Of these survival pathways, the mitogen-activated protein kinase signalling

cascades (MAPKSs) and phosphoinositide (PI) 3-kinase are good candidates.
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MAP-Kinase signalling
Four distinctly regulated groups of MAPKSs are present: extracellular signal-related
kinases (ERK1/2), Jun amino-terminal kinases (JNK), p38 proteins and ERK5 (Fig
4). Until recently, selective inhibitors of JNK were not available. Therefore, only
ERKZ1/2 and p38 MAPKs are highlighted in this thesis.
MAPK activity is regulated through a MAPK kinase (MAPKK), which is MEK1/2 for
ERK1/2 and MKK3/6 for p38, and a MAPKK kinase (MAPKKK) (Fig 4). Each
MAPKK can be activated by more than one MAPKKK (like apoptosis signal-
regulating kinase-1 and MEKK1), which reacts upon distinct stimuli.*® Activation of
TNF-R1 results in activation of ERK1/2 and p38 MAPKs through TRAF2
sequestering (Fig 4). In addition, the epidermal growth factor receptor (EGF-R) is
involved in ERK1/2 activation.’

The general function of MAPK cascades is the regulation of gene
expression®™* In this way, MAPKs regulate cell proliferation and cell survival but
also mediate cell death. However, the actual roles of each MAPK cascade are cell

type and context dependent and are not fully elucidated in hepatocytes yet.

P1-3 Kinase signalling
The PI 3-kinase family is a super family of three different classes of enzymes and
linked to different cellular functions, including cell survival (Fig 4). This family may
be important in controlling cell survival in hepatocytes. Class | enzymes have
largely been characterised and further subdivided into two groups of PI3-kinases,
class IA and IB. The catalytic subunits (p110) of class IA interacts with adaptor
proteins (p85) to mediate activation by growth factor receptors (e.g. EGF-R),
whereas class IB is linked to G-protein-coupled receptor systems.”

PI3-kinases of class | reside mainly in the cytosol until recruited into active
signalling complexes at the plasma membrane. Once localised to the plasma
membrane, they are involved in the generation of 3'-phosphorylated

phosphoinositides that function as signalling intermediates in signal transduction
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cascades (Fig 4).% Targets of PI3-kinases, such as Akt, have been implicated in
the suppression of apoptosis.”” Akt is a serine kinase and can exert its anti-

apoptotic effects in a variety of ways.*®

2.6 Development of novel treatments

As indicated above, much is known about cell signalling pathways and the
regulation of proteins involved in apoptosis and cell survival. Yet, much of this
knowledge has been derived from cancer cells and may not be directly applicable
to liver cells.

Cell death of hepatocytes and the proliferation of activated stellate cells are
principal events that lead to liver failure in acute and chronic liver injury. Therefore,
the target cell for anti-apoptotic therapy in liver failure is the hepatocyte, whereas
induction of apoptosis in the activated stellate cell may be beneficial. For this
purpose, the characterisation of death and survival signalling pathways and the
identification of therapeutic genes are needed in hepatocytes. On the other hand, a
selective and efficient gene carrier is essential to induce apoptosis solely in
activated stellate cells

The strict regulation of apoptotic cell death allows therapeutic intervention
strategies in hepatocytes and activated stellate cells during acute and chronic liver
injury. However, these intervention strategies must be chosen very carefully

because of the complexity of cell signalling.

2.6.1 Gene Therapy in acute and chronic liver injury
In the delicate system of cell death and survival, selective interference

is crucial. For this purpose, gene therapy is a promising approach. In this way, a
therapeutic transgene is transduced into a cell through a vector system. This vector
system is either of viral or non-viral origin, such as adenovirus, retrovirus, herpes

simplex virus, adeno-associated virus, and lipofection. Retroviral and adenoviral
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vectors have so far been the most commonly used vectors in gene-transfer clinical
trials as these vectors are very efficient.”® Most of these gene therapy trials are
targeted to cancer.'®

In the studies described in this thesis, adenoviral-mediated gene delivery is
used. Adenoviruses are non-enveloped, linear double-stranded DNA viruses. Fifty
serotypes of adenovirus have been identified and the prototype adenoviral vector
for gene therapy is based on adenovirus type 5 (Ad5). Adenoviral-based vectors
are promising vehicles for liver diseases because they most efficiently transfer
genes into the liver. This type of vector is rapidly taken up by the hepatocytes in
the liver, thereby avoiding transgene expression in other organs. In addition,
activated stellate cells are more susceptible for adenoviral gene delivery compared
to non-viral vectors.”

In general, adenovirus type 5 attaches to cells via binding to the coxsackievirus
and adenovirus receptor (CAR) on cells. Binding of the virus is mediated through a
tripartite knob of one of the 12 fibers that extend from the viral capsid. Viral uptake
is mediated via binding of a RGD peptide (at the capsid base of a fiber) to av3
and avB5 integrins on the cell membrane. Receptor-mediated endocytosis via
clathrin coated pits results in gene delivery into the cell.

To achieve specific gene expression in the activated stellate cell, targeting of
the adenovirus is needed to avoid uptake by the hepatocytes. This can be

%1 Transductional

accomplished by transductional and transcriptional targeting.
targeting means selective gene transfer by the vector to a specific cell type, e.g.
the activated stellate cell, whereas transcriptional targeting is achieved by placing
the transgene under control of a cell-specific promotor. In this thesis, transductional
targeting to the activated stellate cells is investigated.

Although adenoviral-based vectors are extremely efficient in the transduction of
liver cells, the main limitation of this vector is that the adenoviral capsid can
mediate an inflammatory response, which can result in shorter duration of the

transgene expression. In addition, virus-neutralizing antibodies can be elicited. As
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most humans have been exposed to wild-type adenovirus and harbour these
antibodies, adenoviral vectors may be cleared when administered in clinical trials.”

Much effort is put into the development of clinical safe gene delivery vectors
with improved efficiency and specificity. First-generation adenovirus vectors were
deleted of certain genes (E1 and E3) resulting in replication-deficient viruses®
Second- and third-generation vectors contain additional deletions in other genes
(E2 and / or E4), thereby reducing toxicity. Furthermore, there is a promising
development of helper-dependent adenoviruses that are deleted for all viral
genes.102 In combination with selective targeting to liver cells, the inflammatory
response against the vector will be further reduced due to increased infection

efficiency and thus a lower vector dose.

2.7 Concluding remarks

In contrast to the prevention of cell death in hepatocytes, induction of apoptotic cell
death in activated stellate cells may constitute a relevant therapeutic strategy
during liver diseases. For this purpose, this thesis describes some of the
mechanisms leading to apoptosis and provides tools to selectively interfere with

this process.
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Chapter 3

3.1 Abstract

In acute liver failure, hepatocytes are exposed to various cytokines that activate
both cell survival and apoptotic pathways. NF-kB is a central transcription factor in
these responses. Recent studies indicate that blocking NF-kB causes apoptosis,
suggesting the existence of NF-kB-regulated anti-apoptotic genes. In the present
study the relationship between NF-kB activation and apoptosis has been
investigated in hepatocytes. Methods: Primary rat hepatocytes were exposed to a
cytokine mixture of TNF-a, II-13, IFN-y, and LPS. Modulation of signalling pathways
was performed by using dominant negative adenoviral constructs. Apoptosis and
NF-kB activation were determined by caspase-3 activity and Hoechst staining, and
Electrophoretic Mobility Shift Assay, respectively. Furthermore, expression and
regulation of apoptosis-related genes was investigated. Results: (1) Inhibition of
NF-kB activation results in apoptosis. (2) Inhibitor of Apoptosis (IAP) family
members, clAP1, and XIAP, are expressed in rat hepatocytes. clAP2 is induced by
cytokines in an NF-kB-dependent manner and overexpression of clAP2 inhibits
apoptosis. (3) The anti-apoptotic Bcl-2 family member A1/Bfl-1 and the pro-
apoptotic members Bak and Bid are induced by cytokines and NF-kB-dependent.
(4) Nitric oxide (NO) inhibits caspase-3 activity in hepatocytes. Conclusions: In
inflammatory conditions, hepatocyte survival is dependent on NF-kB activation and

clAP2 contributes significantly to this protection.
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3.2 Introduction

In acute liver failure or acute viral hepatitis, hepatocytes are exposed to high levels
of a variety of cytokines. These cytokines, in particular tumour necrosis factor
a (TNF-0), activate both cell survival and apoptotic pathways in hepatocytes.”
Trimerisation of the TNF-a type | receptor (TNFR-1) by TNF-a results in docking of
adaptor proteins such as Fas-associated protein with death domain (FADD),
TNFR-associated death domain protein (TRADD), TNFR-associated factor 2
(TRAF2) and the serine/threonine kinase receptor interacting protein (RIP).3
Recruitment of FADD to TNFR-1-bound TRADD results in the activation of
caspase-8 followed by the activation of effector caspases, in particular caspase-3,
resulting in apoptosis.*

TRADD is also a docking protein for TRAF2 and RIP. These proteins are
involved in the induction of the NF-kB and Jun Kinase (JNK) survival pathways.
The NF-kB survival pathway is initiated by the activation of NF-kB-inducing kinase
(NIK). This protein activates an IkB kinase (IKK) complex, which results in the
specific phosphorylation and proteasomal degradation of the inhibitor of NF-kB,
IkBa. The release of NF-kB is followed by its migration to the nucleus, where it
activates the transcription of NF-kB-responsive genes.’

Blocking of the NF-kB pathway in TNF-a-stimulated hepatocytes results in a
shift towards apoptosis. This implies the existence of NF-kB-regulated anti-
apoptotic genes.®® Recent data suggest that members of the Inhibitor of Apoptosis
(IAP) family may represent these genes. In different cell types, but not yet in
hepatocytes, it has been demonstrated that the expression of members of the IAP

9-11

family is regulated by NF-kB. The IAP family was originally discovered in
baculovirus and subsequently identified in human cells. This family includes clAP2
(also known as human IAP1: HIAP1), clAP1 (also known as human IAP2: HIAP2),
X chromosome-linked IAP (XIAP), Survivin'* and Livin*%. These proteins have been

reported to directly bind and inhibit the activation of caspase-3, -7 and -9.
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Signalling initiated from caspase-8 is therefore blocked at the effector caspase

13
l.

level.”™ Another family, which is also critical in regulating cell death, is the Bcl-2

14-16

protein family. This family consists of pro- (e.g. Bak, Bid and Bax) and anti-

apoptotic (e.g. Bcl-2, Bcl-XL and A1/Bfl-1) members, which together regulate the

integrity of the mitochondrial membrane.'’*®

The regulation of the Bcl-2 family by
cytokines has been investigated in different cell types, but little is known about its
expression and regulation in hepatocytes.

Finally, inducible nitric oxide synthase (INOS) may act as an anti-apoptotic
gene. Protection against TNF-a-induced apoptosis has been achieved by nitric
oxide (NO).**?! NO is a product of iINOS, which has been found to be an NF-kB-
regulated gene.?” Although the inhibitory effect of exogenous nitric oxide on
caspase activity has been demonstrated before®, it is not clear whether inhibition
of INOS activity would result in apoptosis in cytokine-exposed hepatocytes.

In this study we want to investigate the relationship between NF-kB activation
and apoptosis in hepatocytes. To mimick acute liver inflammation, in this study a
mixture of cytokines is used containing tumour necrosis factor-a, interleukin-1,
interferon-y, and LPS. The results of our study demonstrate that in inflammatory
conditions hepatocyte survival is dependent on activation of NF-kB. The NF-kB-

regulated gene clAP2 inhibits caspase-3 activity and prevents apoptosis.
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3.3 Materials and methods

Animals

Specified pathogen-free Male Wistar rats (220-250 g) were purchased from Harlan,
Zeist, the Netherlands. They were housed under standard laboratory conditions
with free access to standard laboratory chow and water. The study as presented

was approved by the local Committee for Care and Use of Laboratory Animals.

Hepatocyte isolation and experimental design

Hepatocytes were isolated as described previously.”® Cell viability was consistently
more than 90 % as determined by trypan blue exclusion. Isolated hepatocytes
were plated at a density of 125000 cells per cm® in Wiliam's medium E (Life
Technologies Ltd., Breda, The Netherlands) supplemented with 50 pg/ml
gentamycin, 2 pg/ml fungizone (Biowhittaker, Verviers, Belgium) and 20 mU/ml
insulin (Novo Nordisk, Bagsvaerd, Denmark). During the attachment period (4
hours) 50 nmol/l dexamethasone (Sigma, St Louis, MO) and 5 % FCS (Life
Technologies Ltd.) were added to the medium. Cells were cultured in a humidified
incubator at 37 °C /5 % COs,.

Experiments were started twenty-four hours after isolation. Hepatocytes were
exposed to 10 ug/ml LPS (Escherichia coli, serotype 0127:B8, Sigma, St. Louis,
MO) and a cytokine mixture (CM) composed of 20 ng/ml recombinant mouse
tumour necrosis factor a (TNFa, R&D Systems, Abingdon, United Kingdom), 10
ng/ml recombinant human interleukin-13 (IL-13, R&D Systems) and 100 U/ml
recombinant rat interferon-y (IFNy, Life Technologies Ltd.). Fifteen hours prior to
CM exposure, cells receiving adenoviral constructs were infected with a Multiplicity
of Infection (MOI) of 10 (as determined by plaque assay). In the case of double
virus infections, cells received each virus at an MOI of 10 simultaneously. Thirty
minutes prior to addition of cytokines, some cultures were exposed to 200 ng/ml of

the transcriptional inhibitor actinomycin-D (ActD) or 250 pmol/l NO-donor V-
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PYRRO/NO*, or 2.5 mmol/l of the aspecific NOS-inhibitor N°-nitro-L-arginine
methyl ester (L-NAME, Sigma).

Each experimental condition was performed in triplicate wells. Two hours after
addition of CM, cells were harvested for preparation of nuclear extracts. Ten hours
after the addition of CM or at the indicated time-points in the time course study,
cells were harvested and rinsed 3 times with ice-cold PBS prior to the addition of
Trizol reagent (RNA isolation) (Life Technologies Ltd.) or hypotonic cell lysis buffer
(protein analysis). This buffer consisted of 25 mmol/l HEPES (Sigma), 5 mmol/l
MgCl, (MERCK, Darmstadt, Germany), 5 mmol/L EDTA (Sigma), 2 mmol/l PMSF
(Sigma), 10 pg/ml Pepstatin A (Roche Biochemicals, Almere, The Netherlands)
and 10 pg/ml Leupeptin (Roche Biochemicals), pH 7.5. Cells were stored at —80 °C
(RNA) or =20 °C (protein). Each experiment was performed three times, using

hepatocytes from different isolations.

Adenoviral constructs

Recombinant, replication-deficient adenovirus Ad5IkBAA was used to inhibit NF-kB
activation as described previously.” This adenovirus contains a construct driven by
the cytomegalovirus promoter-enhancer in which IkBa has been mutated at
serines 32 and 36. Therefore, mutant IkBa cannot be phosphorylated and binds
NF-kB irreversibly, preventing its activation. As a control virus Ad5LacZ was used,
which contains the E. coli B-galactosidase gene. The Ad5dnFADD expresses a
FADD mutant lacking the death effector domain. It is therefore unable to bind
caspase-8.2° The AdHIAPL virus contains human IAP1 which is the human

homologue of rat clAP2.%’
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Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts were prepared using a final concentration of 0.25% Nonidet P-40
as described previously.”® EMSA for NF-kB was performed as described

previously.?®

Caspase-3 enzyme activity assay
Caspase-3 enzyme activity was assayed in cells using a caspase-3 activity kit with
fluorimetric detection (Promega) according to the manufacturer’s instructions. 20

Hg of protein was used.

Microscopic determination of apoptosis

Hoechst 33342 (Sigma-Aldrich Chemie, Schnelldorf, Germany) was used to detect
apoptotic nuclei in hepatocytes. Hepatocytes were seeded on glass coverslides
and exposed to CM with or without ActD or Ad5IKBAA. Fifteen hours after addition
of CM, cells were incubated with 4.7 pg/ml Hoechst 33342 for 5 minutes at 37 °C /
5 % CO,. Glass coverslides were rinsed twice in HBSS (Life Technologies Ltd.)
and placed upside down on microscope slides. Fluorographs were visualised and

monitored using a Leitz fluorescence microscope.

RNA isolation and reverse-transcriptase polymerase chain reaction (RT-PCR)
RNA was isolated using the Trizol method (Life Technology Ltd.) according to the
manufacturer’s instructions. Reverse trancription was performed on 5 ug of total
RNA using random primers in a final volume of 75 pl (Reverse Transcription
System, Promega, Madison, WI). Each PCR was performed as described
previously.”® PCR primes are listed in table 1. For every PCR, GAPDH was used
as internal control. Each PCR product was loaded on a 2 % agarose gel and

stained with ethidium bromide.
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Table 1. Oligonucleotide primers used for the analysis of pro- and anti apoptotic genes by RT-PCR

Primers (species) Sense and Antisense PCR product (bp)  # cycles Annealing
temp(°C)
clAP2 (rat) 5-ACATTTCCCCAGCTGCCCATTC -3’ 622 30 60

5-CTCCTGCTCCGTCTGCTCCTCT-3’
clAP1 (rat) 5-CCAGCCTGCCCTCAAACCCTCT-3' 502 30 61
5'-GGGTCATCTCCGGGTTCCCAAC-3'
XIAP (rat) 5'-CGCGAGCGGGGTTTCTCTACAC-3’ 510 28 61
5'-ACCAGGCACGGTCACAGGGTTC-3'
iNOS (rat) 5'-CGAGGAGGCTGCCTGCAGACTGG-3' |1383 26 60
5-CTGGGAGGAGCTGATGGAGTAGTA-3'
Bcl-2 (rat) 5-GCTACGAGTGGGATACTGGAGA-3' 446 30 58
5-AGTCATCCACAGAGCGATGTT-3’
Bcl-XL (rat) 5-GCATATCAGAGCTTTGAACAGGT-3' 534 30 56
5'-CTTTCACAGAAGCGTGGTAGATT-3'
Bak (mouse) 5'-TCTCCACCACGACCTGAAAAAT-3’ 494 30 56
5'-GATATCAGCCAAAAAGCAGGTC-3'
Bid (mouse) 5-AGTCAGGAAGAAATCATCCACAA-3' 361 30 58
5-CTCCTCAGTCCATCTCGTTTCTA-3'
Bax (rat) 5-AGGATGATTGCTGATGTGGATAC-3' 300 30 56
5'-CACAAAGATGGTCACTGTCTGC-3'
A1/Bfl-1 (rat) 5'-ATCCACTCCCTGGCTGAGAACT-3' 311 30 56
5'-ACATCCAGGCCAATCTGCTCTT-3’
GAPDH (rat) 5'-CCATCACCATCTTCCAGGAG-3' 576 22 58

5-CCTGCTCACCACCTTCTTG-3’

Western blot analysis

Hepatocytes were scraped and cell lysates were obtained by three cycles of
freezing (-80 °C) and thawing (37 °C) followed by centrifugation for 5 minutes at
13.000 rpm. Western blot analysis for INOS was performed as described before.*
Blots were incubated with a dilution of 1:1000 of rabbit anti-rat iNOS antibody.*
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Statistical analysis

Results are presented as the mean + standard deviation. One-way ANOVA and
Student-Newman-Keuls test were used to determine the significance of differences
between experimental groups. A P value of less than 0.05 (P < 0.05) was

considered to be statistically significant.

3.4 Results

Specific inhibition of the NF-xB pathway results in apoptosis

To investigate the relationship between NF-kB activation and caspase-3 activity,
hepatocytes were incubated with a cytokine mixture (CM) for 10 hours with or
without adenoviral constructs that selectively inhibit various signalling pathways.
Functionality of Ad5IkBAA and Ad5dnFADD was demonstrated by EMSA and
caspase-3 assay, respectively. In the presence of CM alone, NF-kB was clearly
activated as determined by EMSA (Fig 1).

~

Q
y § F
K \‘.\3’ S Figure 1. NF-kB activation is FADD-

independent and inhibited by AdS5IKBAA.

| " a0y

S
&

. ; Cultured rat hepatocytes were treated as
NF-KB =—pp .“ “ indicated in the figure. NF-kB activation was
. : measured by EMSA. One or two
representative samples per condition are
shown. (Con = control hepatocytes; no add. =
no additives; CM = cytokine mixture;
Ad5dnFADD and AdS5IkBAA express mutated
FADD, and IkB-a, respectively; Ad5LacZ =

control virus).

Free probe —P»
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The activation of NF-kB was inhibited by the dominant negative IkB-construct,
whereas control (LacZ) virus had no effect (Fig 1).

Next, the corresponding effect on caspase-3 activity was determined. A
positive control experiment was performed with CM in the presence of ActD, which
induces apoptosis in many cell types, including hepatocytes. The induction of
caspase-3 activity was F ADD-dependent, as shown in Figure 2A. ActD alone or

1000

4000

3000

(% of CM alone)
@
8
L

2000

Caspase-3 activity

IS
8
Caspase-3 activity
(% of CM alone)

1000

CcM ActD ActD/ LacZ IKBAA dnFADD IkBAA/ CM 3h 6h 9h 12h 24 h
dnFADD dnFADD

CM + Ad5IKBAA

Figure 2. Specific inhibition of NF-kB results in a FADD-dependent increase of caspase-3 activity,
peaking at 6 hours after CM exposure. (A) Cultured rat hepatocytes were treated as indicated in the
figure. All conditions were performed in the presence of CM. (B) Time course study on hepatocytes
exposed to CM for 3, 6, 9, and 12 hours (h) and the adenoviral construct Ad5IkBAA. Caspase-3
enzyme activity is shown as percentage of CM alone. The data represent mean of 3 independent
experiments + SD. *P <0.05 (compared with other groups). (CM = cytokine mixture; ActD =

Actinomycin-D; adenoviral constructs (Ad5) expressing dnFADD, and IKBAA; LacZ = control virus).

CM alone had no effect on caspase-3 activity compared to control hepatocytes
(data not shown). Specific inhibition of NF-kB activation by Ad5IKBAA resulted in
FADD-dependent induction of caspase-3 activity. Control (LacZ) virus had no effect
on caspase-3 activity. Caspase-3 activity started to rise at least 3 hours after
cytokine addition in hepatocytes with a blocked NF-kB pathway (Fig 2B). Caspase-
3 activity peaked at 6 hours and returned to normal 24 hours after cytokine

addition.
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To confirm that activation of caspase-3 activity results in apoptosis, staining with
Hoechst 33342 was performed to detect apoptotic nuclei (Fig 3). Nuclear
fragmentation and condensation of chromatin were observed in many hepatocytes
exposed to CM in the presence of actinomycin-D or Ad5IkBAA, but not in control

hepatocytes or hepatocytes exposed to CM alone.

-
-

Figure 3. Inhibition of NF-kB results in apoptotic nuclei. Control hepatocytes (A); hepatocytes exposed

to CM (B), CM + ActD (C); and CM + Ad5IkB (D) were stained by Hoechst 33342 for determination of

nuclear morphological alterations. The original magnification of all panels is 400x.

These data indicate the importance of NF-kB-regulated transcription of anti-
apoptotic genes that inhibit caspase-3 activity. Therefore, we investigated their

expression and their effect on caspase-3 activity. In order to approximate the in
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vivo situation, experiments were performed in the presence of a mixture of
cytokines (CM).

clAP2 is an NF-«B-regulated gene and prevents apoptosis in hepatocytes

IAP protein family members are potent inhibitors of caspases and may play an
important role in maintaining the pro-/anti-apoptotic balance after NF-kB activation.
Both clAP1 and XIAP, but not clAP2 are clearly expressed in freshly isolated rat
hepatocytes corresponding to hepatocytes in vivo (Fig 4A). However, clAP2
expression is strongly increased 3 hours after cytokine addition (Fig 4B) preceding

the 6-hour-peak of caspase-3 activity.

B A clAP2 CclAP1 XIAP

CON 3hcm 6hcm 9hcm 12hcwm =

Figure 4. clAP2 is induced 3 hours after

GAPDH

clAP2

cytokine exposure and is NF-kB dependent.
(A) clAP2, clAP1 and XIAP mRNA expression
in freshly isolated rat hepatocytes. (B) mRNA
expression of GAPDH, clAP2, clAP1 and

XIAP in a time course study on cultured

clAP1

XIAP

cm/ cm/
CcM Lacz IKBAA

o]
o
=z

GAPDH

CIAP2

clAP1

XIAP
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hepatocytes exposed to CM for 3, 6, 9, and 12
hours (h). (C) mRNA expression of GAPDH,
clAP2, clAP1 and XIAP in cultured rat
hepatocytes treated with or without CM in the
presence of adenoviral (Ad5) LacZ or IKBAA.
Expression of mMRNA was determined by RT-
PCR. One of three representative experiments
of n = 2 per condition is shown. (Con = control
hepatocytes; CM =
Ad5IKBAA express mutated IkB-a; Ad5LacZ =

cytokine  mixture;

control virus).
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Elevated clAP2 expression persists at least 12 hours after cytokine exposure.
clAP1 and XIAP expression are not increased by cytokines. Experiments on
hepatocytes exposed to CM alone or in the presence of Ad5IKBAA reveal that
clAP1 and XIAP are not regulated by NF-kB (Fig 4C), whereas the cytokine-
induced expression of clAP2 is NF-kB dependent.

To demonstrate that clAP2 is able to inhibit caspase-3, hepatocytes were
incubated with CM alone or in the presence of Ad5IkBAA and/or AdHIAP1 (Fig 5).
The increase in caspase-3 activity obtained with CM + Ad5IkBAA is completely
prevented by AdHIAP1, demonstrating inhibition of caspase-3 by clAP2 in

hepatocytes.
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Figure 5. clAP2 prevents apoptosis in hepatocytes. Cultured rat hepatocytes were treated as indicated
in the figure. All conditions were performed in the presence of CM. Caspase-3 activity is shown as
percentage of CM alone. The data represent mean of 3 independent experiments = SD. *P<0.05
(compared with other groups). (CM = cytokine mixture; Ad5IKBAA express mutated IkB-a; AdHIAP1
express HIAP1; Ad5LacZ = control virus).
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Anti-apoptotic Al, and Pro-apoptotic Bak and Bid are NF-4B regulated genes
Since the Bcl-2 family plays an important role in regulating apoptosis, the

regulation of Bcl-2 family members by cytokines in hepatocytes was investigated.

A Figure 6. A1/Bfl, Bak and Bid are induced by
c™m/ cm/
CON CcM LacZ  IKBAA cytokines in an NF-kB-dependent manner. (A)

Cultured rat hepatocytes were treated with or
without CM in the presence of adenoviral
(Ad5) LacZ or IkBAA. mRNA expression of
anti-apoptotic Bcl-XL and A1/Bfl-1, and pro-

Bcl-XL
apoptotic Bak, Bid and Bax was determined by

RT-PCR. (B) A time course study on
hepatocytes exposed to CM for 3, 6, 9, and 12
hours (h). mMRNA expression of Al/Bfl, Bak

and Bid. One of three representative

Al/Bfl-1

Bak
experiments of n = 2 or 3 per experimental

condition is shown. GAPDH served as internal
control. (Con = control hepatocytes; CM =
cytokine mixture; Ad5IKBAA express mutated

IkB-a; Ad5LacZ = control virus).

GAPDH

Al/Bfl-1
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With the exception of Bcl-2, mRNA levels of all investigated Bcl-2 family members
were identical in freshly isolated hepatocytes, and primary cultured hepatocytes
(data not shown). Bcl-2 expression was only shown in late-cultured hepatocytes,
but not in freshly isolated and early cultured hepatocytes. This allowed further
investigation of these Bcl-2 family members, whereas Bcl-2 was not examined in
detail.

Exposure of hepatocytes to CM induced the expression of anti-apoptotic
Al1/Bfl-1 and pro-apoptotic Bak and Bid. This induction is abrogated in the
presence of Ad5IkKBAA, indicating that these genes are NF-kB-dependent. CM had
no effect on anti-apoptotic Bcl-XL and pro-apoptotic Bax (Fig 6A). mRNA
expression of A1l/Bfl is already increased 3 hours after CM exposure (Fig 6B)
preceding the peak of caspase-3 activity and it is still elevated 12 hours after CM
exposure. Although Bid and Bak expression followed approximately the time-

course of A1/Bfl, the induction of Bak expression was somewhat later.

Study on iNOS and its anti-apoptotic role in hepatocytes

Since exogenous NO is able to inhibit apoptosis in various cell types, in the present
report the regulation of INOS and its importance as an anti-apoptotic protein were
investigated. Using Ad5IKBAA, we confirm that the cytokine-induced expression of
iINOS in hepatocytes is NF-kB-dependent both at the mRNA and protein level (Fig
7A). Control (LacZ) virus has no effect on INOS expression. mMRNA expression of
iINOS is clearly induced after 3 hours of CM exposure and remains unchanged
after 12 hours of CM addition (Fig 7B).
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A cMm/ cM™m/
CON CM LacZ IKBAA

iINOS Protein
B CON 3hCM 6 hCM 9hCM 12hCM
GAPDH

iINOS

Figure 7. iINOS is induced 3 hours after cytokine addition and NF-kB-dependent. (A) iNOS protein and
mRNA (iINOS and GAPDH) expression in cultured rat hepatocytes treated with or without CM in the
presence of adenoviral (Ad5) LacZ or IKBAA. One of three representative experiments of n = 2 per
condition is shown. (B) mRNA expression of iNOS and GAPDH in a time course study on hepatocytes
exposed to CM for 3, 6, 9, and 12 hours (h). One of three representative experiments of n = 3 per
condition is shown. (Con = control hepatocytes; CM = cytokine mixture; Ad5IKBAA express mutated

IkB-a; Ad5LacZ = control virus).

Addition of V-PYRRO/NO to hepatocytes exposed to CM and ActD resulted in a 50

20,21 and

% decrease of caspase-3 activity (Fig 8). This confirms previous reports
demonstrates that NO inhibits caspase-3 activity. Inhibition of INOS activity in CM-
exposed hepatocytes by L-NAME did not increase caspase-3 activity, as shown in

Figure 8.
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Figure 8. Inhibition of INOS does not affect
caspase-3 activity, whereas exogenous NO is
anti-apoptotic. Hepatocytes were treated as
indicated in the figure. All conditions were
performed in the presence of CM. Caspase-3
activity is shown as percentage of CM. The
data represent mean of 3 independent
experiments + SD. *P<0.05 (compared with
other groups). (Con = control hepatocytes; CM
= cytokine mixture; ActD = Actinomycin-D; L-
NAME = inhibitor of iINOS; V-PYRRO/NO =
NO-donor).

Comparison of cytokine mixture- to TNF-a- induced gene expression

Since TNF-a alone is often used to study apoptotis in hepatocytes, we compared

TNF-a and CM-induced expression of NF-kB-regulated genes (Fig 9). TNF-a and

CM induced the expression of anti-apoptotic clAP2 to the same extent. The

expression of anti-apoptotic A1/Bfl is more strongly induced by CM compared to

TNF-a alone, whereas iNOS and Bak are hardly induced by TNF-a.

CcM CON TNF-a

GAPDH

CIAP2

Al/Bfl-1

Bak

iNOS

Figure 9. Comparison of CM- to TNF-a-
induced NF-kB-regulated gene expression.
Hepatocytes were treated as indicated in the
figure. mRNA expression of GAPDH, anti-
apoptotic clAP2 and Al/Bfl-1, and iNOS, and
pro-apoptotic Bak was determined by RT-
PCR. One of three representative experiments
of n = 3 per experimental condition is shown.
(Con = control hepatocytes; CM = cytokine

mixture; TNF-a = tumor necrosis factor a).
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3.5 Discussion

In acute liver failure or acute viral hepatitis, hepatocytes are exposed to high levels
of a variety of cytokines, such as TNF-a, IL-13, IFN-y and LPS. These cytokines
simultaneously activate both survival and apoptotic pathways and it depends on
the level of pro- and anti-apoptotic activities whether the balance will tip to one side
or the other. Unlike Fas, cytokines like TNF-a are by themselves not sufficient to
induce apoptosis.® Disturbance of NF-kB activation, either by ActD or an
adenovirus expressing a mutated IkB-a, results in a shift towards apoptosis, as
shown here by an increased FADD-dependent caspase-3 activity and nuclear
fragmentation. Our study demonstrates that the anti-apoptotic effect of NF-kB is, to
a large extent, due to the NF-kB-dependent transcription of the anti-apoptotic
clAP2 which inhibits caspase-3 activity.

The NF-kB-dependence of rat clAP2 in hepatocytes correlates with findings in

other cell types.’?*??

Overexpression of the human homologue of rat clAP2
(HIAP1) prevents caspase-3 activation in hepatocytes in which NF-kB activation is
prevented and clAP2 expression is absent. These results clearly demonstrate the
importance of clAP2 in inhibiting apoptosis: in cytokine-exposed hepatocytes in
which NF-kB activation is blocked, clAP1 and XIAP are normally expressed,
whereas expression of clAP2 is abolished. Furthermore, the time course of clAP2
mMRNA induction precedes the activation of caspase-3. Our findings correlate with
observations in neurons in which overexpression of clAP2 delays cell death.””*
Although clAP1 (HIAP2) and XIAP are not NF-kB-dependent in hepatocytes, XIAP

1134 and human skin

and clAP1 are NF-kB-regulated in human endothelial cells
epithelial cells® and in the human fibrosarcoma cell line HT1080."°

Little is known about the regulation of Bcl-2 family members in hepatocytes.
The present report demonstrates that NF-kB is strongly involved in the cytokine-
induced expression of pro-apoptotic Bak and Bid, and the anti-apoptotic A1/Bfl-1 in

hepatocytes. Since inhibition of NF-kB tips the balance towards apoptosis, the
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upregulation of some pro-apoptotic genes appears surprising. On the other hand,
the anti-apoptotic Bcl-2 family member A1/Bfl-1 is a potent inhibitor of apoptosis.™*
Moreover one may conclude from the observed effects of NF-kB inhibition, that the
NF-kB-mediated activation of anti-apoptotic clAP2 and A1/Bfl is dominant over the
NF-kB activation of pro-apoptotic Bak and Bid. Since anti-apoptotic Bcl-2 is only
expressed in late-cultured hepatocytes, this expression is a culture artefact.
Therefore, the role of Bcl-2 has not been investigated further.

Since TNF-a is frequently used to study apop'[osise;ze;36

, we compared the
effects of CM to TNF-a alone. This study demonstrates that some NF-kB-
dependent genes are hardly induced by TNF-a alone. TNF-a induces similar
induction of Bid and A1 compared to cytokine mixture indicating that IL-13 and IFN-
yplay a minor role in the induction of these genes. In contrast, TNF-a alone only
partially induced Bak and iNOS expression, suggesting the presence of IL-1f3 and
IFN-y responsive elements in the Bak and iNOS promoter.

Although some studies reported NF-kB-regulated expression of anti-apoptotic

Bcl-XL in various cell types®*®

, we do not observe NF-kB-regulated induction of
Bcl-XL in hepatocytes. Also the mRNA expression of pro-apoptotic Bax is not
regulated by NF-kB in hepatocytes.

The protective role of NO in hepatocytes has been established in different

studies.?*#’

Our report confirms that NO is an inhibitor of caspase-3 activity.
Furthermore, we confirmed that iINOS is regulated by NF-kB. However, the exact
importance of iINOS-derived NO in the inhibition of caspase-3 remains to be
clarified. Inhibition of NO synthesis using L-NAME in cytokine-exposed
hepatocytes did not increase caspase-3 activity. An explanation of this observation
is that clAP2 is a very effective inhibitor of caspase-3. In cytokine-exposed
hepatocytes in the presence of L-NAME, the NF-kB pathway is still intact (data not
shown) and clAP2 is induced and active. In this situation, the lack of NO is
compensated by the presence of active clAP2. In cytokine-exposed hepatocytes in

which the NF-kB pathway is inhibited, we demonstrate that clAP2 and iNOS are
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not expressed. In these hepatocytes, exogenous NO inhibits caspase-3 which is
also shown by others.”® From these observations we conclude that during
inflammation various anti-apoptotic signals exist to protect hepatocytes against
apoptosis. Exogenous NO could be useful as an anti-apoptotic agent in conditions
in which NF-kB activation is compromised.

The results of the present report demonstrate that in inflammatory conditions
hepatocyte survival is dependent on NF-kB activation. NF-kB activation results in
the transcription of anti-apoptotic genes, in particular clAP2, which in turn inhibits

caspase-3 activity and apoptosis.
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Chapter 4

4.1 Abstract

Upon acute liver injury, Kupffer cells and newly recruited leukocytes are activated
followed by the production of pro-inflammatory cytokines and reactive oxygen
species. These events induce massive apoptotic and necrotic cell death of
hepatoctyes. Previously, we have shown that under these conditions, apoptosis
can be blocked in hepatocytes in vitro through adenoviral expression of the human
Inhibitor of Apoptosis proteinl (HIAP1). The hypothesis of the present study is that
HIAP1 gene transfer rescues hepatocytes from apoptosis during acute liver injury.
To investigate this, BALB/c mice were treated i.v. with control recombinant
adenovirus (Ad5LacZ) or adenovirus encoding HIAP1 (AdHIAP1) using 5 x 10° pfu
per animal. After three days, these mice and control mice were injected i.p. with 20
mg GalN and 250 ng LPS. Seven hours after this treatment, livers were screened
for transgene expression, morphology, inflammation and cell death. In addition,
XIAP transgenic mice were exposed to LPS/GalN. Our results demonstrated that
HIAP1 was only expressed in AdHIAP1-pretreated livers. The adenoviral vector
itself was non-toxic to normal livers as shown by normal vitality and absence of
necrosis, apoptosis and inflammation. However, when acute liver injury was
induced with LPS/GalN in HIAP1-positive livers, apoptosis, necrosis and liver
damage were increased dramatically compared to animals receiving only
LPS/GalN. In contrast, inflammation in LPS/GalN-exposed livers was clearly
decreased by viral-pretreatment. LPS/GalN treatment of XIAP-transgenic animals
exaggerated apoptosis as well. In conclusion, these data imply that IAP
overexpression is detrimental in LPS/GalN-induced liver injury. This study is

important for gene therapy as a treatment of acute liver diseases.
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4.2 Introduction

Acute liver failure is associated with high mortality. It develops as a consequence
of viral hepatitis, toxin- or drug-induced toxicity or due to rejection after liver
transplantation.” In acute liver injury, Kupffer cells and newly recruited leukocytes
are activated which results in the production of cytokines, like Tumour Necrosis
Factor-a (TNF-a), and reactive oxygen species. This triggers apoptotic and
necrotic cell death of hepatocytes. In hepatocytes, apoptosis is only induced when
NF-kB activation is prevented,” * implicating the importance of NF-kB-regulated
anti-apoptotic genes. Recently, we demonstrated that clAP2 is an NF-kB-regulated
gene which prevents apoptosis in cytokine-exposed hepatocytes in vitro. The
protein clAP2 belongs to the Inhibitor of Apoptosis Protein (IAP) family and is also
known as human IAP1 (HIAP1). Overexpression of HIAP1 protects against
apoptosis in hepatocytes in vitro.? The 1AP family also includes XIAP1, HIAP2,
NAIP, Survivin and Livin, of which Survivin and Livin are predominantly expressed
in cancer cells. IAP family members are potent inhibiters of pro- and active
caspase-9, and active caspase-3, thereby arresting the apoptotic cascade initiated
by caspase-8.* The IAP family does not inhibit active caspase-8 itself.

Since hepatocyte apoptosis is a strictly regulated process and a key event in
the development of acute liver failure, inhibition of apoptosis by means of gene
therapy may prevent lethal liver failure. In this study, we therefore investigate
whether HIAP1 gene expression rescues hepatocytes from apoptosis during
development of acute liver failure.

Animal models have been developed to reflect human acute liver injuries. Well
characterized models are T-cell-mediated injury in ConA-treated and Fas agonistic
antibody-treated mice. Another widely used model of acute liver injury is D-
galactosamine (GalN)-sensitized mice treated with lipopolysaccharide (LPS).” °
GalN selectively depletes UTP in the liver and specifically inhibits RNA synthesis in

hepatocytes. LPS is needed to initiate an acute inflammatory response (e.g. IL-1(3,
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IL-6, TNF-a) inducing apoptosis and necrosis in hepatocytes.”®

In the present study, the GalN/LPS model is utilized to study the anti-apoptotic
effects of HIAP1 expression in acute liver injury. For this purpose, a gene encoding
the HIAP1 protein will be introduced in the liver using a recombinant adenoviral
vector. Furthermore, XIAP-transgenic mice are used. The adenoviral vector very

9-11

efficiently delivers genes into hepatocytes. Except for several gene therapy

12-15

studies in T-cell-mediated liver failure™ ™, (adenoviral) gene therapy in the

118 Since the

GalN/LPS model has not been extensively investigated vyet.
GalN/LPS model mimics acute toxic hepatitis, it is relevant to explore novel
therapeutic strategies. The present report contributes to this search by

investigating the therapeutic effects of HIAP1 gene delivery.

4.3 Materials and methods

Animals

Specified pathogen-free BALB/c male mice (25g) were purchased from Harlan,
Zeist, the Netherlands. Ub-6myc-XIAP transgenic mice were generated in the
Apoptosis Research Center of Children’s Hospital of Eastern Ontario, Ottawa,
Canada. These transgenic mice express a 6myc-tagged version of XIAP under the
control of the Ubiquitin C promotor. Mice were housed under standard laboratory
conditions with free access to standard laboratory chow and water. Each
experiment was performed following the guidelines of the local Committee for Care
and Use of Laboratory Animals. Adenovirus studies were in compliance with the

Dutch regulations regarding the use of genetically modified organisms.
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Experimental design
In mice, adenoviral mediated gene transfer in hepatocytes was accomplished by
intravenous injection of 5 x 10° pfu/mouse of recombinant adenoviral vectors
coding for HIAP1 or B-galactosidase. Control mice received PBS. Three days
following virus infection, mice were treated intraperitoneally with PBS or 800 mg/kg
D-galactosamine (GalN; Sigma, St. Louis, MO, USA) plus 10 pg/kg LPS (E.coli
serotype 0127:B8; Sigma). Some mice were only treated with AdHIAP1 or 10
mg/kg LPS, whereas other mice only received LPS/GalN. Ub-6myc-XIAP
transgenic mice were also exposed to 800 mg/kg GalN plus 10 pg/kg LPS. Each
group contained five to ten mice.

Seven hours after administration of LPS/GalN, mice were bled for biochemical
analysis and sacrificed. Specimens of livers were either snap-frozen in liquid
nitrogen for isolation of RNA and protein, stored in formalin or frozen in iso-pentane

for immmunohistochemical studies.

Recombinant Adenoviral constructs

Recombinant, replication-deficient adenovirus AdHIAP1 was up-scaled using
standard techniques.'” AdHIAP1 is an adenoviral type 5 based vector in which E1
and E3 genes have been deleted. It contains human IAP1, which is the human
homologue of mouse IAP1.*®* *° As a control virus Ad5LacZ was used, which

contains the E. coli B-galactosidase gene.

Expression of transgenes in mice liver

Transgene expression and localization were determined by X-Gal staining (Sigma)
on cryostat sections. Shortly, sections were fixed in 0.5 % glutaraldehyde for 5 min.
and incubated in iron-buffer (5 mM KsFe(CN)s, 5 mM K4Fe(CN)g, 3 mM MgCl, in
PBS) containing X-Gal (final concentration of 1 pg/ul) at 37°C. Sections were
counter stained with eosin and evaluated on a microscope. The expression of

HIAP1 was measured using RT-PCR as described elsewhere in this report.
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Liver enzymes
In mice sera, alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) served as markers for liver damage. These enzymes were measured by

routine clinical chemistry.

RT-PCR

Total RNA was extracted from livers using the Trizol method according to the
manufacturer's instructions (Invitrogen, Breda, The Netherlands). Reverse
transcription (RT) was performed on 5 pg of total RNA using random primers, 50 U
AMV Reverse-Transcriptase in a final volume of 75 pl. (Reverse Transcription
System, Promega, Madison, WI). RT program included 3 steps: 10 min at 25°C
followed by 50°C for 1 hr and 5 min at 95°C. PCR reactions were performed with 3
pl of RT reaction mixture supplemented with 5 U Taq Polymerase (Eurogentec,
Seraing, Belgium), 50 pmol sense and 50 pmol antisense primers (Invitrogen) and
50mM MgCl,. The final reaction volume was 50 ul. PCR primers are listed in table

1. For every PCR, GAPDH was used as standard control.

Caspase-3 enzyme activity assay

Livers were mechanically homogenized in a hypotonic cell lysis buffer® followed by
two centrifugation-steps of 13.000 rpm for 10 min at 4 °C. Protein amount in the
supernatant was determined with a BioradDC protein assay according to the
manufacturer’s instructions. (Biorad Laboratories, Veenendaal, The Netherlands).
Caspase-3 enzyme activity was assayed using a caspase-3 activity kit with
fluorimetric detection (Promega) according to the manufacturer’s instructions. 20

Kg of protein was used.
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Table 1. Oligonucleotide primers used for RT-PCR analysis

Primers Sense and antisense
HIAP1 5-CAGTGGATATTTCCGTGGCT-3
5-ATTTTCCACCACAGGCAAAG-3’
TNF-a 5-CACCATGAGCACGGAAAGCA-3
5-GCAATGACTCCAAAGTAGACC-3
IL-1B8 5-CAGGCAGGCAGTATCACTCA-3'
5-AGGCCACAGGTATTTTGTCG-3’
IFNy 5-ACTGGCAAAAGGATGGTGAC-3
5-TGAGCTCATTGAATGCTTGG-3’
mMIP2 5-GCCAAGGGTTGACTTCAAGA-3
5-TTAGCCTTGCCTTTGTTCAG-3
Gro-1 5-GCTGGGATTCACCTCAAGAA-3'
5-TGGGGACACCTTTTAGCATC-3'
GAPDH 5-CCATCACCATCTTCCAGGAG-3'
5-CCTGCTTCACCACCTTCTTG-3

Western Blot analysis

SDS-Page was performed with liver homogenates using 40 pg protein on a 15 %
gel followed by Western blot analysis using 1:1000 diluted antibody against
cleaved caspase-3 by courtesy of G. Robertson and D. Nicholson (Merck,

Montreal, Canada).

Histology and immunohistochemistry

Liver sections fixed in formalin were embedded in paraffin. For morphologic
examinations, hematoxylin-eosin staining and a periodic acid schiff (PAS) staining
were performed. Paraffin sections were also used for the detection of active
caspase-3.° Briefly, after antigen retrieval and quenching of endogenous
peroxidase, slides were incubated for 1 hr with 1:100 diluted polyclonal antibody
against cleaved caspase-3 (Cell Signaling Technology, Beverly MA, USA). This
step was followed by 1:50 diluted Goat-Anti-Rabbit horseradish peroxidase
(GARpo (DAKO, Glostrup, Denmark) for 30 min and another amplification step with
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1:50 Rabbit-Anti-Goat horseradish perixodase (RAGpo, DAKO) Color was
developed using diaminobenzidine as substrate. All slides were evaluated on a

Zeiss microscope.

Statistical analysis

Results are presented as the meant of 5 to 10 animals per experimental group +
standard deviation. A Mann-Whitney test was used to determine the significance of
differences between two experimental groups. A P value of less than 0.05 (P<0.05)

was considered to be statistically significant.

4.4 Results

HIAP1 expression in acute liver injury
To investigate our hypothesis that HIAP1 rescues hepatocytes from apoptosis in
acute liver injury, mice were pre-treated with adenoviral vector coding HIAP1

(AdHIAP1). The experimental design is shown in Figure 1.

i.v. injection of i.p. injection of PBS or Sacrifice
5 x 10° pfu AdHIAP1 10 pg/kg LPS + mice

or Ad5LacZ (or PBS) 800 mg/kg D-GalN
per BALB/c mouse

} e

7.0 hr

Day 0 Day 3 e liver
* blood

Figure 1. Experimental design: adenoviral mediated gene transfer of HIAP1 in a model of acute liver

failure. See Material and Methods for details.
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Mice received intravenously 5 x 10° pfu of adenovirus/animal. Adenovirus
containing a (-galactosidase reporter gene served as control virus. After three
days, control and adenovirus-infected mice were treated with or without
galactosamine (GalN) and LPS (10 pg/kg). Livers were harvested seven hours
after LPS/GalN treatment. At this time-point, apoptosis was determined by
caspase-3 activity assay and consistently peaked in non-virus LPS/GalN-treated
livers (data not shown).

Figure 2a demonstrates that HIAP1 is expressed in all AdHIAP1 pre-treated

livers. As expected, control and AdLacZ-pretreated mice did not express HIAP1.

A LPS/GalN control

<
O N
o ° o€
o b

+ AdHIAPL control

HIAP1 ~»

AdSLacZ + LPSiGalN control

Figure 2. Adenoviral transgene expression after LPS/GalN-induced acute liver injury in mice. (A) mRNA
levels of human Inhibitor of Apoptosis Proteinl (HIAP1) in livers of control mice or LPS/GalN-treated
animals pre-exposed to 5 x 10° pfu of AdHIAP1. Ad5LacZ served as control virus. (B) Detection of (3-
galactosidase in mice livers pretreated with 5 x 10° pfu of Ad5LacZ followed by induction of acute liver
injury. Enzymatic processing of X-Gal by B-galactosidase results in the release of a blue dye (original

magnification 400x). Representative data of 5 to 10 animals per group are shown.
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The strong expression of the transgene in LPS/GalN-treated livers was present in
30 % of hepatocytes. This was shown by the enzymatic processing of X-Gal, the

substrate for 3-galactosidase (Fig 2b).

Liver histology and morphology

The liver architecture in mice was assessed using hematoxylin-eosin staining.
Control mice had normal liver morphology as demonstrated in Figure 3a
(appendix). Mice that were exposed to a high dose of LPS only also showed a
normal liver architecture (Fig 3f, appendix). However, administration of LPS/GalN
resulted in severe liver damage with hemorrhagic and disarraying areas and
apoptotic and necrotic hepatocytes (Fig 3b, appendix). Pretreatment of LPS/GalN
mice with control virus (Ad5LacZ) even worsened the liver architecture (Fig 3c).
Although a severe hemorrhagic pattern was shown in these livers, increased
inflammation seemed to be absent. Remarkably, pre-treatment of mice with
adenovirus coding for HIAP1 did not decrease LPS/GalN-induced liver damage
(Fig 3d, appendix). Therefore, the effects of the adenovirus itself on control livers
were examined more closely. As shown in Figure 3e (appendix), livers treated only
with adenovirus demonstrated some variety of the nucleus size in hepatocytes, but
without a significant number of apoptotic and necrotic cells. In addition, these livers

displayed normal morphology of hepatocytes (Fig 4).

Figure 4. Liver glycogen content
displayed by periodic acid schiff
(PAS) staining. Control mouse
AdHIAP1
livers and livers pre-treated with 5
x 10° pfu of AdHIAP1 were
examined for glycogen content at
3 days after injection of the
recombinant adenovirus AdHIAP1
control (original  magnification ~ 400x).
Representative data of 5 to 10

animals per group are shown.
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Moreover, serum levels of the liver enzymes ASAT and ALAT in AdHIAP1-treated
control mice where similar to control levels (Fig 5). These data demonstrate that
the adenoviral vector only minimally affects liver morphology and that adenoviral
toxicity in these livers is not a prominent feature.

Mice treated with LPS/GalN demonstrated highly increased serum levels of
AST and ALT compared to control and LPS-exposed animals. These levels
increased 7-fold in LPS/GalN mice that were pre-treated with Ad5LacZ (Fig 5). This
was similar in the AdHIAP1-pretreated mice demonstrating that HIAP1 did not

prevent adenoviral-mediated AST /ALT release in LPS/GalN-exposed mice.
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Figure 5. Serum levels of liver enzymes alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in control mice or mice pretreated with 5 x 10° pfu of AdHIAP1 or Ad5LacZ
followed by the onset of acute liver injury using LPS/GalN. Some animals were treated with LPS/GalN,
AdHIAP1, or 10 mg/kg of LPS. Data represent mean of 5 to 10 animals per group + SD. *P<0.05 for
AdHIAP1 + LPS/GalN vs LPS/GalN and for Ad5LacZ + LPS/GalN vs LPS/GalN.
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Effects of AAHIAPL on apoptosis in acute liver injury

Next, the anti-apoptotic effects of HIAP1 were investigated. Since activation of
caspase-3 is very indicative for apoptotic cell death, we measured this enzyme
activation in liver homogenates. As shown in Figure 6a, LPS/GalN treatment
resulted in a marked increase of caspase-3 activity compared to control mice livers.
Apoptotic cell death increased even more when animals had been pretreated with
Ad5LacZ. Also livers of AdHIAP1-treated animals that subsequently received
LPS/GalN displayed high levels of active caspase-3 (Fig 6a). No significant
reduction was seen in caspase-3 levels as compared to Ad5LacZ-treated animals.
In contrast, adenovirus itself did not induce caspase-3 activation (Fig 6a).

Besides these quantitative data, analysis of the localization of active caspase-3
was performed by immunohistochemistry. Staining for active caspase-3 confirmed
our results obtained with the caspase-3 assay (Fig 6b). Thus, the number of
caspase-3 positive hepatocytes in LPS/GalN-exposed animals was not reduced

upon pretreatment of mice with AdHIAPL.

AdHIAP1 does not induce inflammation in the liver during acute injury
Adenoviral vectors can induce pro-inflammatory events in the liver that can amplify
the inflammatory response to LPS. To rule out the possibility that this mechanism
obscured any beneficial effects of HIAP1, we investigated the hepatic expression
of different cytokines seven hours after LPS/GalN exposure. Livers of mice that
were treated only with a high dose of LPS (10 mg/kg) served as positive control.

In livers of LPS-treated mice, mRNA levels for IL-1(3, IFN-y and TNF-a were
induced compared to control livers (Fig 7). This was similar for the chemokines
Gro-1 (human homologue of IL-8) and murine MIP2 (mMIP2). Furthermore, in
GalN/LPS-treated mice the expression of mMIP2 and TNF-a increased slightly
compared to LPS-treated mice (Fig 7).
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Figure 6. Apoptotic cell death after LPS/GalN-induced acute liver injury in mice. (A) Caspase-3
activity in liver homogenates of control mice or mice pretreated with 5 x 10° pfu of AdHIAP1 or
Ad5LacZ followed by exposure to LPS/GalN. Some animals were treated with LPS/GalN, AdHIAP1
or 10 mg/kg of LPS. Data represent mean of 5 to 10 animals per group + SD. *P<0.05 for AdHIAP1
+ LPS/GalN vs LPS/GalN and for Ad5LacZ + LPS/GalN vs LPS/GalN. (B) Active caspase-3 staining
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LPS/GalN LPS/GalN
+AdHIAP1  +Ad5LacZ LPS/GalN AdHIAP1 LPS control

Figure 7. Cytokine and chemokine expression in liver homogenates. Mice were pretreated with or
without 5 x 10° pfu of AdHIAP1 or Ad5LacZ followed by exposure to LPS/GalN. Some animals were
treated with AdHIAP1 or 10 mg/kg of LPS. mRNA levels for the cytokines IL-1B3, IFN-y, TNF-a, and the

chemokines Gro-1 (Human Interleukin 8) and mouse MIP2 (mMIP2) are displayed.

In contrast, LPS/GalN-exposed animals pretreated with adenovirus demonstrated a
clear decrease in mRNA levels of IL-1B, TNF-a, Gro-1 and mMIP2 compared to
LPS/GalN alone, indicating a decreased inflammatory and chemotactic response.
Interestingly, in LPS/GalN-exposed animals pretreated with AdHIAP1, mRNA for
IFN-y was not expressed at all. Moreover, in AdHIAP1-treated control mice livers,
mRNA for IL-1, IFN-y, TNF-a, Gro-1 and mMIP2 was not induced (Fig 7), again

indicating the lack of an inflammatory response to adenovirus.
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Acute liver injury in XIAP-transgenic mice

To discriminate between the effects of the IAP transgene and non-specific
adenoviral effects, we induced acute liver injury in XIAP-transgenic mice. These
mice were exposed to the same doses of LPS/GalN and sacrificed 7 hours after
LPS/GalN treatment. Strikingly, caspase-3 activity was increased in XIAP-
transgenic mice compared to their wild-type littermates (Fig 8a). This was also
confirmed by Western blot analysis (Fig 8b), demonstrating caspase-3 processing.
These results confirm data obtained from adenoviral overexpression of HIAP1 in
LPS/GalN-treated animals (Fig 6), indicating that IAP overexpression is detrimental

in this model of liver injury.
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Figure 8. Apoptosis in XIAP-transgenic mice after LPS/GalN treatment. Ub-6myc-XIAP transgenic mice
were exposed to LPS/GalN and sacrificed 7 hours after treatment. (A) Caspase-3 activity in livers from
(LPS/GalN-exposed) XIAP-transgenic mice (Tg.) and their wild-type littermates (w.t.). (B) Western blot
detection of active caspase-3 in livers from (LPS/GalN-exposed) XIAP-transgenic mice and their wild-

type littermates. Representative data of 4 to 8 animals per group are shown.
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4.5 Discussion

The role of adenoviral gene transfer in the liver and the suitability of HIAP1 as a
therapeutic candidate for acute liver injury are highlighted in this paper. The
protection of human IAP1 (HIAP1) against hepatocyte apoptosis in acute liver
injury was investigated using the LPS/GalN model. Although LPS in the absence of
GalN caused inflammation in the liver, rodent liver cells were insensitive to cell
damage, which confirms other reports.® ® To obtain an acute model that reflects the
clinical situation, GalN-sensitization, which blocks transcription specifically in
hepatocytes, was needed. In the present study, mice were pretreated with
adenovirus encoding HIAP1 before the onset of acute liver injury. However, our
experimental design could still be relevant since in humans, acute liver injury takes
several days to develop (e.g. overdose of paracetamol or the mushroom-derived
amantin toxin).

Contrary to our hypothesis, AdHIAP1 did not inhibit apoptotic cell death in
acute liver injury, but in fact aggravated LPS/GalN-induced damage. This is in
contrast to our in vitro study in which AdHIAP1 blocked cytokine-induced apoptosis
completely in hepatocytes that were unable to activate NF-kB.?

There are several possible explanations for the failure of HIAP1 to prevent
acute liver injury. In some reports, the adenoviral gene transfer efficiency in normal

10;21

livers was reported to be 70 percent. In our study, the transgene expression in

acute liver injury was comparable to other groups demonstrating significant

expression in 30 % of the hepatocytes.'*™

Although this percentage is relatively
low, in a recently published study, 30 % transgene expression was beneficial in the
same model.” Moreover, in the present report, the number of B-galactosidase
positive hepatocytes may have been underestimated since in necrotic areas with
cell debris, B-galactosidase positive hepatocytes are hard to discriminate. This
result is consistent with a previous study, which reported that decreased

expression of B-galactosidase was due to loss of liver cells containing the Ad5LaczZ
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DNA and not due to downregulation via cytokines.?’ Nevertheless, the percentage
of transduction may have been too low to be protective in this model.

Priming of the immune system by AdHIAP1 may be another explanation for the
lack of anti-apoptotic action of HIAP1 in acute liver injury. Pretreatment with
adenovirus could induce cytokines (e.g. TNF-a) in the liver that might increase the
inflammatory response upon LPS/GalN-induced inflammation such, that Hiapl is
not able to block apoptosis anymore. As previously reported, overproduction of
TNF-a leads to a lethal inflammatory response.”® Indeed, we demonstrated
increased liver damage, which was associated with elevated apoptotic and necrotic
cell death in adenovirus-treated LPS/GalN mice compared to the LPS/GalN group
alone. Although the spleens of adenovirus-infected mice were enlarged after
LPS/GalN treatment (data not shown), increased cytokine and chemokine levels
were absent in these livers. In addition, adenovirus-infected LPS/GalN animals
exhibited lower hepatic expression of cytokines and chemokines compared to the
LPS/GalN group alone, indicating a reduced inflammatory response. Indeed,
histology of the liver did not demonstrate an enlarged number of infiltrating
inflammatory cells. These data are in line with a recent study, which implies that
recombinant E1/E3-deleted adenoviral vectors decrease the expression of pro-
inflammatory mediators in acute liver injury by preconditioning.24 The underlying
mechanism remains to be elucidated. Overall, it is not very likely that priming of the
immune system exacerbates the inflammatory response in our model explaining
the lack of anti-apoptotic action of HIAP1.

10;11;22 We d|d

Although several studies reported adenoviral toxicity in the liver,
not find evidence for adenoviral toxicity of AdHIAP1. Apoptotic and necrotic cell
death, as well as inflammation were clearly absent in AdHIAP1-exposed livers. Our
results imply that in normal livers, HIAP1 inhibits adenoviral toxicity, whereas in
acute liver injury, AdHIAP1 sensitizes the liver to damage.

We found increased necrosis in adenovirus-treated mice after LPS/GalN-
exposure compared to LPS/GalN-treated animals. It is known that necrosis follows

25,26

apoptosis at a certain time-point after treatment with LPS/GalN. Lawson et al.
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postulated that in response to apoptosis, neutrophil migration is responsible for the
induction of necrosis. It is possible that neutrophil-induced necrotic cell death
caused the hemorrhagic liver damage in adenovirus-treated LPS/GalN livers.
However, we could not find evidence for increased chemokine expression in
adenovirus-treated LPS/GalN-livers compared to the LPS/GalN group alone.
Non-specific adenoviral effects are further excluded by our study in XIAP-
transgenic animals. LPS/GalN dramatically exaggerate active caspase-3 activation
in XIAP-transgenic mice. These results support our data obtained with adenoviral
overexpression of HIAP1, implying that the increase in liver injury is not caused by
adenovirus. Thus, IAP overexpression is detrimental in this model of liver injury.
Further evidence comes from preliminary data of LPS-exposed HIAP1 knockout
mice that display decreased lethality (data not shown).

An alternative explanation for the lack of HIAP1 therapy in acute liver failure
could be related to the relative cytoplasmatic concentrations of active caspase-8, -
9, -3 and Smac/DIABLO versus HIAP1. This delicate balance determines cell fate.
Besides the activation of caspase-8, the activation of caspase-9 is most important
during cytokine-induced apoptosis. It is generally believed that in the LPS/GalN
model, the activation of caspase-9 via the mitochondrial loop is required for the
activation of caspase-3, whereas caspase-8 plays only a minor role, at least during
the first hours after LPS/GalN treatment. "’ This is in support of a beneficial role
for HIAP1 since HIAP1 only inhibits caspase-9 and caspase-3. When the amount
of active caspase-8 increases in time via feedback amplification by caspase-3, the
caspase cascade is strongly amplified. Consequently HIAP1 can not rescue
hepatocytes anymore from cytokine-induced apoptosis.’ Different studies support
this hypothesis. Bajt et al. have shown that although inhibition of caspase-3 by a
peptide-inhibitor inhibits LPS/GalN-mediated apoptosis, caspase-8 inhibition is
more beneficial.?® Furthermore, adenovirus coding for dominant negative Fas-
associated death domain (FADD) inhibited hepatocyte apoptosis in the liver after

TNF-a/GalN treatment.” Our study supports these data and implicates that
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apoptosis can only be inhibited at the level of caspase-3 and/or caspase-9 within a
narrow window of time.

Finally, HIAP1 can also be blocked by the pro-apoptotic mitochondrial factor
Smac/DIABLO. Therefore, the effectiveness of HIAP to block cell death is also
dependent on the magnitude of mitochondrial damage and the amount of active
Smac released from mitochondria.*

Although a recent report demonstrated a beneficial effect of adenoviral expression
of A20 in the LPS/GalN model, only lethality was decreased, whereas no other
beneficial effects were displayed, like inhibition of apoptosis, necrosis and
inflammation.*! Since in our study, HIAP1 was also not able to block apoptosis in

LPS/GalN- exposed livers, the quest for protective genes has not been solved yet.
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5.1 Abstract

Aim: To examine the extent and mechanisms of apoptosis in cholestatic liver injury
and to explore the role of the transcription factor NF-kB in protection against bile
acid-induced apoptosis. Methods: Cholestatic liver injury was induced by bile duct
ligation in Wistar rats. Furthermore, primary cultures of rat hepatocytes were
exposed to glycochenodeoxycholic acid (GCDCA), tauroursodeoxycholic acid
(TUDCA), taurochenodeoxycholic acid (TCDCA) and to cytokines. Apoptosis was
determined by TUNEL-staining, active caspase-3 staining, activation of caspase-8,
caspase-9 and caspase-3. Results: Limited hepatocyte apoptosis and an increased
expression of NF-kB-regulated anti-apoptotic genes Al and clAP2 were detected
in cholestatic rat livers. Bcl-2 expression was restricted to bile duct epithelium. In
contrast to TCDCA and TUDCA, GCDCA induced apoptosis in a FADD-
independent pathway in hepatocytes. Although bile acids do not activate NF-kB,
NF-kB activation by cytokines (induced during cholestasis) protected against
GCDCA-induced apoptosis in vitro by upregulating Al and clAP2. Conclusions:
GCDCA induces apoptosis in a mitochondria-controlled pathway in which caspase-
8 is activated in a FADD-independent manner. However, bile acid-induced
apoptosis in cholestasis is limited. This could be explained by cytokine-induced

activation of NF-kB-regulated anti-apoptotic genes like A1 and clAP2.
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5.2 Introduction

During cholestatic liver injury, accumulation of bile acids in the liver is thought to
play a role in causing hepatocyte damage."? Toxic hydrophobic bile acids disrupt
cell membranes resulting in the release of intracellular constituents.® In addition,
exposure of hepatocytes to deoxycholic acid® and glycochenodeoxycholic acid
(GCDCA)5'6 at concentrations far below their critical micelle concentration, results
in apoptotic cell death. However, the extent of hepatocyte apoptosis in cholestatic
liver injury remains to be clarified. The present report focuses on apoptotic cell
death during cholestasis.

It has been postulated that toxic bile acids directly activate the Fas death
receptor.”® Furthermore, (glycocheno)deoxycholic acid induces a decrease in the
mitochondrial membrane potential and cytochrome c release from mitochondria.**°
Other studies suggest that oxidative stress is involved in GCDCA-induced
decrease of the mitochondrial membrane potential in hepatocytes.™

Besides GCDCA, taurine conjugates of chenodeoxycholate (TCDCA) and
ursodeoxycholate (TUDCA) accumulate in rat liver in cholestasis. TCDCA has
been postulated to activate a phosphatidylinositol 3-kinase (PI3-K)-mediated
survival pathway that involves the induction of NF-kB activation.*? Ursodeoxycholic
acid is used to treat patients with cholestatic liver injury®®, but the protective
mechanisms are not fully understood yet.'***

An important survival pathway in hepatocytes is the activation of the

transcription factor NF-kB."'®

This results in the induction of NF-kB-regulated
survival genes and inhibition of apoptotic cell death.™ It is known that endotoxin
levels in blood are increased in cholestatic liver diseases. Endotoxin induces
cytokine production in Kupffer cells, resulting in the activation of the NF-kB survival
pathway in hepatocytes. Therefore, we also investigated the expression of

cytokines in cholestatic livers and the role of NF-kB in cholestatic liver injury.
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5.3 Materials and methods

Animals

Specified pathogen-free male Wistar rats (220-250 g) were purchased from Harlan,
Zeist, the Netherlands. They were housed under standard laboratory conditions
with free access to standard laboratory chow and water. Each experiment was
performed following the guidelines of the local Committee for Care and Use of

Laboratory Animals.

Animal model

Male Wistar rats were anaesthetised with halothane/O,/N,O and subjected to bile
duct ligation (BDL).'" At the indicated times after BDL, the rats (n=4 per group)
were sacrificed, livers were perfused with saline and removed. Control rats (n=4)
for each of these time points received a sham operation (SHAM). Specimens of
these livers were either snap-frozen in liquid nitrogen for isolation of RNA and
protein, or stored in formalin for immunohistochemical studies. For determination of
markers of liver damage and cholestasis, heparinized blood samples were

obtained by cardiac puncture.

Hepatocyte isolation and experimental design

Hepatocytes were isolated and cultured as described previously."*® Twenty hours
after isolation, hepatocytes were exposed to 50 uM glycochenodeoxycholic acid
(GCDCA, Calbiochem, La Jolla, CA), 50 uM tauroursodeoxycholic acid (TUDCA,
Calbiochem) or 50 uM taurochenodeoxycholic acid (TCDCA, Calbiochem) and/or
50 pM of the caspase-8 inhibitor Ac-IETD-CHO (BIOMOL, Plymouth Meeting,
USA). In some experiments, hepatocytes were pre-incubated with 10 pg/ml LPS
(Escherichia coli, serotype 0127:B8, Sigma, St. Louis, MO) and a cytokine mixture
(CM) composed of 20 ng/ml recombinant tumour necrosis factor-a (TNF a, R&D

Systems, Abingdon, United Kingdom), 10 ng/ml recombinant interleukin-1 (IL-1 (3,
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R&D Systems), 100 U/ml recombinant interferon-y (IFN y, Life Technologies Ltd.)
as described before.'® Hepatocytes received adenovirus (MOI of 10) fifteen hours
prior to exposure of bile acids or cytokine mixture. Each experimental condition
was performed in triplicate wells. Each experiment was performed three times,
using hepatocytes from different isolations.

Cells were harvested at the indicated time-points and rinsed 3 times with ice-
cold phosphate buffered saline (PBS) prior to the addition of Trizol reagent (RNA
isolation) (Life Technologies Ltd.) or hypotonic cell lysis buffer (protein analysis,
caspase-3 assay) as described previously."® For measurement of caspase-8
activity, cells were harvested in cell lysis buffer using a caspase-8 fluorometric

Protease Assay Kit (BioVision, Mountain View, USA).

Adenoviral constructs

Adenoviral constructs have been described previously.****#

Electrophoretic Mobility Shift Assay (EMSA)

To demonstrate the presence of NF-kB in the nucleus upon activation, an EMSA
was performed. Nuclear extracts and EMSA for NF-kB were prepared using a final
concentration of 0.25% Nonidet P-40 as described previously.”? The probe
containing the NF-kB consensus sequence is 5-AGCTGCGGGGATTTTCCCTG-
3.

Caspase-3 and caspase-8 enzyme activity assay

Caspase-3 enzyme activity was assayed as described before.™ Caspase-8 activity
was measured using a Caspase-8 Fluorometric Protease Assay Kit (BioVision)
according to the manufacturer’s instructions. Assays were performed with 20 pg of

protein.
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Immunohistochemical evaluation
TUNEL staining was performed according to manufacturer’s instructions (Roche
Diagnostics, Mannheim, Germany). Livers of D-Galactosamine (D-Gal)/LPS treated

.2 Staining of Bcl-2 and active caspase-3 was

rats were used as positive contro
performed on formalin fixed, paraffin-embedded portions of the liver as described
previously* and according to the manufacturer's instructions. Bcl-2 antibody
(DAKO, Glostrup, Denmark) and active caspase-3 antibody (New England Biolabs,
Beverly, USA) were used for 1 hr at 1:50 and 1:100, respectively. Goat-anti-rabbit
horseradish peroxidase and rabbit-anti-goat horseradish peroxidase were used to

detect active caspase-3 antibody.

RNA isolation and reverse-transcriptase polymerase chain reaction (RT-PCR)
RNA isolation, reverse trancription and PCR were performed as described
previously.® For every PCR, expression of 18S was used as internal control.

Primers are listed in table 1.

Table 1. Oligonucleotide primers used for RT-PCR analysis

Primers (rat) Sense and antisense

18S 5'-GTATTGCGCCGCTAGAGGTG-3'
5'-CTGAACGCCACTTGTCCCTC-3

TNF-a 5-CACCATGAGCACGGAAAGCA-3
5-GCAATGACTCCAAAGTAGACC-3

IL-1B8 5'-CAGGAAGGCAGTGTCACTCA-3'
5-GGGATTTTGTCGTTGCTTGT-3’

IFNy 5-GCCCTCTCTGGCTGTTTACTG-3'
5-CTTTTCCGCTTCCTTAGGCT-3’

Collagen type | 5-GCCCTGCTGGTCCCAAAGGTTC-3'
5'-CATCTTTGCCAGCGGGACCAAC-3'

Western blot analysis
Western blot analysis of cell lysates was performed using antibodies against Bcl-2
(Dako) and cleaved caspase-9 (Cell Signaling Technology, Beverly, MA) both at a

dilution of 1:1000. Equal loading was confirmed by Ponceau S staining.
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Immunocytochemistry

Analysis of active caspase-9 was performed on hepatocytes cultured on coverslips
and exposed to 50 uM GCDCA for 4 hours. Coverslips were washed in PBS, fixed
in 4 % paraformaldehyde for 10 min followed by incubation in 1 % Triton-X100 for 5
min. Before adding primary antibodies, cells were washed twice with PBS.
Antibody against active caspase-9 was used at a dilution of 1:50 for 30-60 min.
Goat-anti-Rabbit antibody coupled to FITC (GAR-FITC, Molecular Probes, Eugene,
Oregon, USA) was added at a dilution of 1:600 for 45 min. Slides were evaluated

on a Leica confocal laser scanning microscope.

Statistical analysis

Results are presented as the mean of at least three independent experiments +
standard deviation. A Mann-Whitney test was used to determine the significance of
differences between two experimental groups. A P value of less than 0.05 (P <

0.05) was considered to be statistically significant.

5.4 Results

Apoptosis is very limited in cholestatic liver injury

To investigate the extent of hepatocyte apoptosis in cholestatic liver injury, rats
were sacrificed 4 days and 1, 2, 3 and 4 weeks after bile duct ligation. Sham
operated animals of all time points were averaged and served as control. Total
bilirubin, alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT)
and gamma glutamyltransferase (GGT) levels were elevated within the first week
after BDL and still persisted 4 weeks after BDL (Fig 1a). Furthermore, mRNA levels
of collagen type |, TNF-a, IL-13 and IFN-y were clearly increased in cholestatic
livers (Fig 1b).
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Figure 1. Liver injury and

bile duct
ligation. (A) Serum levels of total
bilirubin, ASAT, GGT and ALAT.
(B) mRNA levels of Collagen type
I (Coll 1), TNF-a, IL-1B and IFN-y.

18S mRNA served as internal

inflammation  after

control. Data represent mean of 4

animals a time point + SD.

TUNEL staining was performed to detect apoptotic nuclei. In cholestatic livers,

TUNEL staining demonstrated hardly any apoptosis while apoptotic hepatocytes

were clearly present in D-Gal/LPS-treated livers (Fig 2a). To confirm these data, a
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more specific staining was performed demonstrating active caspase-3. Again, only

positive control livers were stained (Fig 2b, appendix). Finally, we determined

caspase-3 activity in liver homogenates. As shown in Figure 2c, there is a 3-fold

increase of caspase-3 activity within the first week after bile duct ligation, which

declines after 1 week and remains at control level up to 4 weeks after BDL. All

together, these data demonstrate that apoptotic cell death in cholestatic liver injury

is limited and suggests adaptation against the apoptotic actions of bile acids.
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Figure 2 (A+C). Limited
apoptosis in rat livers beyond 1
week of bile duct ligation
(BDL). (A) TUNEL staining. (C)
Caspase-3 activity in liver
homogenates. Data represent
mean of four animals a time
point + SD. ‘P<0.05 for BDL 4
days and 1 week versus

control and SHAM animals.
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In previous work, we demonstrated that clAP2 (inhibitor of apoptosis protein2) and

A1/Bfl are important NF-kB-regulated anti-apoptotic genes in hepatocytes.™ Since

TNF-a, IL-13 and IFN-y mRNA levels are increased in cholestatic livers (Fig 1b),

we investigated whether clAP2 and A1/Bfl-1 are induced during cholestatic liver

injury. The mRNA expression of both anti-apoptotic clAP2 and A1/Bfl-1 genes was

strongly increased (Fig 3).

S
& 5 09 ¥ W gt ¥

18S

Al/bfl

CclAP2

Figure 3. Induced mRNA expression of
NF-kB-regulated genes Al/Bfl-1 and
clAP2 in rat livers after bile duct ligation
(BDL). 18S mRNA was used as internal
control. SHAM animals of 1 week served
as control. Two of four representative

animals are shown.

Bcl-2, an anti-apoptotic protein was clearly induced in cholestatic livers (Fig 4b),

but immunohistochemical evaluation demonstrated that expression of this protein

was restricted to bile duct epithelium (Fig 4a).
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Figure 4. Bcl-2 expression in
cholestatic rat livers is restricted to
bile duct epithelium. SHAM animals
of 1 week served as control. (A)
Immunohistochemistry on formalin
fixed, paraffin-embedded liver
sections after 1-4 weeks of BDL. (B)
Protein expression after 8 days of
bile duct ligation (BDL).
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GCDCA, but not TUDCA, induces apoptosis in a FADD-independent manner
A time course study on isolated rat hepatocytes exposed to the toxic bile acid
GCDCA confirmed that apoptosis was induced one hour after exposure, peaking at
4 hours and returning to control levels within 24 hours (Fig 5). This confirmed
previous reports.’ TUDCA and TCDCA did not induce apoptosis.

90000 Figure 5. Glycochenodeoxycholic

acid (GCDCA) induces caspase-3

activity. Time course study of

80000
70000

60000

1GcDCA caspase-3 activity in primary
B Tunca hepatocytes exposed to 50 pM of
40000 ( Tcoca

30000 GCDCA, TUDCA or TCDCA.

20000 Representative data of 3

50000

Caspase-3 activity (AFU)

10000 independent  experiments  are

o | shown and presented as mean of
1 6 24 1 2 3 4 6 9 24 -,
incubation period (hours) n = 3 per condition.

control bile acids

In hepatocytes, a 3-fold increase of caspase-8 activity was demonstrated 2 hours
after GCDCA exposure, which was still elevated after 4 hours (Fig 6a). TUDCA did
not induce caspase-8 activity (data not shown). Interestingly, GCDCA-induced
activation of caspase-8 (Fig 6a) and caspase-3 (Fig 6b) was shown to be FADD-
independent. Functionality of Ad5dnFADD was demonstrated by its complete
inhibition of cytokine-induced caspase-3 activation in hepatocytes in which NF-kB
activation is inhibited (Fig 6c). Caspase-8 inhibition by Ac-IETD-CHO (Fig 6a) had
no effect on GCDCA-induced activation of caspase-3 (Fig 6b).
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Immunocytochemistry on GCDCA-exposed hepatocytes demonstrated a clear

caspase-9 staining after 4 hours which was not observed in control hepatocytes or

TUDCA-exposed hepatocytes (Fig 7a). Western blot confirmed these results,

demonstrating active caspase-9 only in GCDCA-exposed hepatocytes, but not in
control or TUDCA-exposed hepatocytes (Fig 7b).
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A GCDCA TUDCA control

B GCDCA  TUDCA  control

h‘-—

-_——

Figure 7. Caspase-9 is activated in GCDCA-induced primary hepatocytes. (A) Immunocytochemistry
and (B) Western blot on primary hepatocytes after 4 hours of exposure to GCDCA and TUDCA. One
representative of 3 independent experiments is presented.

Bile acids do not activate the transcription factor NF-4B in hepatocytes

We demonstrated that NF-kB-regulated genes are induced in cholestatic livers (Fig
3). Therefore, we investigated whether NF-kB is involved in the protection against
bile acid-induced apoptosis. EMSA, performed on nuclear extracts of primary
hepatocytes, demonstrated that GCDCA, TCDCA and TUDCA did not activate NF-
KB, whereas cytokines clearly activated this transcription factor (Fig 8a). mMRNA
expression of NF-kB-regulated anti-apoptotic A1/Bfl-1 and clAP2 is not induced by
GCDCA, TCDCA and TUDCA as shown in Figure 8b. NF-kB-regulated inducible
Nitric Oxide synthase (iINOS) was included as positive control. Finally, inhibition of
NF-kB by recombinant adenovirus expressing dominant negative IkB did not
increase GCDCA-induced caspase-3 activity and did not influence the effects of
TUDCA and TCDCA on caspase-3 activity (Fig 8c).
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Figure 8. Bile acids do not activate NF-kB in primary hepatocytes. One representative (mean of n = 3
per condition) of 3 independent experiments is shown. (A) EMSA on nuclear extracts of hepatocytes
treated for 30 min to 1 hour with 50 pM GCDCA, TUDCA, TCDCA, or cytokines (CM). (B) mRNA
expression of NF-kB-regulated genes (A1/Bfl and clAP2) 10 hours after incubation with bile acids or
cytokines. 18S and iINOS mRNA served as internal and positive control, respectively. (C) Caspase-3
activity 4 hours after bile acid incubation. Adenoviral expression of dominant negative IkB-o (Ad5IkBAA)

was used to inhibit NF-kB. LacZ virus (Ad5LacZ) served as control.
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Cytokines inhibit GCDCA-induced apoptosis of hepatocytes

The protective role of cytokine-induced NF-kB activation against bile acid-induced
apoptosis was investigated. Since in chronic cholestatic livers TNF-a, IL-13, and
IFN-y are elevated (shown in Figure 1c), we used these cytokines in vitro together
with LPS. Primary hepatocytes were pre-incubated for different time intervals with
cytokines prior to the addition of GCDCA. Pre-stimulation with cytokines for 3 hours
significantly inhibited GCDCA-induced apoptosis (Fig 9a). As shown in Figure 9b,
adenoviral overexpression of the human homologue of rat clAP2 in primary
hepatocytes completely inhibited GCDCA-induced caspase-3 activation. These
results indicate that cytokine-induced activation of NF-kB inhibits GCDCA-induced
apoptosis in primary hepatocytes and that this protection is at least partly due to
CIAP2.
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5.5 Discussion

Bile acids are in part responsible for liver injury during cholestasis. Apoptosis has
been postulated as an important mechanism for this liver injury.”® However, in the
present study using three different methods to detect apoptosis, we could not
demonstrate apoptotic hepatocytes in cholestatic livers. In previous studies®,
TUNEL staining was used to demonstrate apoptosis. Since the TUNEL assay
frequently yields false-positive results?®®, we have also used a more apoptosis-
selective staining directed against active caspase-3 and an assay to measure
caspase-3 activity. In contrast to previous studies investigating apoptosis only
within one week after BDL*"*®, we investigated apoptotic cell death up to 4 weeks
after BDL. We demonstrate that caspase-3 activity is only elevated within one
week after BDL confirming previous results. However, after 1 week, caspase-3
activity rapidly declines to control levels. Taken these data together, we conclude
that hepatocytes are well protected against apoptosis during cholestasis. Increased
levels of ASAT and ALAT (Fig 1) after bile duct ligation must be due to necrotic cell
damage.

During cholestasis, the NF-kB pathway is activated?’ and we demonstrated in
this report that the NF-kB-dependent anti-apoptotic genes A1/BIf-1 and clAP2™ are
highly induced in BDL livers. However, we found that none of the bile acids tested
activates NF-kB in hepatocytes and that inhibition of NF-kB activation did not result
in increased bile acid-induced apoptosis. This contrasts to reports describing NF-
KB activation by TCDCA.”> However, these latter results were obtained in
hepatoma cells and therefore, conclusions from these studies cannot be
extrapolated to primary hepatocytes.

Activation of the NF-kB pathway in cholestasis can be explained by the
elevated expression of cytokines as part of the inflammatory response. We
observed increased expression of TNF-a, IL-13 and IFNy mRNA in BDL livers.

Moreover in TNF-receptor type | knock-out mice, the activation of NF-kB is not
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inhibited after BDL.?” Again indicating that besides TNF-a, the onset of this survival
pathway during cholestasis can be explained by IL-1B and IFNy**® A protective
effect of NF-kB activation in cholestasis is supported by our observations that in
vitro overexpression of clAP2 inhibited GCDCA-induced apoptosis. Furthermore,
cytokine-induced activation of NF-kB in hepatocytes prior to GCDCA exposure
significantly reduced GCDCA-induced apoptosis. Therefore, we postulate that
cytokine-induced NF-kB-regulated A1/Bfl-1 and clAP2 contribute to the protection
of hepatocytes against bile acid-induced apoptosis during cholestasis.

We also observed a clear induction of the anti-apoptotic Bcl-2 in total liver
homogenates. In contrast to studies describing Bcl-2 expression in hepatocytes®”,
we found that this expression was restricted to bile duct epithelium and was not
detected in hepatocytes in BDL livers. Our results are in accordance with other
studies reporting absence of Bcl-2 expression in hepatocytes in a variety of liver

diseases.?**

Therefore, we conclude that Bcl-2 is not involved in the protection of
hepatocytes against bile acid-induced apoptosis.

The present report demonstrated that only GCDCA induces apoptosis in
primary hepatocytes, whereas the taurine conjugates of CDCA and UDCA do not.
An interesting observation is the FADD-independent activation of caspase-8 and
caspase-3 in GCDCA-exposed primary hepatocytes. Although dominant-negative
FADD did completely abolish cytokine-induced apoptosis, we did not detect
inhibition of GCDCA-induced apoptosis. This is in contrast to results obtained in
hepatocytes exposed to DCA. Blocking of FADD did inhibit apoptosis in these
cells.® However, in this study, apoptosis is induced by another bile acid in the
presence of a MAPK inhibitor. Not all bile acids induce apoptosis in hepatocytes:
the glycine-conjugated bile acid GCDCA induces apoptosis, whereas the taurine-
conjugated bile acids, TUDCA and TCDCA do not. Therefore, it is likely that DCA
behaves differently compared to glycine-conjugated CDCA. Contrary to our data
using primary cultures of rat hepatocytes, others observed FADD-dependent

apoptosis in rat hepatoma cells.” However, it is known that the regulation of cell
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survival and apoptosis in continuously proliferating hepatoma cells is different from
non-proliferating primary non-transformed hepatocytes. In cancer cell lines like
Jurkat and Burkitt's lymphoma, caspase-8 is activated in a FADD-independent
manner.***® Besides FADD, another adaptor protein could be involved in caspase-
8 activation, e.g. FLASH, a protein that interacts with a dead-effector domain of
caspase-8. Whether this protein is also present and active in hepatocytes has to be
clarified.*® A role for Fas in GCDCA-induced apoptosis has been proposed using
hepatocytes from Fas-deficient mice.” These and other authors also demonstrated
GCDCA-induced Fas trafficking and aggregation in rat hepatoma cells.”** Our data
demonstrating FADD-independent apoptosis of GCDCA appear to rule out an
important role of Fas in GCDCA-induced apoptosis in primary cultures of rat
hepatocytes. At present, apart from differences in species and cell type, we have
no explanation for these discrepant results.

Another explanation for FADD-independent activation of caspase-8 after
exposure to GCDCA is postmitochondrial processing of caspase-8. Indeed, one of
the key findings of our study is that caspase-8 inhibition had no effect on GCDCA-
induced caspase-3 activation. Hepatocytes are type Il cells in which formation of

the death inducing signaling complex (DISC) is strongly reduced.®"*®

In type Il
cells, apoptosis is dependent on the release of pro-apoptotic factors from
mitochondria, which activate caspase-9 and subsequent caspase-3 activation.
Recently, it has been demonstrated that caspase-6 is the direct activator of
caspase-8 in the cytochrome c-induced apoptosis pathway.*®> We demonstrated
GCDCA-induced caspase-9 activation, indicating the release of pro-apoptotic
factors from mitochondria. Therefore, postmitochondrial activation of caspase-8 is

very plausible and in accordance with existing literature.®*

This hypothesis is
supported by two facts: mitochondria play a key role in bile acid-induced
apoptosis®” and GCDCA-induced apoptosis is inhibited by blockers of the

mitochondrial permeability transition.™*
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In summary, we postulate that in primary hepatocytes, GCDCA induces apoptosis
in a mitochondria-controlled pathway in which caspase-8 is activated in a FADD-

independent manner (Fig 10).

EADD
X

GCDCA — — =P | caspase-8 < -
A
' |
I

— — | caspase-3

|

apoptosis

|

mitochondrion

Figure 10. Mechanisms of glycochenodeoxycholic acid (GCDCA)-induced apoptosis in primary rat
hepatocytes. GCDCA induces apoptosis in a mitochondria-controlled pathway in which caspase-8 is
activated in a FADD-independent manner. See Discussion for details. Dotted arrows are postulated

events in primary hepatocytes.

Overall, we conclude that hepatocytes are protected against bile acid-induced
apoptosis during cholestatic liver injury due to induction of cytokine induced, but
not bile acid-induced NF-kB-dependent anti-apoptotic genes like A1/Bfl-1 and
clAP2. These findings are relevant for the treatment of patients with inflammation

inhibitors resulting in a-selective inhibition of NF-kB.
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6.1 Abstract

Ursodeoxycholic acid (UDCA) is used in the treatment of cholestatic liver diseases,
but its mechanism of action is not well defined yet. The aim of this study is to
explore the protective mechanisms of the taurine-conjugate of UDCA
(tauroursodeoxycholic acid (TUDCA)) against glycochenodeoxycholic acid
(GCDCA)-induced apoptosis in primary cultures of rat hepatocytes. Hepatocytes
were exposed to GCDCA, TUDCA, the glyco-conjugate of UDCA (GUDCA) and
taurochenodeoxycholic acid (TCDCA). The PI3-kinase (PI3K) pathway and NF-kB
were inhibited using LY 294002, and adenoviral overexpression of dominant
negative IkB, respectively. The role of p38 and ERK MAP kinase pathways were
investigated using the inhibitors SB 203580 and U0 126, and Western blot
analysis. Transcription was blocked by actinomycin-D. Apoptosis was determined
by measuring caspase-3, -9 and -8 activity using fluorimetric enzyme detection,
Western blot analysis, immunocytochemistry and nuclear morphology. Our results
demonstrated that uptake of GCDCA is needed for apoptosis induction. TUDCA,
but not TCDCA and GUDCA, rapidly inhibited, but did not delay, apoptosis at all
time points tested. However, the protective effect of TUDCA was independent of its
inhibition of caspase-8. Up to six hours pre-incubation with TUDCA prior to GCDCA
clearly decreased GCDCA-induced apoptosis. Up to 1.5 hours after exposure with
GCDCA, addition of TUDCA was still protective. This protection was dependent on
activation of p38, ERK MAP kinases and PI3-kinase pathways, but independent of
competition on the cell membrane, NF-kB activation and transcription. In
conclusion: TUDCA contributes to the protection against GCDCA-induced

mitochondria-controlled apoptosis by activating survival pathways.
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6.2 Introduction

Cholestatic liver diseases are characterized by accumulation of toxic bile acids,
e.g. glycochenodeoxycholic acid (GCDCA), causing damage to hepatocytes and
cholangiocytes. Ursodeoxycholic acid (UDCA) is used as a treatment for patients
with chronic cholestatic liver diseases. In primary biliary cirrhosis, doses of 13 to 15
mg/kg/day of UDCA decrease serum liver enzymes, improve liver histology, and
delay the time to liver transplantation or death for up to 4 years."? However, the
mechanisms of the beneficial effect of UDCA in these conditions remain unclear.
From in vitro and in vivo studies, it is postulated that UDCA protects cholangiocytes
against membrane damage induced by hydrophobic bile acids.®** Furthermore, it
has been demonstrated that UDCA stimulates biliary secretion of bile acids and
other toxic compounds.&6 In addition, anti-apoptotic effects of UDCA have been
described, such as the inhibition of the mitochondrial membrane permeability
transition in hepatocytes,”® leading to prevention of the mitochondrial release of
cytochrome c¢.’ A recent study has suggested that TUDCA does inhibit apoptosis
by preventing the binding of Bax to mitochondria.™

Hepatocytes are exposed to many pro-apoptotic compounds. Therefore, anti-
apoptotic signalling pathways are important to limit programmed cell death. The
anti-apoptotic action of UDCA may in part be due to activation of these anti-
apoptotic pathways. A major survival pathway in hepatocytes is the activation of
the transcription factor NF-kB. Activation of NF-kB-regulated survival genes causes

inhibition of apoptosis.***?

Although we have shown that NF-kB is not activated by
bile acids®, its role in the protection of UDCA against bile acid-induced apoptosis
is not clear. Furthermore, other cell survival pathways, like the activation of
mitogen-activated protein kinases (MAPK), could be involved in the anti-apoptotic
action of UDCA. These kinases are involved in regulation of cell proliferation,
differentiation and apoptosis and are comprised of at least three different

pathways: ERK, p38 and JNK.' Although it is postulated that inhibition of ERK
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enhances UDCA-induced apoptosis,™ little is known about the role of MAP kinases
in the protection of taurine-conjugated UDCA against GCDCA-induced apoptosis.
Another important survival pathway is the phosphatidylinositol-3 kinase (PI3K)
pathway. This kinase cascade results in activation of a number of cellular
intermediates of which Akt seems to be one of the most important survival
factors.'® The mechanisms by which PI3K/Akt promote cell survival are diverse and
its role in the protection of UDCA against GCDCA-induced apoptosis has not been
explored yet. In rats, the taurine conjugate of UDCA predominates compared to
glycine-conjugated UDCA.*"*® Furthermore, TUDCA may be of benefit for patients
suffering from primary biliary cirrhosis.'® Therefore, we have investigated the anti-

apoptotic actions of TUDCA in primary rat hepatocytes.

6.3 Materials and methods

Animals

Specified pathogen-free male Wistar rats (220-250 g) were purchased from Harlan,
Zeist, the Netherlands. They were housed under standard laboratory conditions
with free access to standard laboratory chow and water. Each experiment was
performed following the guidelines of the local Committee for Care and Use of

Laboratory Animals.

Hepatocyte isolation

Hepatocytes were isolated as described previously.? Cell viability was consistently
more than 90 % as determined by trypan blue exclusion. Isolated hepatocytes
were plated at a density of 150000 cells per cm? in William's medium E (Life
Technologies Ltd., Breda, The Netherlands) supplemented with 50 pg/ml
gentamycin (BioWhittaker, Verviers, Belgium) without the addition of hormones or

growth factors. During the attachment period (4 hours) 50 nmol/L dexamethasone
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(Sigma, St Louis, MO) and 5 % FCS (Life Technologies Ltd.) were added to the

medium. Cells were cultured in a humidified incubator at 37 °C /5 % CO.,.

Experimental design

Experiments were started twenty-four hours after isolation. Hepatocytes were
exposed to 50 pmol/L glyco-chenodeoxycholic acid (GCDCA, Calbiochem, La
Jolla, CA), 50 umol/L tauro-ursodeoxycholic acid (TUDCA, Calbiochem), 50 pmol/L
glyco-ursodeoxycholic acid (GUDCA, Calbiochem), or 50 umol/L tauro-
chenodeoxycholic acid (TCDCA, Calbiochem) for 4 hours or the indicated time
period. In some experiments, hepatocytes were exposed to 20 ng/ml recombinant
mouse tumor necrosis factor a (TNFa, R&D Systems, Abingdon, United Kingdom)
or a mixture of cytokines as described previously." The signal transduction or
apoptosis pathways were specifically inhibited with the following compounds: 50
pmol/L of caspase-8 inhibitor Ac-IETD-CHO or the caspase-3 inhibitor Ac-DEVD-
CHO (Biomol, Plymouth Meeting, USA), 10 umol/L of the p38 inhibitor SB 203580
(Biomol), 10 umol/L of the ERK1/2 inhibitor UO 126 (Promega, Madison, USA), 50
pmol/L PI3-kinase inhibitor LY 294002 (Sigma-Aldrich), and 200 ng/ml of the
transcriptional inhibitor actinomycin-D (Roche Diagnostics, Almere, The
Netherlands). All inhibitors were added 30 minutes prior to bile acids or cytokines.
Hepatocytes received adenovirus (MOI of 10) fifteen hours prior to exposure of bile
acids. Each experimental condition was performed in triplicate wells. Each
experiment was performed at least three times, using hepatocytes from different
isolations.

Cells were harvested at the indicated time-points after the addition of bile acids,
and rinsed 2 times with ice-cold PBS prior to the addition of hypotonic cell lysis
buffer."* For measurement of caspase-8 activity, cells were harvested in cell lysis
buffer using a caspase-8 fluorometric Protease Assay Kit (BioVision, Mountain
View, USA).
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HepG2 cell experiments
The human hepatoma cell line HepG2 and a stable derivative expressing rNtcp

2122 Cells were incubated with indicated

were cultured as described before.
amounts of GCDCA or 1 ug/ml anti-Fas antibody (clone nr. 7C11; Immunotech,

Marseille, France) for 4 hours followed by harvesting in hypotonic cell lysis buffer.™*

Adenoviral constructs
Recombinant, replication-deficient adenovirus Ad5IkBAA was used to inhibit NF-kB
activation as described previously.”® As a control virus Ad5LacZ was used which

contains the E. coli B-galactosidase gene.

Caspase-3 and caspase-8 enzyme activity assay

Hepatocytes were scraped and cell lysates were obtained by three cycles of
freezing (-80 °C) and thawing (37 °C) followed by centrifugation for 5 minutes at
13.000 rpm. Caspase-3 enzyme activity was assayed using a caspase-3 activity kit
with fluorimetric detection (Promega) according to the manufacturer’s instructions.
Caspase-8 activity was measured using a Caspase-8 Fluorometric Protease Assay
Kit (BioVision) according to the manufacturer’s instructions. Cells were harvested
directly in chilled cell lysis buffer supplied in the kit. Assays were performed with 20

ug of protein.

Nuclear staining

Morphology of apoptotic nuclei was demonstrated with acridine orange. Cells were
seeded on glass coverslides and treated as indicated. These coverslides were
fixed in methanol for 5 minutes, air-dried and rinsed two times in PBS before
incubating in acridine orange (1:1000) for 15 minutes in the dark. Coverslides were
rinsed two times with PBS and placed upside down on microscope slides using nalil
polish. Fluorescent nuclei were visualized using a Leica confocal laser-scanning

microscope.
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Immunocytochemistry and uptake of fluorescent bile acids
Analysis of active caspase-9 was performed on hepatocytes cultured on coverslips
and exposed to 50 pmol/L bile acids for 4 hours. Coverslips were washed in PBS,
fixed in 4 % paraformaldehyde for 10 minutes followed by incubation in 1 % Triton-
X100 for 5 minutes. Before adding primary antibodies, cells were washed twice
with PBS. Antibody against active caspase-9 was used at a dilution of 1:50 for 30-
60 minutes. FITC-conjugated goat-anti-rabbit 1g (Molecular Probes, Eugene,
Oregon, USA) was added at a dilution of 1:600 for 45 minutes.

The uptake of bile acids was demonstrated using the fluorescent bile acid
cholyl lysyl fluorescein (CLF).?* Cells were incubated with 2 pmol/L CLF at 37 °C
for 15 minutes. All slides were evaluated on a Leica confocal laser-scanning

microscope

Western blot analysis

Western blot analysis of cell lysates was performed using polyclonal rabbit
antibodies against cleaved caspase-9 and phosphorylated p38 MAP, and
monoclonal antibody against phosphorylated ERK1/2 (p44/42) MAP kinase (Cell
Signaling Technology, Beverly, MA) at a dilution of 1:1000. Hepatocytes exposed
to 50 umol/L deoxycholic acid (DCA) served as positive control for phophorylated
ERK1/2.?° In addition, activated neutrophil extracts (kindly provided by Dr. Gwenny
Fuhler, Department of Haematology, University Hospital Groningen) were used to
confirm detection of phosphorylated ERK1/2 MAP kinase. For the detection of
caspase-9 and phospho-p38, horse radish-peroxidase conjugated swine-anti-rabbit
Ig was used as a secondary antibody at a dilution of 1:2000. Phospho-ERK1/2 was
detected with horse radish-peroxidase rabbit-anti-mouse Ig (1:2000). Each lane
contained the lysate of 150000 cells. Equal loading was demonstrated by
Ponceau-S staining. After Western blot analysis of phosphorylated p38 and
ERK1/2 MAP kinases, blots were stripped using 0.1 % SDS at 65 °C for 30
minutes and incubated with 1:1000 antibody against total p38 MAP kinase or total
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ERK1/2 MAP kinase (Santa Cruz Biotechnology, Santa Cruz, USA). Western blot

analysis for iNOS was performed as described before.?®

Statistical analysis

Results are presented as the mean of at least 3 independent experiments +
standard deviation. A Mann-Whitney test was used to determine the significance of
differences between two experimental groups. A P value of less than 0.05 (P<0.05)

was considered to be statistically significant.

6.4 Results

Ntcp is required for GCDCA-induced mitochondria-controlled apoptosis

To investigate the protective mechanisms of TUDCA against GCDCA-induced
apoptosis, we first determined whether GCDCA needs to be taken up by cells to
induce apoptosis. Previous studies have postulated death receptor activation by

toxic bile acids.?”?°

Nonetheless strong distinction between the role of the bile acid
uptake transporter Ntcp and death receptor-mediated apoptosis has not been
made yet. Recently, we have shown that GCDCA induced apoptosis in a
mitochondrial-controlled manner in primary rat hepatocytes, which was FADD-
independent.13 In the present study, we examined whether Ntcp is required for
GCDCA-induced apoptosis. For this purpose, we exposed Ntcp-negative and Ntcp-
positive HepG2 cells?* to different concentrations of GCDCA. Both cell lines do
express Fas death receptor. Anti-Fas antibody served as positive control. As
shown in Figure 1a, only HepG2 cells expressing Ntcp on their cell membrane are
sensitive to GCDCA-induced apoptosis, which increased with increasing amounts
of GCDCA. In contrast, anti-Fas antibody induced apoptosis in both Ntcp-positive

and Ntcp-negative cell lines to the same extent.
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Figure 1. Ntcp is required for
glycochenodeoxycholic acid
(GCDCA)-induced apoptosis. (A)
Ntcp positive and negative HepG2
cells were treated with different
amounts of GCDCA and 1 pg/pl
anti-Fas antibody (positive control)
for 4 hours. Only in Ntcp-positive
HepG2 cells, caspase-3 activity
increased with increasing
amounts of GCDCA. *P<0.05 for
GCDCA 100 pM and anti-Fas
antibody vs. control. (B) Caspase-
3 activity in primary rat
hepatocytes exposed to 50 pmol/L
GCDCA or 20 ng/ml TNF-a in the
presence of actinomycin-D (ActD)
at 24 hours and 72 hours after
isolation. (C) Uptake of bile acids
demonstrated by fluorescence
microscopy. Primary hepatocytes
were exposed to 2 umol/L of the
fluorescent bile acid cholyl lysyl
fluorescein (CLF) for 15 minutes.
Accumulation is observed in the
bile canaliculus between adjacent
hepatocytes at 24 hours but not
72 hours after isolation. Original

magnification is 400x.
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These data indicate that GCDCA needs to be taken up first by Ntcp before the
onset of apoptosis and that ligand-dependent death receptor activation is not
involved.

To exclude HepG2-specific artefacts, primary hepatocytes were exposed to
GCDCA at 24 hours and 72 hours after isolation. Ntcp was expressed at high
levels 24 hours after isolation (data not shown) but decreased in hepatocytes
maintained in primary cultures for 72 hours, thereby confirming previous data.* In
addition, uptake of bile acids in these hepatocytes decreased in time, as shown
with the fluorescent bile acid CLF (Fig 1c). Accumulation of CLF was only detected
in bile canaliculi of hepatocytes cultured for 24 hours, as previously reported.* At
this time point, GCDCA strongly induced caspase-3 activity. In contrast, GCDCA
did not induce caspase-3 activity anymore in hepatocytes cultured for 72 hours (Fig
1b). Induction of caspase-3 activity by TNF-a in the presence of actinomycin-D
remained unaffected. All together, these data provide evidence that Ntcp is

required for GCDCA-induced apoptosis in primary hepatocytes.

TUDCA inhibits but does not delay GCDCA-induced caspase-3 activity and
apoptotic nuclear morphology

GCDCA-induced caspase-3 activity in hepatocytes peaks around 4 hours.™
Therefore, at this time-point, we investigated the effect of TUDCA on GCDCA-
induced caspase-3 activity in primary hepatocytes. TUDCA itself did not induce
caspase-3 activation (Fig 2a) confirming previous data.™® TUDCA, but not TCDCA
and GUDCA, inhibited GCDCA-induced caspase-3 activity for 70 % as shown in
Figure 1a. A concentration-dependent curve displayed that the minimal
concentration exerting the maximal protective effect is 50 uM of TUDCA (Fig 2b).
To demonstrate that TUDCA inhibits but does not delay GCDCA-induced caspase-
3 activity, a time course study was performed. Two to 15 hours after addition of
GCDCA + TUDCA, caspase-3 activity was inhibited significantly at all time-points
(Fig 2c). Nuclei staining was performed with acridine orange confirming that

GCDCA-induced activation of caspase-3 activity results in apoptosis. Nuclear
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fragmentation and condensation were observed 4 hours after the addition of
GCDCA, which increased after 8 hours and persisted up to 15 hours. After 8 hours,
30 to 40 percent of hepatocytes displayed apoptotic nuclei, which was inhibited in
the presence of TUDCA to 5 percent (Fig 2d). Cytokine-exposed hepatocytes in
which transcription was blocked with actinomycin-D served as positive control.

Am Figure 2. TUDCA, but not TCDCA
< 120 and GUDCA, inhibits GCDCA-
é 100 induced caspase-3 activity. (A)
% 80 Primary rat hepatocytes were
:§ 0 stimulated for 4 hours with 50 umol/L
% 40 glycochenodeoxycholic acid
é% 2 (GCDCA) and/or 50 pmol/L
ol == = ﬁ H_\ tauroursodeoxycholic acid (TUDCA),
control  TUDCA TCDCA GUDCA GCDCA GTCU[I))CCAA+ chtl))Cc/\A-*- GGCLE)DC(/:\A+ 50 l,lmol/L tauroChenOdeOXyChO“C
acid (TCDCA), and/or 50 pmol/L
B glycoursodeoxycholic acid (GUDCA).
0] Caspase-3 activity is presented as
gzzzzz percentage of GCDCA alone. Data
;4200007 represent mean of at least 3
E 15000 - independent experiments with n = 3
2 10000 1 per condition. *P < 0.05 for GCDCA +
8 so0o | m ﬂ TUDCA vs. GCDCA alone. (B)
o= li—l Caspase-3  activity. Primary rat

control TUDCA GCDCA +50puM +25uM +10puM +5uM +2uM
TUDCA TUDCA TUDCA TUDCA TUDCA hepatocytes were stimulated for 4
C hours with 50 pmol/L
35000 1 glycochenodeoxycholic acid and
30000 1 N L different amounts of TUDCA, as
2 25000 DSCDCATUDCA indicated in the figure. *P<0.05 for
2 20000 - GCDCA + 50, 25, and 10 uM TUDCA
E 15000 1 vs. GCDCA alone. (C) Time course
§ 10000 study. TUDCA (50 umol/L)
8 5000 4 H‘T significantly inhibits GCDCA-induced
ol m ‘ ‘ ‘ ‘ ‘ ‘ FL[_ caspase-3 activity at all indicated

con 2hr 3hr 4hr 6hr 8hr 10hr  12hr  15hr time-points. Representative data of 3

independent experiments are shown.
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GCDCA 15 hr GCDCA+TUDCA CM + ActD

Figure 2. TUDCA, but not TCDCA and GUDCA, inhibits GCDCA-induced nuclear fragmentation. (D)
Nuclear morphology in hepatocytes as determined by acridine orange staining. Cells were treated for 8
hours as indicated in the figure. 50 pumol/L GCDCA induces nuclear condensation and fragmentation,
which persists for at least 15 hours and is blocked with 50 umol/L TUDCA. Hepatocytes treated with
cytokinemix (CM) + actinomycin-D (ActD) for 15 hours served as positive controls. Orignial

magnification is 1000x.

The protective action of TUDCA depends on the inhibition of caspase-9
activation

Since we have previously noticed that GCDCA induces apoptosis in a
mitochondria-controlled manner'®, the effects of TUDCA on caspase-9 and

caspase-8 were investigated. As shown in Figure 3, TUDCA also prevented
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GCDCA-induced activation of caspase-9. Both Western blot (Fig 3a) and

immunocytochemistry (Fig 3b) demonstrated this effect.

GCDCA
A + + Figure 3. Tauroursodeoxycholic
GCDCA  TUDCA  control TUDCA Tcbca  acid  (TUDCA),  but  not
taurochenodeoxycholic acid

(TCDCA) or glycoursodeoxycholic
A.- o 5 acid (GUDCA), prevents
glycochenodeoxycholic acid
(GCDCA)-induced  activation  of
caspase-9. Primary rat hepatocytes
were exposed for 4 hours to 50
pmol/L of GCDCA and/or TUDCA,
plus TCDCA or GUDCA. (A)
Western blot analysis on cell lysates
for active caspase-9. B)
Immunocytochemistry ~ for  active

caspase-9 (original magnification is

GCDCA GCDCA + TUDCA 400x).

CONTROL GCDCA + GUDCA

Although TUDCA inhibited GCDCA-induced caspase-8 activity for 50 % (Fig 4), we
have previously shown that caspase-8 inhibition does not inhibit GCDCA-induced
caspase-3 activity.”® In contrast, the caspase-3 inhibitor Ac-DEVD-CHO and the
caspase-9 inhibitor Ac-LEHD-CHO inhibited GCDCA-induced activation of both

caspase-3 (Fig 4a) and caspase-8 (Fig 4b). These data demonstrate that inhibition
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of caspase-9 is more important in the TUDCA-mediated protection against
GCDCA-induced apoptosis than caspase-8 inhibition.
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Figure 4. Caspase-3 and caspase-8 activation in glycochenodeoxycholic acid (GCDCA)-exposed
primary rat hepatocytes in the presence of bile acids and caspase inhibitors. Representative data of 3
independent experiments are shown with n = 3 per condition. (A) Caspase-3 activity. Cells were treated
for 4 hours with 50 pmol/L of (GCDCA) plus 50 pmol/L caspase-8 inhibitor, 50 pmol/L caspase-9
inhibitor, or 50 pmol/L caspase-3 inhibitor. *P<0.05 for GCDCA + caspase-9 inhibitor and GCDCA +
caspase-3 inhibitor vs. GCDCA. (B) Caspase-8 activity. Cells were treated for 4 hours with 50 pmol/L of
GCDCA plus 50 pmol/L tauroursodeoxycholic acid (TUDCA), 50 umol/L taurochenodeoxycholic acid
(TCDCA), or 50 pmol/L glycoursodeoxycholic acid (GUDCA), 50 umol/L caspase-8 inhibitor, 50 umol/L
caspase-9 inhibitor, or 50 pmol/L caspase-3 inhibitor. *P<0.05 for GCDCA + TUDCA vs. GCDCA
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In contrast to TUDCA, TCDCA and GUDCA did not inhibit GCDCA-induced
caspase-9 (Fig 3) and caspase-8 activity (Fig 4b).

TUDCA does not compete with GCDCA for uptake at the cell membrane

Next, we investigated whether TUDCA needs to be present at the same time with
GCDCA, prior to GCDCA or after the addition of GCDCA, to exert its protective
effect. For this purpose, we pre-incubated hepatocytes with TUDCA for 9, 6 and 3
hours, washed these cells and exposed them to GCDCA in fresh medium for 4
hours. Six and 3 hours pre-incubation with TUDCA significantly inhibited GCDCA-
induced caspase-3 activity for 50 % (Fig 5a). Pre-incubation with TUDCA for 3
hours also inhibited GCDCA-induced caspase-9 activation (Fig 5b).

Figure 5 (A+B). Tauroursodeoxycholic acid
(TUDCA) does not compete with

>

glycochenodeoxycholic acid (GCDCA) for
e Dcontrol uptake at the cell membrane. (A) Pre-
120,0 m+ GCDCA (4 hr) . i i .

incubation with TUDCA inhibits GCDCA-
induced apoptosis. Primary rat hepatocytes

were exposed to 50 pmol/L of TUDCA for 9 (-9

oo ¥ ¥ hr), 6 (-6 hr) and 3 (-3 hr) hours after which
0o cells were washed and exposed to 50 umol/L
00 of GCDCA for 4 hours. Cells were also

control o nr e -3hr simultaneous incubated for 4 hours with GCDCA alone or
Addition of TUDCA relative to GCDCA

100,0

Caspase-3 activity (% of GCDCA)
®
3
°

with  simultaneous addition of TUDCA

B -3 hr TUDCA (simultaneous). Caspase-3 activity is
GCDCA control + GCDCA

presented as percentage of GCDCA alone.
active
Caspase-9 e o c— *P<0.05 for -6 hours, -3 hours and
(38 kD)

simultaneous incubation of TUDCA + GCDCA
vs. GCDCA alone (control). (B) Western blot
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Figure 5 (C+D). Tauroursodeoxycholic acid
(TUDCA) does not compete with
glycochenodeoxycholic acid (GCDCA) for
uptake at the cell membrane. (C) Caspase-3
activity. Primary rat hepatocytes were
incubated with 50 pmol/L of GCDCA for 4
hours (only GCDCA). Simultaneously (0-4 hr)
or half an hour (0.5-4 hr), 1 hour (1-4 hr), 2
hours (2-4 hr), or 3 hours (3-4 hr) after the
addition of GCDCA, 50 pmol/L TUDCA was
added. All cells were harvested 4 hours after
the addition of GCDCA. Representative data
of 3 independent experiments are shown with
n = 3 per condition. *P<0.05 for (0-4 hr) of
TUDCA, (0.5-4 hr) of TUDCA, (1-4 hr) of
TUDCA vs. only GCDCA. (D) Time course
study of (50 pmol/Ll) GCDCA-induced
caspase-3 activity. Representative data of 3
independent experiments are shown with n =

3 per condition.

Furthermore, exposure to TUDCA up to 90 min after the addition of GCDCA still
exerted protection against GCDCA-induced apoptosis (Fig 5c). At this time point,

GCDCA-induced apoptosis had not reached its maximum yet (Fig 5d), confirming

previous results.’* These data indicate that the protective effect of TUDCA is not

due to competition with GCDCA for uptake at the cell membrane. In addition, these

data imply that the anti-apoptotic actions of TUDCA are very rapidly induced since

simultaneous addition or addition of TUDCA after GCDCA is still able to prevent

apoptosis in these cells. This could mean that signalling cascades are activated by
TUDCA.

128



The protective mechanisms of TUDCA

NF-4B is not involved in the protection of TUDCA against GCDCA-induced
apoptosis

Previous results demonstrated that activation of the transcription factor NF-kB
resulted in the transcription of survival genes protecting hepatocytes against

apoptosis.***?

However, TUDCA does not activate NF-kB and does not induce the
expression of NF-kB-regulated anti-apoptotic genes.”®> Since NF-kB can be
activated indirectly, we investigated the role of NF-kB activation in relation to the
anti-apoptotic mechanisms of TUDCA. Therefore, primary hepatocytes were
infected with recombinant adenovirus expressing dominant negative IkB preventing
NF-kB activation. Functionality of this virus was demonstrated by EMSA and
sensitizing hepatocytes to cytokine-induced apoptosis (data not shown). As

presented in Figure 6, inhibition of the NF-kB survival pathway does not
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Figure 6. NF-kB is not involved in the protection of TUDCA against GCDCA-induced apoptosis.
Primary rat hepatocytes were exposed for 4 hours to 50 pmol/L of glycochenodeoxycholic acd
(GCDCA) or tauroursodeoxycholic acd (TUDCA) or both, 15 hours after receiving recombinant
adenovirus inhibiting NF-kB activation (Ad5IkBAA). Ad5LacZ served as control virus. Protection of
TUDCA against GCDCA-induced caspase-3 activity did not change significantly. Caspase-3 activity
is presented as percentage of GCDCA alone. Data represent mean of at least 3 independent
experiments with n = 3 per condition.

129



Chapter 6

significantly reduce the protective effect of TUDCA against GCDCA-induced

caspase-3 activity.

Anti-apoptotic action of TUDCA depends on the activation of p38 MAP
kinase, ERK MAP kinase, and PI3 kinase, whereas gene transcription is not
involved

To investigate whether PI3 kinase and MAP kinases pathways are involved in the
anti-apoptotic effects of TUDCA, specific inhibitors of PI3 kinase (LY 294002), p38
MAP kinase (SB 203580) and ERK1/2 MAP kinase (UO 126) were used. DMSO
was used as a solvent for inhibitors but did not have an effect itself (data not
shown). Experiments with inhibitors in control hepatocytes and in hepatocytes
exposed to TUDCA or GCDCA were included as well. Hepatocytes exposed to
inhibitors of MAP kinase pathways in the absence of bile acids demonstrated
caspase-3 values around control level (Fig 7a). Caspase-3 activity increased
slightly when PI3 kinase was blocked in control hepatocytes, and this effect was
enhanced in combination with MAP kinase inhibitors. This pattern was similar for
hepatocytes exposed to inhibitors in the presence of TUDCA (Fig 7a).

GCDCA-induced apoptosis was slightly, but not significantly, enhanced with
inhibitors of p38 or ERK MAP kinases (Fig 7a). In contrast, inhibition of PI3 kinase
pathway aggravated GCDCA-induced caspase-3 activity significantly (Fig 7a). In
the presence of both MAP kinase and PI3 kinase inhibitors, exposure to GCDCA
significantly increased caspase-3 values compared to GCDCA alone.

The protective effect of TUDCA against GCDCA-induced apoptosis was
partially, but significantly abolished by inhibition of p38 MAP kinase pathway (Fig
7a).
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Figure 7 (A). TUDCA protects against GCDCA-induced apoptosis by activation of the p38 MAP kinase,
ERK1/2 MAP kinase and the PI3 kinase pathway. (A) Caspase-3 activity in primary rat hepatocytes
treated as indicated in the figure. 50 pmol/L of glycochenodeoxycholic acd (GCDCA) and/or
tauroursodeoxycholic acid (TUDCA) were used plus or minus inhibitors of ERK MAP kinase (U0 126;
U0), p38 MAP kinase (SB 203580; SB), and/or PI3 kinase (LY 294002; LY). Caspase-3 activity is
presented as percentage of GCDCA alone. Data represent mean of at least 3 independent experiments
with n = 3 per condition. v P<0.05 for control + LY, control + SB + LY, and for control + UO + LY vs.
control. a P<0.05 for TUDCA + SB+LY vs TUDCA and for TUDCA + UO+LY vs TUDCA. XP<0.05 for
GCDCA + LY vs GCDCA and for GCDCA + SB+LY vs. GCDCA and for GCDCA + UO+LY vs. GCDCA.
mP<0.05 for GCDCA+TUDCA vs. GCDCA. #P<0.05 for GCDCA+TUDCA + inhibitors vs.
GCDCA+TUDCA.

In support, TUDCA activated p38, which was blocked by SB 203580 as shown in
Figure 7b. Western blot demonstrated equal presence of total p38 MAP kinase in
all lanes (Fig 7b). Blocking of the PI3 kinase survival cascade resulted in

abrogation of TUDCA protection against apoptosis as well (Fig 7a). The protective
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effect of TUDCA against GCDCA-induced apoptosis was completely abolished

when both p38 MAP kinase and PI3 kinase pathways were blocked (Fig 7b).
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Figure 7 (B+C). TUDCA protects
against GCDCA-induced apoptosis by
activation of the p38 MAP kinase,
ERK1/2 MAP kinase and the PI3 kinase
pathway. (B) Western blot analysis for
phosphorylated p38 MAP kinase in
control lysates (con) and cell lysates of
TUDCA-exposed hepatocytes (20
and/or 60 minutes) with or without p38
MAP kinase inhibitor (SB). The same
blots for total p38 MAP kinase are
presented. (C) Western blot analysis for
phosphorylated ERK1/2 MAP kinase in
cell lysates of TUDCA-exposed
hepatocytes (30 minutes) with and
without ERK1/2 inhibitor U0 126 (UO0),
and control lysates (con). Deoxycholic
acid (DCA) served as positive control for
ERK1/2 phosphorylation in hepatocytes,
whereas an activated neutrophil extract
was included for Western blot detection
of ERK1/2 (pos. con). Upper panel
presents same blot for total ERK1/2
MAP kinase.

Next, the ERK1/2 MAP kinase was investigated. As shown in Figure 7a, specific
inhibition of ERK1/2 MAP kinase using UO 126 significantly prevented the

protective effect of TUDCA against GCDCA-induced apoptosis. In addition,
Western blot demonstrated that TUDCA activates ERK1/2, which can be blocked
with U0 126 (Fig 7c). The bile acid deoxycholic acid (DCA) was included as

positive control for hepatocytes, which was confirmed with a neutrophil extract
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displaying high level of phopho-ERK1/2. U0 126 also inhibited DCA-mediated
ERKZ1/2 phosphorylation (data not shown). Total ERK1/2 MAP kinase was equally
present in all lanes (Fig 7c). Inhibition of both ERK1/2 MAP kinase and PI3 kinase
abolished the protective effect of TUDCA against GCDCA-induced apoptosis
completely (Fig 7a).

Finally, the role of trancription in the protection of TUDCA against bile acid-
induced apoptosis was studied. Inhibition of transcription using actinomycin-D, at a
dose sensitizing hepatocytes to cytokine-induced apoptosis (Fig 2d) had no
influence on the protective effect of TUDCA (Fig 8). Blocking of transcription was
confirmed with Western blot for cytokine-induced transcription of inducible nitric
oxide synthase (iNOS) (Fig 8 inset).™
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Figure 8. Transcription-independent protection of tauroursodeoxycholic acid (TUDCA) against
glycochenodeoxycholic acid (GCDCA)-induced apoptosis. Caspase-3 activity in rat hepatocytes treated
with 50 pmol/L GCDCA and/or TUDCA with or without 200 ng/ml of transcription inhibitor actinomycin-D
(ActD) for 4 hours. Actinomycin-D did not significantly change the protective effect of TUDCA. Cytokine-
exposed hepatocytes (CM) for 6 hours served as positive control for ActD. Inset: actinomycin-D blocks
transcription. Western blot for cytokine (CM)-induced expression of inducible nitric oxide synthase
(iNOS), 11 hours after exposure.

133



Chapter 6

6.5 Discussion

In this study, we investigated the protective mechanisms of taurine-conjugated
UDCA against GCDCA-induced apoptosis in primary rat hepatocytes. We have
previously shown that GCDCA induces apoptosis in a mitochondria-dependent
manner, in which FADD is not involved and caspase-8 activation is not initially
required.13 In the present study, we investigated this further by blocking caspase-9.
Indeed, peptide inhibitors of caspase-9 and caspase-3 blocked caspase-8
activation. Although these caspase inhibitors could have overlapping inhibitory
effects, previous results with the human homologue of Inhibitor of Apoptosis
proteinl (HIAP1) demonstrated that overexpression of HIAP1 inhibited GCDCA-
induced apoptosis. HIAP1 exclusively inhibits caspase-3 and caspase-9 activation,
but not caspase-8.31 These data indicate that GCDCA induces apoptosis in a
mitochondria-controlled manner.

In the present study, we have demonstrated that TUDCA inhibits, but does not
delay GCDCA-induced caspase-9 and caspase-3 activity, and the formation of
apoptotic nuclei. Furthermore, we have shown that Ntcp is required for GCDCA-
induced apoptosis in primary hepatocytes, indicating that ligand-dependent death
receptor activation is not likely to occur. This report demonstrates that the anti-
apoptotic action of TUDCA against GCDCA-induced apoptosis is not due to a
direct competitive effect on the cell membrane. E.g. TUDCA could compete with
GCDCA for uptake by the bile acid importer Ntcp, thus preventing the uptake of
pro-apoptotic GCDCA into hepatocytes. Pre-incubation for several hours with
TUDCA followed by removal of TUDCA inhibits GCDCA-induced caspase-3 and
caspase-9 activity, indicating the activation of survival pathways. Nine hour pre-
incubation with TUDCA does not protect cells against GCDCA, likely because of
quenching of survival signals.

Overall, TUDCA appears to protect mitochondria from GCDCA-induced injury by
preventing GCDCA-induced caspase-9 activation rather than by preventing death

receptor-mediated apoptosis.
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The inhibitory effect on GCDCA-induced apoptosis is exclusively exerted by
TUDCA. Our results demonstrate that taurine-conjugated CDCA does not inhibit
GCDCA-induced caspase-3, caspase-9 and caspase-8 activity. This is in contrast
to others showing inhibition of Fas-mediated caspase-8 activation by TCDCA-
induced PI3-kinase.** However, the regulation of cell survival and apoptosis in a
hepatoma cell line and primary non-transformed hepatocytes differs and this may
explain the different results.

GUDCA could be clinically relevant since in humans, contrary to rats, glycine-
conjugated UDCA is much more abundant compared to taurine-conjugated
UDCA.""® On the other hand, TUDCA has been reported to be beneficial in
humans."® Nevertheless, TUDCA abundance in rats could explain why GUDCA
does not inhibit GCDCA-induced apoptosis in rat hepatocytes in vitro. Primary
human hepatocytes should give more information about the protective effect of
taurine- and glycine-conjugated UDCA against bile acid-induced apoptosis.

Our data demonstrate that the p38 and ERK MAP kinase pathways and the PI3
kinase pathway are involved in the protection of TUDCA against GCDCA-induced
apoptosis. Since blocking of both PI3 and MAP kinases exaggerates caspase-3
activity compared to blocking a single pathway, these pathways are partly
redundant. Moreover, inhibition of the PI3 kinase pathway alone or in combination
with MAP kinase inhibitors aggravates GCDCA-induced apoptosis and sensitizes
hepatocytes slightly to TUDCA. Indeed, we have demonstrated that in addition to
TUDCA (Fig 7b), GCDCA activates p38 and ERK MAP kinases (data not shown).
These results are important for the interpretation of the protective effects of
TUDCA. Blocking of protective kinases induces higher caspase-3 activity in
GCDCA-exposed hepatocytes compared to GCDCA + TUDCA-exposed
hepatocytes, implying additional protective effects of TUDCA, e.g. direct alterations
of the mitochondrial membrane environment. Evidence for this was given recently
by showing that TUDCA stabilizes the lipid and protein structure of mitochondrial

outer membranes, thus inhibiting Bax binding to the outer membrane.*
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Since simultaneous addition of TUDCA and GCDCA, or addition of TUDCA
after GCDCA blocks apoptosis in hepatocytes, TUDCA very rapidly exerts its
protective effect. Indeed, no transcription or NF-kB activation is needed for
protection, indicating that survival signaling involves post-translational mechanisms
exerted within 30 minutes as shown by Western blot (Fig 7b and c). TUDCA
protection against GCDCA-induced apoptosis can only be exerted up to 1,5 hours
after GCDCA addition. An explanation could be that in this time frame, GCDCA-
induced apoptosis has not reached its maximum yet, whereas after 2 hours,
apoptosis has proceeded beyond the point that TUDCA can be protective. Further
evidence for rapid anti-apoptotic mechanisms of TUDCA is inferred from our
previous results using cytokine-mediated protection against GCDCA. Cytokines do
not protect against bile acid-induced apoptosis after the addition of GCDCA, since
their protective mechanism depends on NF-kB-mediated transcription with a time
frame of hours instead of minutes.™

Our PI3 kinase data supports other reports, although in these studies
unconjugated UDCA was found to be apoptotic in itself."® Activation of Akt protects
against apoptosis via several mechanisms, including the phosphorylation of the
pro-apoptotic Bcl-2 family member Bad, which can no longer associate with and
inhibit anti-apoptotic Bcl-XL.*¥** Akt activation also results in the phosphorylation
and inactivation of caspase-935 and may suppress pro-apoptotic Bax translocation
to the mitochondria.® It is reported that bile acids activate the ERK1/2 MAP kinase

15253738 The exact mechanism is still

pathway via activation of the EGF receptor.
unclear, but mitochondrial-derived reactive oxygen species may be involved as
recently suggested®*, and TUDCA prevents the generation of ROS.® The
inhibition of Bax relocation to the mitochondria could also be mediated by ERK1/2
MAP kinase.”’ Since TUDCA prevents Bax-induced membrane perturbation®®,
TUDCA-activation of ERK1/2 MAP kinase and PI3 kinase could be a mechanism to
act on Bax. All together, our data fit very well with mitochondria-controlled bile acid-
induced apoptosis in primary hepatocytes and provide more information about the

link between TUDCA-activated survival pathways and mitochondria.
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Interestingly, our data are in contrast to a recent study describing that the
protection of TUDCA against TLCS-induced apoptosis is p38 MAP kinase-,
ERK1/2 MAP kinase- and PI3 kinase-independent, and depends on inhibition of
Fas trafficking and caspase-8 activation.** The authors suggest that TUDCA does
inhibit TLCS-induced apoptosis upstream of caspase-8 activation. However, they
also suggest that TUDCA inhibits TLCS-triggered mitochondrial ROS formation®,
which is needed for Fas trafficking.*® Therefore, TUDCA may inhibit TLCS-induced
apoptosis in a mitochondria-controlled manner. Alternatively, GCDCA and TLCS
may induce apoptosis via different mechanisms, which could explain the
discrepancies between the protective mechanisms of TUDCA against these bile
acids.

The activation of the p38 MAP kinase pathway by TUDCA in order to inhibit
GCDCA-induced stress in rat hepatocytes is in line with the activation of p38 MAP
kinases during other forms of environmental stress.* Several reports describe the
involvement of these kinases in mRNA stabilization.* Since we demonstrated that
the protective effect of TUDCA is at a post-transcriptional level, this mechanism
could be present in primary rat hepatocytes as well.

Although, the NF-kB pathway is involved in protection against cytokine-induced
stress in primary rat hepatocytes'*?, we did not find evidence that the NF-kB
pathway is involved in the protective action of TUDCA against GCDCA-induced
apoptosis. Bile acids do not directly activate NF-kB.™ Moreover, inhibition of the
NF-kB pathway did not change the protective action of TUDCA.

In summary, we have shown that the anti-apoptotic effect of TUDCA against
GCDCA-induced apoptosis in primary rat hepatocytes is independent of caspase-8
inhibition, but is due to activation of p38, ERK MAP kinases and PI3 kinase survival
pathways. Furthermore, we have demonstrated that TUDCA protects against
GCDCA-induced mitochondrial injury in primary rat hepatocytes. Our data provide
more information about the mechanism of action of UDCA in cholestatic liver

diseases.
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Chapter 7

7.1 Abstract

Chronic liver damage may lead to liver fibrosis and eventually liver failure. Hepatic
stellate cells are the key players in hepatic fibrogenesis. Therefore, hepatic stellate
cells are attractive targets for anti-fibrotic gene therapy. Recombinant adenovirus is
a promising vehicle for delivering therapeutic genes to liver cells. However, this
vector has considerable tropism for hepatocytes and Kupffer cells, which makes it
necessary to retarget the adenovirus to the activated stellate cells, meanwhile
reducing its affinity for hepatocytes. We developed a selective gene delivery tool by
constructing a fusion protein recognising both the adenovirus and the Platelet
Derived Growth Factor-receptor B (PDGF-RB) which is highly expressed on
activated stellate cells. The targeting moiety consists of a PDGF peptide cloned in
front of the single-chain antibody fragment (S11) directed against the adenoviral
knob. Both 3T3 fibroblasts (expressing the PDGF-RB) and primary isolated
activated rat stellate cells showed enhanced gene transfer by the PDGF-R-
retargeted adenovirus compared to control virus or negative control virus
(scrambled protein). Compared to control adenovirus the PDGF-R[-retargeted
adenovirus showed a dramatically decreased tropism for primary rat hepatocytes.
Our novel approach demonstrates that therapeutic genes can be selectively
directed to stellate cells, which opens new possibilities for the treatment of liver

fibrosis.
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7.2 Introduction

Chronic liver injury results in the accumulation of toxic metabolites, reactive oxygen
species and bile acids that cause cell damage in the liver. This may induce liver
fibrosis leading to organ dysfunction.* Liver fibrosis is characterised by excessive
deposition of scar tissue due to a disturbed balance between extracellular matrix
breakdown and deposition.2 The central effector cell during liver fibrosis is the
hepatic stellate cell, which is the major producer of extracellular matrix
components. Stellate cells are localised in the space of Disse and in normal
conditions they store vitamin A. During liver injury, stellate cells are exposed to
paracrine stimuli from injured hepatocytes, endothelial cells and Kupffer cells.® This
process initiates the activation and proliferation of stellate cells, which is
considered as a key event in fibrosis. Activated stellate cells markedly increase
matrix production through the action of Transforming Growth Factor- (TGF-f3). In
addition, the number of stellate cells strongly increases by enhanced expression of
the Platelet Derived Growth Factor-receptor (PDGF-R) on their cell membranes
and the concomitant production of its ligand PDGF.*

Current pharmacological approaches for the treatment of liver fibrosis are not
effective enough. A way to enhance effectiveness is to develop new anti-fibrotic
therapies that specifically act on activated stellate cells. Targeting of therapeutic
genes may represent such a novel therapy. Previous studies have shown that
apoptosis of activated stellate cells may contribute to the resolution of fibrosis.>®
Induction of apoptosis seems therefore a promising therapeutic strategy. Apoptosis
can be accomplished by inhibiting the activation of the transcription factor NF-kB
using adenoviruses expressing an IkB dominant negative protein.” However, a
therapeutic effect can only be achieved when apoptosis is induced exclusively in
activated stellate cells. Induction of apoptosis in hepatocytes would most likely be
deleterious in fibrotic livers. Therefore, in the present study, a novel tool has been

developed to deliver therapeutic genes specifically to activated stellate cells. For
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this purpose, we have taken advantage of the increased expression of the PDGF-
receptorf3 (PDGF-RP) on activated stellate cells after the onset of fibrosis. PDGF is
a dimeric molecule composed of A and/or B chains and induces proliferation of
stellate cells. PDGF-RP only binds the B-chain of PDGF.? In addition, activated
stellate cells predominantly express PDGF-R[ on their cell membranes, whereas
liver endothelial cells only contain PDGF-Ra.’ Thus, activated stellate cells
specifically bind PDGF-BB.%° In addition, the concentration of the PDGF-Rf( on
activated stellate cells is much higher during liver fibrosis compared to other
PDGF-Rp-positive cells. This knowledge can be used to develop gene targeting
strategies that discriminate between activated stellate cells and other (liver) cells.

We have created a fusion protein, which consists of a PDGF-Rf-recognising
peptide’® coupled to a single-chain antibody fragment, which binds to the knob of
recombinant adenovirus."* Homing of this PDGF-R-recognising peptide to the
PDGF-RB has previously been demonstrated in another study using PDGF
peptide-modified albumin as a drug carrier.® The arginine (R) and isoleucine (1) of
the peptide are responsible for binding to the PDGF-RB.'* Selective binding of the
peptide to the PDGF-R[3 on activated stellate cells has been demonstrated in vivo.
Additionally, it has been shown that this PDGF-peptide does not initiate a signalling
cascade upon binding to PDGF-R.*

In general, adenovirus attachment to cells takes place by binding of the knob of
the fiber coat protein to the coxsackie virus and adenovirus receptor (CAR)." Cell
entry is subsequently mediated by binding of the penton base coat protein to
integrins on the cell membrane.* In the present study, retargeting of recombinant
adenoviruses to the PDGF-R on activated stellate cells has been investigated.
Previously, this ligand-directed strategy has been used successfully by selective

1115 Also the use of the adenoviral

targeting to the epidermal growth factor receptor.
vector is appropriate because comparative evaluation of gene delivery devices in
hepatic stellate cells revealed that these cells are more susceptible to adenoviral-

mediated gene transfer as compared to non-viral vectors.”® In a normal liver,
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adenovirus predominantly enters hepatocytes and Kupffer cells. After fibrotic injury,
adenoviral transduction efficiency is much higher in non-parenchymal cells than in
hepatocytes as shown by detection of X-gal.’’ In this situation, also hepatocytes
are readily infected.”® As indicated above, prevention of adenovirus uptake by
hepatocytes is important for anti-fibrotic therapies. Therefore, retargeting of the
recombinant adenoviral vectors to activated stellate cells is crucial to achieve safe
and efficient gene transfer in fibrotic livers. We present here the first tool to achieve
that goal.

7.3 Materials and methods

Cell culture

NIH/3T3 fibroblasts were cultured in DMEM (Gibco™, Praisley, Scotland), 5% fetal
bovine serum (BIO Whittaker Europe, Verviers, Belgium) containing glutamine,
penicillin and streptomycin (Gibco). HCS-T6 cells (immortalised rat liver stellate
cells) were kindly provided by Dr. SL Friedman (Mount Sinai School of Medicine,
NY, USA) and maintained as described before.'® Primary rat hepatocytes and
stellate cells were isolated and cultured as described previously.**** Rat hepatic
stellate cells (HSCs) were cultured for at least 10 days. At this stage, these cells
have an activated phenotype. All cells were cultured in a humidified atmosphere at
37°C /5% CO,.

Adenovirus AdTL

Cesium chloride-purified E1- and E3-deleted Adenovirus type 5 was obtained by
standard techniques.?’ This recombinant adenovirus (AdTL) contains expression
cassettes for Green Fluorescent Protein (GFP) and firefly Luciferase under the
control of the CMV promotor.?
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Construction of CSRNLIDC-S11 and CIDNLSRC-S11 fusion proteins

For the construction of fusion proteins, pUC119-pelB-S11-mychis vector was used
(a generous gift of Dr. RE Hawkins, Bristol University, UK). Downstream of the
coding sequence for the single-chain antibody fragment (scFv) against adenoviral
fiber knob (S11), a Myc tag, and a histidine-tag (His6) sequence were present. The
PelB leader was located_upstream of the coding sequence for the fusion protein
and allowed the isolation of the protein out of the periplasmic space of JM109
E.coli bacteria.

DNA encoding the PDGF-BB peptide (amino acids CSRNLIDC)10 was
introduced between the PelB leader and the S11 sequence using oligonucleotides.
The sense oligo
5'-CATGCCCTGCTCGCGGAACCTCATCGATTGTGGCGGCGGCAGCTC-3
was annealed to anti-sense oligo
5'-CATGGAGCTGCCGCCGCCACAATCGATGAGGTTCCGCGAGCAGGG-3..
This results in a DNA fragment with overlap extensions similar to the restriction
sequence of Ncol. The bold nucleotides represent the DNA sequences encoding
the PDGF-BB_peptide CSRNLIDC. The glycine linker is presented as an underlined
sequence and separates the CSRNLIDC-peptide from S11. The DNA fragment
was phosphorylated and cloned into dephosphorylated, Ncol restricted pUC119-
pelB-S11-mychis vector.

DNA encoding for a scrambled peptide (amino acids CIDNLSRC) was
introduced upstream of the S11 sequence. Using pUC119-pelB-S11-mychis as a
template, PCR was performed with the following primers, forward 5'-
TTAACCATGGCCTGCATAGACAACCTCTCGAGATGTGGCGGCGGCAGCT
CTATGGCCCAGGTGCAACTGCAGC-3,
and reverse 5-TTAATCT AGATTATTAATGGTGATGATGG-3'. E. coli IM109 were
transformed with pUC119pelBS11-mychis, which included the sequence
CSRNLIDC or CIDNLSRC.
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Expression and purification of fusion proteins and adenovirus knob domain
JM 109 E. coli, containing plasmids encoding for CSRNLIDC-S11 or CIDNLSRC-
S11, were grown overnight at 37 ‘C (with shaking at 200 rpm) in 2TY medium
which contained 100 pg/ml ampicillin and 1% glucose. The overnight culture was
diluted 1:100 in 1 liter 2TY medium containing 100 pg/ml ampicillin and 0.1%
glucose. Bacterial suspensions were grown at 37 "C (200 rpm) to an optical density
of 0.8 — 1.0 at O.D.ggo nm- Protein expression was induced by addition of 1 mM
isopropyl B-D-thiogalactoside (IPTG; Invitrogen, Breda, Netherlands) followed by
an incubation for 4 hours at 30 C (200 rpm).

Bacteria were harvested by centrifugation at 6,000 g (4 'C) for 10 min and
resuspended in 20 ml of ice cold TES buffer (0.2 M Tris-HCL, 0.5 mM EDTA, 0.5 M
Sucrose, pH 8.0). This suspension was incubated for 15 minutes on ice and
subsequently centrifuged at 38,000 g (4 ‘C) for 30 min. The pellet was
resuspended in 2-5 volumes ice-cold sonication buffer (50 mM NaH,PQO,4, 300 mM
NacCl, pH 7.8) followed by addition of 1 mg/ml lysozyme (ICN biomedicals, Aurora,
USA) and an incubation step on ice for 30 min. This suspension was sonicated 3
times for 10 sec and centrifuged for 20 min at 10,000 g (4 °C) after which the
supernatant was collected.

Purification of His-tagged proteins was performed by nickel-nitrilotriacetic acid
(Ni-NTA) affinity chromatography. For this purpose, the supernatant was mixed
overnight with 8 ml Probond Resin Ni-NTA beads (Invitrogen) at 4 ‘C. This mixture
was washed with sonication buffer until O.D.,gonm Was 0.02, after which another
wash step was performed with 20 mM Imidazole (diluted in sonication buffer).
Protein was eluted with 250 mM Imidazole. Fractions with maximum protein
amounts (determined with O.D.,g0nm and anti-myc staining on a dotblot loaded with
equal volume of protein elutions) were pooled and dialysed against phosphate
buffer saline (PBS) at 4 "C overnight.

Expression of the knob domain of adenovirus serotype 5 was induced in E. coli
M15(pREP4)(PQE30-Ad5knob) (kindly provided by Dr. J. Douglas, University of
Alabama, Birmingham, USA) using LB medium with 100 pug/ml ampicillin and 25
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pg/ml kanamycin and a final concentration of 2 mM IPTG. Cells were harvested by
centrifugation at 4,000g for 10 min followed by resuspension in sonication buffer

and treated as described above.

Western blot analysis

SDS-PAGE was performed with 5 pg protein (under denaturing conditions) on a 10
% gel followed by Western blot analysis with anti-myc monoclonal antibody at a
dilution of 1:10. This antibody was collected from supernatant of hybridoma cells
1729 culture medium after centrifugation at 200g. Rabbit-anti-mouse horseradish
peroxidase (DAKO A/S, Denmark) was used at a dilution of 1:3000. Protein was
visualised with an AEC-kit according to manufacturer's instructions (Sigma,
Steinheim, Germany). Kaleidoscope pre-stained standards were used (Bio-rad

Laboratories, Hercules, USA) to detect molecular weight.

Analysis of S11 binding to the adenoviral fiber knob

The S11 binding activity of CSRNLIDC-S11 and CIDNLSRC-S11 was tested by
enzyme-linked immunosorbent assay (ELISA). A fusion protein directed against the
epidermal growth factor receptor (425-S11) and S11 alone were used as positive
control.™ Proteins were added to a 96-wells plate pre-coated with 1 ug per well of
our generated adenoviral type 5 knob. As a negative control, only immunostaining
on adenoviral knob pre-coated wells was performed. ELISA was performed with
anti-myc monoclonal antibody (diluted 1:10). After that, a secondary antibody was
added (rabbit anti-mouse HRP conjugate (1:3000)), and incubated for 1 hour,
followed by addition of 1,2-orthophenylenediamine dihydrochloride (OPD)
substrate (DAKO A/S, Denmark). After washing the wells, binding of the fusion

proteins was determined by measuring the absorbance at 490 nm.

PDGF-receptor binding analysis of CSRNLIDC-S11
Binding of CSRNLIDC-S11 to the PDGF-R-positive HSC-T6 cell line was evaluated

with fluorescence-activated cell sorting analysis (FACS). Cells were incubated with
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10 pg of CSRNLIDC-S11 for one hour at 4 ‘C. Successively, anti-myc antibody
(1:10) and PE (phycoerythrin) conjugated goat-anti-mouse (GAMPE, 1:100; DAKO)
were used. In between, washing steps were performed by centrifugation for 3 min

at 1500 rpm in serum free medium.

Targeting and untargeting assays
NIH/3T3 fibroblasts were used as a model system as they express high levels of
PDGFR and very low levels of CAR.?*? These cells were plated in 96-well plates
(NUNC™, Denmark) at a density of 10.000 cells per well and incubated overnight
at 37 'C. Primary isolated culture-activated rat stellate cells (HSCs) were plated in
12-well plates until monolayers were subconfluent. Rat hepatocytes were used to
investigate un-targeting of PDGF-R-retargeted virus. After isolation, hepatocytes
were plated on 12-well plates for 5 hours as described previously.?®

Virus was pre-incubated with CSRNLIDC-S11 or CIDNLSRC-S11 at a ratio of
1.0 x 10° viral particles per 1 pg or 10 pg protein for 30 min at 37 ‘C. NIH/3T3
fibroblasts and HSCs were infected in triplo (in medium containing 2% FBS) with
500 plaque forming units (pfu) and 50 pfu per cell of pre-incubated AdTL,
respectively. Hepatocytes were infected in serum free medium using 50 pfu per cell
of pre-incubated AdTL. To study the involvement of CAR, cells received 20 pg/ml
adenoviral type 5 knob for 1 hour at 37 “C before adding (pre-incubated) virus.
Cells were incubated for 24 hours in a humidified atmosphere at 37 'C / 5% CO,,
after which they were evaluated for GFP expression using a Zeiss Axiovert 25
fluorescence microscope. After another 24 hours, cells were harvested in 1x cell
lysis buffer (Promega, Madioson, USA). Gene transfer was determined by
measuring luciferase enzyme activity according to manufacturer’'s instructions
(Promega) using the Lumicount™ (Packard Bioscience Benelux NV, Groningen,
Netherlands).

Immunohistochemical analysis

The PDGF-receptorp was detected as described before.'
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Statistical Analysis

Results are presented as the mean of at least 3 independent experiments +
standard deviation. A Mann-Whitney test was used to determine the significance of
differences between two experimental groups. A P-value of less than 0.05 (P<0.05)

was considered to be statistically significant.

7.4 Results

Functionality of fusion protein CSRNLIDC-S11

To develop a selective gene delivery tool for activated stellate cells, we constructed
a fusion protein. This fusion protein consists of a single-chain antibody fragment
(S11), which binds to the fiber knob of adenovirus type 5 (Fig 1).

In front of the coding sequence of S11, we cloned DNA encoding a peptide
(CSRNLIDC) which recognises the PDGF-RB. A glycine linker separates this
sequence from the coding sequence of S11. A control construct was made in
which a scrambled DNA sequence encoding CSRNLIDC was cloned in front of the
DNA sequence encoding S11. This scrambled fusion protein should not bind to the
PDGF-RB.
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Figure 1. Construction of a fusion protein recognising both adenoviral type 5 fiber knob and the PDGFf3-
receptor. The PDGFf-receptor is highly expressed on activated stellate cells. (A) In front of the single-
chain antibody fragment (scFv) S11, the coding sequence of the PDGF-BB-derived peptide CSRNLIDC
was cloned. In between, a glycine linker was located. The PelB leader allows the fusion protein to enter
bacterial periplasmic space, which is followed by cleavage of the leader signal. At the C-terminus of the
fusion protein, a histidine- and Myc-tag are situated allowing purification and detection of the fusion
protein, respectively. (B) Schematic representation of our gene targeting approach to activated stellate
cells. Coating of adenovirus with the fusion protein CSRNLIDC-S11 will block binding to its native

receptor CAR. CSRNLIDC binds to the PDGF-f3 receptor but does not initiate a signalling cascade.
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After induction of both proteins in E.coli JIM109, correct protein expression was
detected at 30 kDa for CSRNLIDC-S11 and CIDNLSRC-S11. (Fig 2a) The binding
of these proteins to adenoviral fiber knob was analysed with ELISA. As shown in
Figure 2b, both proteins bound to the adenoviral fiber knob similar to S11 itself,
demonstrating functionality of the S11-single-chain antibody fragment even in the
context of a fusion protein. Binding of CSRNLIDC-S11 to a PDGF-R[3 positive
stellate cell line was subsequently determined with FACS analysis. Addition of
CSRNLIDC-S11 to the stellate cell line HSC-T6 resulted in a clear shift of the PE
signal compared to the control situation (only antibodies) and S11 alone (data not
shown) (Fig 2c). These results confirm previous data that demonstrated binding of
the CSRNLIDC peptide to the PDGF-RB.*

CSRNLIDC-S11 directed gene transfer in fibroblasts

Functionality of the CSRNLIDC-S11 fusion protein and our targeting approach was
further investigated using NIH/3T3 fibroblasts as a model system. These cells
express very high levels of PDGF-Rp and low levels of CAR on their cell
membranes. Adenoviral gene transfer was measured in terms of luciferase
expression. Unmodified recombinant adenovirus (AdTL) hardly resulted in gene
transfer in these fibroblasts (Fig 3). In addition, the scrambled fusion protein did not
result in adenoviral gene transfer. In contrast, modification of AdTL with
CSRNLIDC-S11 dramatically increased luciferase gene transfer in a dose-
dependent manner (Fig 3).

A ratio of 10 pg CSRNLIDC-S11 per 10° viral particles resulted in the maximal
enhancement of transfection (57x). In the presence of higher amounts of protein,
the infection rate started to decline (data not shown). This could be explained by an
excess of fusion protein competing with the targeted virus for binding to the PDGF-
RpB. Besides luciferase gene expression, expression of adenovirus-encoding GFP
was monitored in these cell cultures. GFP expression correlated with luciferase

gene expression (data not shown).
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Figure 2. Characterisation of CSRNLIDC-S11 and CIDNLSRC-S11 fusion proteins. (A) Western blot of
Ni-NTA-purified proteins, that were produced in JIM109 E. coli. Five pg of protein was loaded on a 10 %
gel, which was detected with anti-Myc antibody. (MW of approximately 30 kDa). (B) The binding of
CSRNLIDC-S11 to a PDGFB-receptor positive hepatic stellate cell line (HSC-T6) was evaluated by
fluorescence-activated cell sorting. Anti-Myc and PE (phycoerythrin)-conjugated goat-anti-mouse
antibodies were used for detection. (C) Binding activity of the S11-single-chain antibody fragment
against adenoviral fiber knob using ELISA. S11 alone and a bi-specific single-chain antibody directed
against the epidermal growth factor receptor (425-S11) served as positive control. Wells that were

solely pre-coated with adenoviral knob served as negative control.
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Figure 3. Specific transfection of fibroblasts by PDGF(-receptor targeted adenovirus. NIH/3T3
fibroblasts express high levels of PDGFf-receptor and low levels of CAR. These cells were used as a
model system. 10° viral particles of AdTL were pre-incubated with or without 1 pg or 10 pg of
CSRNLIDC-S11 or CIDNLSRC-S11 (scrambled-S11) for 30 min at 37 °C. NIH/3T3 fibroblasts were
infected with 500 pfu/cell. Gene transfer is presented as luciferase activity (relative light units) which
was measured 48 hours after infection. Representative data of 5 independent experiments are shown
with n = 3 per condition. *P<0.05 for CSRNLIDC-S11 vs AdTL.

CSRNLIDC-S11 directed gene transfer in activated stellate cells

The results of our model system allowed us to examine the transfection efficiency
of PDGF-RB-retargeted adenovirus in primary isolated culture-activated stellate
cells. Besides high levels of PDGF-Rp on their cell membrane®’, activated stellate
cells do express CAR.' These cells were very efficiently transfected with non-
modified virus (Fig 4). This gene transfer was blocked by addition of adenoviral
knob in order to block CAR. However, modification of AdTL with CSRNLIDC-S11
resulted in an enhancement of the adenoviral gene transfer compared to non-

modified virus in activated stellate cells. This transfection was not inhibited by CAR
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blockade (Fig 4), suggesting that PDGF-Rp-mediated infection by CSRNLIDC-S11-

modified virus is more efficient than CAR-mediated infection.

B - CAR block ® + CAR block
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control AdTL AdTL + CSRNLIDC-
S11

Figure 4. CSRNLIDC-S11 increases adenoviral gene transfer in culture-activated rat stellate cells.
Culture-activated stellate cells were infected with PDGFB-receptor retargeted adenovirus. A ratio of 10
pg of CSRNLIDC-S11 per 10° viral particles (AdTL) was used. Activated stellate cells were infected with
50 pfu/cell in the presence or absence of 20 pg/ml fiber knob. Soluble fiber knob was used to block
CAR. Gene transfer is presented as luciferase activity (relative light units) which was measured 48
hours after infection. Representative data of 3 independent stellate cell isolations are shown with the
mean of n = 3 per condition. *P<0.05 for CSRNLIDC-S11 vs AdTL. **P<0.05 for AdTL + CAR block vs
AdTL - CAR block.

Untargeting of primary hepatocytes

To achieve specific gene transfer in activated stellate cells, a reduction of targeting
to hepatocytes is essential. Therefore, primary cultures of isolated hepatocytes
were used to examine our targeting strategy. Hepatocytes express high levels of
CAR on their cell membranes. As expected, non-modified virus efficiently

transfected hepatocytes (Fig 5). Addition of the PDGF-RpB-specific fusion protein
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CSRNLIDC-S11 to the recombinant adenovirus blocked the adenoviral gene
transfer in primary hepatocytes. This demonstrates a successful blockade of the
CAR-mediated interaction between adenovirus and hepatocytes.

8000000 -
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2000000 -

0 e

con AdTL AdTL + CSRNLIDC-
S11

Luciferase activity (RLU)

Figure 5. Untargeting of primary rat hepatocytes using PDGFp-receptor targeted adenoviral gene
transfer. (A) Primary cultures of hepatocytes were infected with 50 pfu/cell after pre-incubation of AdTL
virus with CSRNLIDC-S11 for 30 min. A ratio of 10 ug conjugate per 10° viral particles was used. Gene
transfer is presented as luciferase activity (relative light units) measured 48 hours after infection.
Representative data of at least 3 independent hepatocyte isolations are shown with the mean of n = 3
per condition. *P<0.05 for CSRNLIDC-S11 vs AdTL.

7.5 Discussion

We developed a new tool to specifically deliver genes to activated stellate cells.
Stellate cells play a central role in liver fibrosis. Since current pharmaco-
therapeutical strategies to treat liver fibrosis are not satisfactory, a search for new
therapies is needed. In this study, we investigated whether selective adenoviral
gene targeting to activated stellate cells is an option. We combined a PDGF-
receptor-specific peptide’® with a single-chain antibody fragment recognising

11;15

adenovirus type 5 fiber. In this way, we were able to construct a fusion protein

158



Specific gene transfer in activated stellate cells

(CSRNLIDC-S11) which targets recombinant adenovirus type 5 specifically to
activated stellate cells, whereas gene transfer in hepatocytes is dramatically
reduced in vitro and ex vivo.

Evidence for the specificity of our approach was provided by competition
studies on PDGF-Rp positive fibroblasts and activated stellate cells, using
CSRNLIDC-peptide-modified albumin and PDGF-BB.!® We now demonstrate the
feasibility of this approach in gene transfection. The present manuscript
demonstrates that the scrambled variant of our fusion protein did not mediate
adenoviral gene transfer in NIH/3T3 fibroblasts. Moreover, transfection of activated
stellate cells is enhanced by our modified virus, which can not be blocked by CAR
block. We clearly show un-targeting of hepatocytes. These data indicate that
PDGF-Rp-mediated gene transfer in stellate cells using CSRNLIDC-S11-modified
recombinant virus is more efficient than CAR-mediated infection.

A few adenoviral gene therapy studies have previously been performed in
cirrhotic rats using non-modified virus expressing a gene coding for hepatocyte

2830 pesults

growth factor, interferon alpha or urokinase-type plasminogen activator.
of these studies were obtained in carbon tetrachloride- and dimethylnitrosamine-
induced liver cirrhotic models. Attenuation of liver fibrosis by adenoviral delivery of
matrix metalloproteinases has also been described in a thioacetamide-induced
model.** Although fibrosis was reduced in these studies, normal liver histology was
not completely restored because of the a-specificity of these unmaodified vectors. In
addition, a high amount of viral particles was needed to overcome low gene
transfer in fibrotic livers'’ and virus degradation in Kupffer cells. In fibrotic livers,
this may cause a strong immune response. Furthermore, discrimination between
activated and non-activated stellate cells, endothelial cells, Kupffer cells and
hepatocytes, was not accomplished in fibrotic livers.™® Targeted vectors are likely to
be less immunogenic® because of a rapid uptake in the target cell’® thus avoiding
the immune system. Therefore, our PDGF-R[-directed adenovirus may improve

the safety and efficacy of gene transfer to the activated stellate cell.
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The PelB leader in our construct allows the fusion protein to enter the bacterial
periplasmic space where an S-S bridge can be formed and a cyclic CSRNLIDC
peptide will be generated. We did not demonstrate this cyclic structure. However, a
different fusion peptide without two cysteine amino acids in the PDGF-R[3-binding
part (SRNLID-S11), hardly retargeted the adenovirus to NIH/3T3 fibroblasts (data
not shown). These results confirm other data demonstrating that cyclic peptides
display stronger binding activity to their receptor.®

Besides monitoring GFP expression, the AdTL virus allowed us to measure
luciferase expression, which resulted in data that can be quantified. This is
preferred over a LacZ-staining. The GFP observations are informative since they
demonstrate that enhanced gene expression by PDGF(-R-retargeted virus results
from a higher number of transduced cells and not from a few cells expressing the
genes more abundantly.

An interesting strategy to resolve liver fibrosis would be the induction of
apoptotic cell death in activated stellate cells.® Although it has been suggested that
matrix degradation by metalloproteinases may be beneficial®***, the activated
stellate cells are still present in this approach. In addition, patients suffering from
liver fibrosis, often suffer from hepatocarcinoma as well and matrix degradation
may interfere with this disease.® Selective induction of apoptosis could remove the
activated stellate cells. Apoptosis can be induced by using adenovirus expressing
a dominant negative IkB protein. In this way, NF-kB activation will be inhibited as
shown for hepatocytes.”®***" This can also be performed in stellate cells,” thus
reducing the amount of matrix producing cells during fibrosis. Furthermore, it has
been shown that adenoviral delivery of antisense mRNA is able to suppress the
synthesis of TGF-B1 in culture-activated stellate cells.*® TGF-B1 is an important
pro-fibrogenic cytokine, and selective reduction of this cytokine may be a powerful
tool to reduce fibrogenesis.

Reduction of fibrosis should be achieved by specifically delivering of the dnlkB

gene or antisense TGF-f1 mRNA to activated stellate cells. This could be
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accomplished using our PDGF-Rp-retargeted adenovirus. To further increase
activated stellate cell specificity, transcriptional retargeting can be used. A suitable
candidate could be the promoter of the CSRP2 gene, which is exclusively
expressed by stellate cells.** CSRP2 encoding protein has been reported to be a
new factor in the JAK/STAT signalling pathway. Taken these improvements
together, induction of apoptosis in activated stellate cells may result in a safe
reduction of liver fibrosis.

A disadvantage of our two-component system, which consists of a fusion
protein coupled to a virus, might be difficult to transfer to a clinical setting.
Therefore, it would be preferable to incorporate the targeting peptide into the HI-
loop of the adenoviral fiber knob. This has been performed successfully in previous
studies.*”* The question arises whether insertion of the CSRNLIDC peptide in the
Hl-loop of the adenoviral fiber knob will also result in improved gene transfer in
activated stellate cells. Our hypothesis is that two peptides are necessary for
mimicking the binding sites present in the dimeric PDGF molecule.™ Incorporation
in the HI-loop could result in more copies of the PDGF-RB-specific peptide, thereby
enhancing efficiency and safety of adenoviral gene transfer to the activated stellate
cells.

Overall, our PDGF-Rp-retargeted recombinant adenovirus allows selective
gene transfer in activated stellate cells and prevents gene uptake by other cells like
hepatocytes. Hepatocytes are generally responsible for most of the uptake of
unmodified adenovirus, which seriously hamper efficiency of anti-fibrotic therapies
based on adenoviral gene transfer. Using our new approach, a therapeutic gene,
e.g. dominant negative IkB, can be transferred in activated stellate cells, thereby
sensitising only these cells to apoptosis. This strategy may be beneficial in fibrosis.
Furthermore, specific gene targeting to activated stellate cells allows reduced
administration of adenoviral particles and decreases vector-related toxicity. The
modified adenovirus described in this paper is the first viral vector targeted to this

important cell-type, which opens new possibilities for the treatment of liver fibrosis.
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Summary, general discussion and perspectives

During acute and chronic liver injury, liver cells are exposed to increased levels of
cytokines (protein hormones of the immune system), bile acids and oxidative stress
(disturbed balance of oxidative and reductive capacity in the cell). This may result
in death of hepatocytes, whereas stellate cells become active and proliferative.
Eventually, acute and chronic liver injury is followed by loss of liver function for
which no effective therapies are available. Therefore, understanding of the cellular
mechanisms controlling death of liver cells is of clinical and scientific importance.

In this thesis, cell death and protective mechanisms of hepatocytes were
explored in acute and chronic liver injury. Besides programmed cell death
(apoptosis), which follows a tightly controlled cascade of events, necrotic cell death
(necrosis) can occur. The strict regulation of apoptosis may allow therapeutic

intervention strategies.

8.1 Acute liver injury

During acute liver injury, hepatocytes are exposed to increased levels of
inflammatory mediators, of which TNF-a, IL-13, IFN-y and LPS are prominent
components. Binding of these agents to receptors on the cell membrane induces
cell-signalling pathways. Eventually, this leads to apoptosis in hepatocytes, which
can be accompanied by necrosis, and ultimately will result in loss of liver function.
We have used TNF-qa, IL-1B, IFN-y and LPS simultaneously to investigate cell
death in hepatocytes in vitro.

Chapter 3 describes how hepatocytes are able to cope with exposure to
inflammation. We have demonstrated that the activation of the transcription factor
NF-kB is crucial for the protection of hepatocytes against cytokine-induced
apoptotic cell death. In conditions where NF-kB activation is inhibited, cytokines
induce receptor-mediated apoptosis, which is FADD-dependent and peaks 6 hours
after the addition of cytokines. As long as NF-kB is able to regulate the

transcription of anti-apoptotic genes clAP2 and A1/Bfl-1, cytokine-induced
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apoptosis is blocked in hepatocytes. (Fig 1)

Kupffer cell \P TNF-a

TNF-RI Receptor-mediated signalling

cell membrane
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Figure 1. Schematic summary of cytokine-induced signalling in hepatocytes. The activation of the
transcription factor NF-kB protects against cytokine-induced apoptotic cell death through the

upregulation of anti-apoptotic genes, like clAP2, A1/Bfl-1 and iNOS.

In chapter 4, a mouse model has been used for the study of acute liver failure in
vivo. In this model, LPS injection results in cytokine release by Kupffer cells, which
induces cell signalling in hepatocytes. Only in the presence of a hepatocyte
specific transcription inhibitor, like D-galactosamine, hepatocytes are sensitive to
LPS-induced cytokines. Since NF-kB is essential in the protection of hepatocytes
against cytokine-induced apoptosis, our in vitro study (chapter 3) correlates with
this model and provides another clue that NF-kB is a major regulator of cell

survival.
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NF-kB-regulated clAP2 and A1/Bfl-1 belong to the IAP and Bcl-2 family,
respectively, which are important sensors of intra- and extracellular stress and act
to inhibit apoptosis. Other anti-apoptotic genes belonging to these families are
clAP1, XIAP1 and Bcl-XL. They are all expressed in hepatocytes, but are not
induced upon cytokine stimulation.

Interestingly, NF-kB is also involved in the regulation of pro-apoptotic Bcl-2

family members, namely Bid and Bak. This is in line with previous data obtained in
other cell types demonstrating that NF-kB has both pro-apoptotic and anti-
apoptotic functions within a single cell.' Bid and Bak are both important in the
release of pro-apoptotic mitochondrial factors, like cytochrome ¢ and
Smac/DIABLO (chapter 2: fig 5). Their importance in hepatocytes is demonstrated
in Bid-deficient mice.2 In addition, Bid is a requisite for Bak-induced cytochrome ¢
release.® In spite of this, blocking of NF-kB activation (and thus, Bid and Bak
transcription) does not inhibit cytokine-induced apoptosis in hepatocytes. One
explanation can be the post-translational modification of Bid and Bak, often needed
to become fully pro-apoptotic, and this may still occur when NF-kB-regulated
transcription is blocked.
Overall, NF-kB inhibition sensitises hepatocytes towards apoptosis and this shows
that NF-kB-regulated transcription of anti-apoptotic clAP2 and A1/Bfl-1 is dominant
over the NF-kB-dependent activation of pro-apoptotic Bak and Bid (chapter 3).
Therefore, in hepatocytes, NF-kB functions as an anti-apoptotic factor by regulating
clAP2 and Al/Bfl-1.

There is accumulating evidence that NO" plays a role in apoptosis. A protective
role of NF-kB-regulated inducible nitric oxide synthase (iNOS) has therefore been
investigated in chapter 3. However, the contribution of iINOS to the protection
against apoptosis is not fully elucidated yet. Endogenous NO is derived from
iNOS, which can inhibit apoptosis by inactivation of caspases* (Fig 1). On the other
hand, inhibition of INOS by L-NAME does not sensitise hepatocytes to cytokine-

induced apoptosis in vitro (chapter 3). This can be explained by the fact that L-
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NAME does not affect NF-kB-regulated transcription of clAP2 and A1/Bfl. In this
situation, the lack of iINOS-derived NO® is compensated by the presence of active
clAP2, again indicating that clAP2 is essential to protect hepatocytes against
cytokine-induced apoptosis in vitro. Moreover, adenovirus-mediated iINOS gene
transfer inhibits hepatocyte apoptosis in vitro.” All these results support the idea
that INOS is protective against cytokine-induced apoptosis in hepatocytes.

Intriguingly, we have found that exogenous NO°, provided by an NO’-donor,
also inhibits apoptosis in cytokine-exposed hepatocytes in vitro. This result
suggests that NO’-donors could serve as therapeutic agents. Indeed, it has been
shown that NO’-donors, like V-PYRRO/NO and NOC18, block TNF-a-induced
apoptosis and toxicity in the liver.> ®® ® Furthermore, in acetaminophen-induced
hepatoxicity, another model of acute liver injury, V-PYRRO/NO reduced liver
damage.® Nevertheless, one must be cautious with iNOS and its product NO" as a
therapeutic agent since NO® is very reactive. Harmful effects of enhanced NO’
production are reported in several pathophysiological processes such as
endotoxemia.’® For example, large amounts of NO" can also rapidly interact with
superoxide anions yielding peroxynitrite and tissue damage. Especially during
acute liver injury when liver cells are already sensitive, NO" may react
unpredictable. Therefore, we did not further explore NO* or iNOS as a potential
therapeutic agent for the threatment of acute liver injury. Instead, we decided to
investigate the protective effect of clAP2 in our in vivo model (chapter 4) since
clAP2 is a major anti-apoptotic player in vitro.

During acute liver injury, massive cell death of hepatocytes occurs due to
breakdown of the NF-kB defence (chapter 4). In patients suffering from acute liver
injury, NF-kB activation may be inhibited in various ways, depending on the type of
injury. The mushroom-derived toxin a-amanitin for instance inhibits transcription.
(Fig.1) It is also likely that in conditions accompanied with prolonged oxidative
stress, NF-kB activation is prevented by massive consumption of reduced

glutathione. This alters the intracellular redox status. Oxidative stress may result in
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the oxidation of essential sulfhydryl groups of NF-kB (Fig 1), which then is not able
to regulate the transcription of anti-apoptotic genes, as recently discussed.** *?

In this thesis, LPS/GalN injection is used as a model for acute liver injury.
Although adenoviral expression of the human homologue of clAP2 (AdHIAP1)
clearly prevents cytokine-induced apoptosis in vitro, we were not able to
demonstrate this in the LPS/GalN model (chapter 4). Pre-treatment of these mice
with AdHIAP1 aggravated LPS/GalN-induced liver injury. In addition, AdHIAP1 did
not inhibit apoptotic cell death of hepatocytes. Various explanations can be given
for these results, like sub-optimal transgene expression, liver priming by the
adenoviral vector, the severity of the LPS/GalN model, or the HIAP1 transgene
itself. In chapter 4, we have discussed these issues extensively. Because results
from XIAP transgenic mice are similar to data obtained from the adenoviral
overexpression of HIAP1, it appears that IAP overexpression is detrimental in the
LPS/GalN model. This unexpected finding remains to be elucidated yet.

Our studies underline the complexity of what seemed to be a simple and
promising approach, namely the expression of a therapeutic transgene in a
diseased environment. In a controlled setting like our in vitro study on hepatocytes,
apoptosis is completely blocked by clAP2 (chapter 3), whereas in a complex
setting with many interacting effects, like acute liver injury, it is much more difficult
to influence signalling pathways and thereby cell fate. Compensatory mechanisms
may exist that circumvent the therapeutic effect, like alternate caspase activation
after inhibition of caspase-9 or caspase-3 in hepatocytes.13 In addition, caspase-
inhibition may increase oxidative-stress, thereby counteracting the anti-apoptotic
effect of caspase-inhibition. Evidence for this hypothesis has been achieved

recently. ' *°

These studies have demonstrated that caspase activation in response
to TNF-a has anti-necrotic effects as well. Removal of damaged and reactive
oxygen species (ROS)-overproducing mitochondria is a caspase-dependent
process. Therefore, caspases are also involved in survival after TNF-a toxicity by

providing a negative feedback loop on excessive oxidative stress. These issues
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are very important in developing caspase inhibitors for therapeutic applications in
acute liver injury.

Anti-inflammatory agents may help to reduce liver damage during acute liver
injury. Whether this strategy is suitable for all pathological conditions remains to be
seen. For example, anti-TNF-a therapy in bacterial infection-induced acute liver
disease prevented liver injury, but resulted in decreased bacterial clearance and
decreased overall survival.'®

Although we have not achieved promising results with clAP2 as a therapeutic
target in vivo, our studies described in chapter 3 and 4 are relevant for developing
gene therapy which aims to interfere in cell signalling during liver diseases.

An alternative therapeutic strategy for acute liver injury might be ex vivo gene
therapy.'” The viral transduction of a therapeutic gene into hepatocytes before
transplanting these cells into the liver may be beneficial. The effectiveness of this
strategy depends on the capacity of the transplanted cells to survive and
proliferate.’® A pilot-study in humans demonstrated the feasibility of this ex vivo
gene therapy for homozygous familial hypercholesterolaemia.® A recent study
reported the transplantation of adenoviral-transduced Kupffer cells encoding a
superoxide dismutase in acute liver injury. This strategy decreased liver injury after
ischemia-reperfusion in rats.?® Given the severe shortage of human hepatocytes,
the application of porcine hepatocytes could be considered.”* Overexpression of an
anti-apoptotic gene in hepatocytes ex vivo, followed by cell transplantation, may be
beneficical during acute liver injury.

Anti-apoptotic genes are often over-expressed in cancer cells resulting in
inhibition of apoptosis and subsequent chemotherapeutic drug resistance.?? For
example in human hepatocelluar carcinoma, the IAP family member XIAP, and the
Bcl-2 family member Bcl-2 become highly over-expressed.?*** Given the functional
importance of anti-apoptotic proteins in apoptosis control, gene therapy with anti-
apoptotic genes may induce carcinogenesis.’®>" Therefore, anti-apoptotic gene
therapy will only be safe when a tightly controlled expression pattern of anti-

apoptotic genes can be assured.
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8.2 Chronic liver injury

Cholestatic liver disorders (cholestasis) are characterised by the accumulation of
bile acids in the liver causing damage to liver cells. Cholestasis could eventually
result in liver fibrosis, which can be considered as an excessive wound healing. In
chapter 5 and 6, cell death in chronic cholestatic liver injury has been investigated.
For this purpose, a rat model has been used in which the bile duct has been
ligated. This bile duct ligation ensures the accumulation of bile acids in the liver,
thereby triggering cell damage and liver fibrosis.

We have shown that during chronic cholestatic liver injury, the predominant
mode of hepatocyte cell death is necrosis and not apoptosis (chapter 5). This
unexpected finding is contrary to existing data,”® but recently supported by other
expert investigators, stating that necrosis, and not apoptosis, is the principal mode
of cell death during cholestatic liver injury.?’ 28

This finding has important consequences for therapeutic intervention strategies
in cholestatic liver diseases. Not apoptotic, but necrotic signalling must be tackled.
Recently, neutrophil-induced oxidative stress in response to chemokines has been
shown to contribute substantially to the injury process. Therefore, neutrophils could
be an important therapeutic target to improve cholestatic liver injury.?® In addition,
adenoviral delivery of a superoxide dismutase gene may be useful in the treatment
of oxidative stress-related injury. Superoxide dismutases are potent detoxifying
enzymes of superoxide radicals and have been shown to reduce liver injury.>* !

Another important finding is the absence of the anti-apoptotic protein Bcl-2 in
hepatocytes. The expression of Bcl-2 during chronic liver injury is induced in
cholangiocytes only. This sharply contrasts to previous reported data.”® Our results
imply that Bcl-2 is not involved in the protection of hepatocytes against bile acid-
induced liver injury. Although Bcl-2 seems to be a potential therapeutic candidate,
it is questionable whether over-expression of Bcl-2 in hepatocytes would prevent

necrotic cell damage during chronic liver injury.*
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In chapter 5, we have investigated the role of the transcription factor NF-kB in
chronic liver injury. Indeed, NF-kB is activated during chronic cholestatic liver injury
and we have found evidence that the NF-kB-regulated genes clAP2 and A1l/Bfl-1
are induced. However, the activation of these anti-apoptotic proteins is not
triggered by bile acids, which has previoulsy been proposed by others as they
accumulate in the liver during cholestasis. In contrast, NF-kB has been shown to
be activated in response to cytokine-mediated signalling (chapter 5). In the
cholestatic rat livers, mRNA levels of cytokines, like TNF-a, IL-1f3, and IFN-y, are
increased. In addition, we have found that the bile acid glycochenodeoxycholic acid
(GCDCA), but not taurochenodeoxycholic acid (TCDCA) or tauroursodeoxycholic
acid (TUDCA), induce apoptosis in hepatocytes in vitro (Fig 2). This GCDCA-
induced apoptosis is inhibited when hepatocytes are pre-incubated with cytokines
for 1 to 3 hours. Recently, it has been reported that cytokine-induced A1/Bfl-1
sequesters and inhibits pro-apoptotic Bid.** Bid is activated during GCDCA-
induced apoptosis.** These data suggest a protective mechanism of cytokines
against bile acid-induced cell damage during chronic liver injury. Further support
for the protective role of NF-kB during cholestasis comes from our data
demonstrating that adenoviral overexpression of clAP2 inhibits GCDCA-induced
apoptosis in vitro (chapter 5).

All together, our data imply that during chronic cholestatic liver injury,
hepatoyctes are resistant against bile acid-induced apoptosis due to the cytokine-
induced activation of anti-apoptotic NF-kB (Fig 2). This conclusion is relevant for
the treatment of patients with inflammation inhibitors, like dexamethasone and anti-
TNF-a antibodies, or Kupffer cell depletion. These anti-inflammatory strategies will
attenuate cytokine production and NF-kB activation and thus stimulate apoptosis in
hepatocytes. In particular, the question raises whether these anti-inflammatory
strategies are favourable in chronic liver diseases. The therapeutic implications of

these strategies have been addressed in animal models of chronic liver injury.*> %
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Although Kupffer cell depletion resulted in improved survival rates in the case of
LPS-exposed bile duct ligated (BDL) rats®, the consequence of a disruption of the
cellular environment has not been elucidated yet. In addition, a-selective inhibition
of NF-kB by immune modulators could be harmful to hepatocytes as NF-kB
inactivation sensitises these cells to apoptosis. A Kupffer cell-specific carrier can
solve this problem, namely dexamethasone coupled to mannosylated albumin.®®
However, treatment of BDL rats with this carrier resulted in a pro-fibrotic effect.
Since Kupffer cells are much more sensitive to activating stimuli in a diseased liver
compared to normal circumstances, unpredictable effects may be generated.
Additionally, inhibition of cytokine release from Kupffer cells during chronic liver
injury sensitises hepatocytes as well, by removing the NF-kB stimulus. Moreover, it
has been shown that elevated levels of TNF-a and IL-1p are protective because
they downregulate the bile acid-uptake transporter Ntcp in hepatocytes. This
reduces the import of toxic bile acids.®” Furthermore, Kupffer cell-derived cytokines
enable hepatocyte proliferation by activating protective pathways during liver
regeneration.®®

In conclusion, increased levels of cytokines protect hepatocytes against bile
acid-induced apoptosis during chronic liver injury. Therefore, therapeutic
interventions reducing the effects of these cytokines in chronic liver inflammation
will not be beneficial per se. For this purpose, a better understanding of all the

components involved in this process is needed.

Bile acid-induced cell damage
In chapter 5 and 6, we unravelled the mechanisms of bile acid-induced damage to

hepatocytes. Although bile acids do not induce apoptotic cell death in hepatocytes
in vivo, thorough understanding of (protection against) cell death may lead to novel
treatments of cholestatic liver diseases.

We have shown that exposure to glycochenodeoxycholic acid (GCDCA) for 4
hours induces apoptosis in hepatocytes in vitro. Not all bile acids are cytotoxic.

Neither the taurine-conjugated bile acid chenodeoxycholic acid (TCDCA) nor
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taurine-conjugated ursodeoxycholic acid (TUDCA) induces apoptosis in
hepatocytes. Instead, TUDCA, but not TCDCA, is an anti-apoptotic bile acid, which
blocks GCDCA-induced apoptosis (Fig 2). The protective mechanisms of TUDCA
are relevant, since un-conjugated UDCA is used as a treatment of patients with
chronic liver diseases. Because the protective actions of UDCA are not completely
understood yet, we explored its anti-apoptotic mechanisms in chapter 6. We have
used TUDCA, since in rats, UDCA will be conjugated predominantly with taurine
(TUDCA) compared to glycine (GUDCA). In humans, it is the other way around.
Nevertheless, TUDCA treatment of patients suffering from primary biliary cirrhosis
may even be beneficial over UDCA treatment, which can not be fully explained by
re-conjugation to GUDCA.*

We have demonstrated in chapter 5 that GCDCA induces apoptosis in a
FADD-independent manner (Fig 2). Blocking of receptor-mediated signalling, by
adenoviral overexpression of dominant negative FADD, did not inhibit GCDCA-
induced apoptosis. Likewise, caspase-8 inhibition did not block GCDCA-induced
apoptosis. This is in contrast to cytokines that induce apoptosis in hepatocytes via
receptor-mediated signalling (chapter 3). This discrepancy can be explained by the
fact that GCDCA-induced apoptosis depends on mitochondria-released pro-
apoptotic factors. Thus, GCDCA needs to be taken up by hepatocytes in order to
induce its effects via mitochondria-controlled apoptosis. In this way, mitochondria-

mediated activation of caspase-3 results in a feedback activation loop of caspase-8
(Fig 2).
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Figure 2. Schematic overview of protective mechanisms against GCDCA-induced apoptosis in
hepatocytes, like tauroursodeoxycholic acid (TUDCA) and cytokine-mediated activation of NF-kB

( —]= inhibition).

In contrast to the more slow induction of apoptosis by GCDCA, TUDCA rapidly
induces protective mechanisms against GCDCA, like the activation of MAP kinases
and PI3-kinases (Fig 2). The transcription factor NF-kB is not involved in the
protective actions of TUDCA (chapter 6). One to three hour pre-incubation of
hepatocytes with TUDCA blocks GCDCA-induced apoptosis. In addition, TUDCA
can be added 1 hour after GCDCA without losing the ability to inhibit apoptosis.
These results indicate that a competitive effect of TUDCA for GCDCA-uptake by

Ntcp on the cell membrane is not likely.
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In contrast to TUDCA, cytokines do not protect against bile acid-induced apoptosis
when added éfter bile acids (chapter 5). The reason for this difference is that the
protective mechanism of cytokines depends on NF-kB-mediated transcription with
a time frame of hours, whereas the protective action of TUDCA depends on post-
transcriptional phosphorylation of proteins, which only takes minutes.

Finally, direct effects of TUDCA on the mitochondrial membrane can not be
excluded. Recently, it has been reported that TUDCA prevents binding of pro-
apoptotic Bax to the mitochondria.”> Additionally, TUDCA has an inhibitory effect
on the permeability of the mitochondrial membrane, indicating that TUDCA has an
important role in the stabilisation of the mitochondrial membrane during bile acid-
induced apoptosis (Fig 2).

In conclusion, GCDCA is a toxic bile acid inducing mitochondria-controlled
apoptotic cell death, which can be prevented and inhibited by TUDCA through

signalling pathways and direct actions on the mitochondrial membrane.

Gene targeting

Acute and chronic liver injury may induce repair mechanisms that will lead to the
excessive deposition of scar matrix (liver fibrosis) progressing into liver cirrhosis. In
this process, activated stellate cells are the central players. To interfere with
cellular processes in these cells, we have developed a novel gene delivery tool,
which is described in chapter 7. Recombinant adenovirus has been modified in
such a way that it selectively targets to the PDGF[-receptor, which is highly
induced on activated stellate cells during liver fibrosis. The modification consists of
a fusion-protein, which recognises a knob on the outside of the adenoviral vector,
whereas the other part of the fusion protein binds to the PDGFB-receptor. The
fusion protein prevents binding of the adenoviral knob to its preferential receptor
CAR and mediates retargeting of the virus to the PDGFB-receptor. Unmodified
adenovirus is rapidly taken up by hepatocytes. In contrast, an optimal ratio of

protein amount per viral particles demonstrates that our modified virus un-targets
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primary hepatocytes, whereas gene transfer in activated stellate cells is achieved
very efficiently.

With this tool, a therapeutic gene can be transferred into activated stellate cells
during liver fibrosis. Induction of apoptotic cell death may be a promising
therapeutic strategy, since it has been shown that apoptosis of activated stellate
cells reduces liver fibrosis.***® This strategy has also been investigated with
Gliotoxin, a fungal metabolite.*” Gliotoxin induces apoptosis of activated stellate
cells which is followed by reduced liver fibrosis. However, it does not improve liver
functions since hepatocytes are affected as well. These results confirm the need
for specific therapies. With our strategy described in chapter 7, a therapeutic gene
could be selectively targeted to the activated stellate cells. Such target gene could
be the transcription factor NF-kB, since NF-kB protects activated stellate cells
against apoptotic cell death.”® Activation of NF-kB requires the phosphorylation of
IkBa. Specific delivery of a mutant form of IkBa to the activated stellate cells may
be beneficial to reduce the amount of activated stellate cells. Obviously, activation
of NF-kB in hepatocytes should not be prevented because this will induce
apoptosis in hepatocytes, as outlined in this thesis. Apoptosis-inducing strategies
will therefore only be beneficial if cell-selective delivery is achieved.

It has been suggested that over-expression of metalloproteinases effectively
attenuates fibrosis.*"** Metalloproteinases are enzymes degradating the excessive
extracellular matrix, which is disturbed during liver fibrosis. An alternative therapy
could be over-expression of a dominant-negative mutant of an inhibitor of
metalloproteinases, TIMP-1, thereby ensuring metalloproteinase activity.43 In
contrast to the beneficial role in liver fibrosis, metalloproteinases favour
carcinogenesis, whereas for TIMP-1, this is the other way around. A clinical
application must be considered critically since patients suffering from liver cirrhosis
very often suffer from hepatocarcinoma as well.**

Although the target cell population is much smaller compared to the population

of hepatocytes, the fibrotic process in the liver favours uptake of the transgene in
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the cells around the space of Disse that line the sinusoids.*® In addition to this, our
retargeting strategy aims at transduction of the therapeutic transgene in the
activated stellate cells only. It has been reported that the liver can be safely
transduced with clinical-grade adenoviral vectors, in spite of the injured liver during
fibrosis.** In combination with a cell type-specific promotor driving the expression
of the therapeutic gene, the application of a cell-specific targeting approach would
represent a second line of safety. Finally, inclusion of our PDGF-Rp-targeting
peptide in the Hi-loop of the fiber knobs of the recombinant adenoviral gene vector

will further diminish the hurdles regarding gene therapy.

8.3 Conclusions

Understanding of the cellular mechanisms controlling death of liver cells is of
clinical and scientific importance to develop novel therapies. This thesis describes
protective mechanisms of hepatocytes against cell death during acute and chronic
liver injury. Our studies have resulted in the identification of new intervention
strategies to prevent apoptotic cell death of hepatocytes during acute liver
diseases. In addition, we have developed a novel gene delivery tool specifically
targeting to activated stellate cells. In this way, apoptosis can be induced
selectively in activated stellate cells, which may be a relevant therapeutic strategy

during chronic liver diseases.
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9.1 Achtergrond (Hoofdstuk 2)

De lever

Een heel belangrijke functie van de lever is het ontgiften van het bloed. De lever
staat dagelijks bloot aan een grote verscheidenheid aan lichaamseigen (bijv.
ammonia, bilirubine) en lichaamsvreemde stoffen (bijv. medicijnen, alcohol), die
continu met het bloed worden aangevoerd en potentieel schadelijk zijn. Het
onschadelijk maken van deze verbindingen gebeurt voornamelijk in hepatocyten,
de parenchymcellen van de lever. Via deze cellen worden verbindingen
opgenomen, afgebroken en verwijderd. De onschadelijk gemaakte verbindingen
worden afgevoerd via het bloed of via uitscheiding in de gal. Vanuit het bloed
verlaten in water oplosbare stoffen het lichaam via de nieren en de urine, terwijl
andere verbindingen in de gal verdwijnen via de darm met de ontlasting. Gal
bestaat voor 80 % uit water en voor 20 % uit opgeloste stoffen zoals galzouten.

In een normale situatie zijn levercellen goed bestand tegen potentieel
schadelijke stoffen door beschermende mechanismen en een groot vermogen tot
het repareren van schade. Echter, acute of chronische blootstelling aan bepaalde
verbindingen kan leiden tot dusdanige celschade, dat beschermingsmechanismen
wegvallen en celdood optreedt. Dit kan uiteindelijk resulteren in een verstoorde

leverfunctie.

Acute en chronische leverschade

Acute leverschade ontwikkelt zich in een korte tijd in een tevoren gezond individu
en komt voor bij virusinfecties (zoals hepatitis A, B, D and E), vergiftiging
(paracetamol, alcohol, de paddestoel Amanita phalloides), ziekten die betrekking
hebben op het afweersysteem (auto-immuunziekten) en bij afstoting na
transplantatie. Tijdens acute leverschade worden voornamelijk de hepatocyten
getroffen omdat de lever voor het grootste gedeelte uit deze cellen bestaat en de
toxische stoffen vaak in deze cellen ontstaan of alleen in deze cellen effect hebben

(Figuur 1). De functie van de hepatocyten is onmisbaar.
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Chronische leverschade kan ontstaan door stofwisselingsziekten, virale hepatitis,
of na langdurige blootstelling aan bijvoorbeeld alcohol, drugs, en geneesmiddelen.
Dit kan leiden tot leverfibrose en uiteindelijk lever falen. Leverfibrose wordt
gekenmerkt door een versterkt wondhelingsproces waarbij veel littekenweefsel
ontstaat (fibrose) (Figuur 1). Chronische leverschade kan ook veroorzaakt worden
door of gepaard gaan met cholestase. Cholestase is een verstoring in de vorming,
uitscheiding of afvoer van galzouten (componenten van gal). Deze verstoring kan
leiden tot ophoping van galzouten in de lever wat schade veroorzaakt aan
levercellen.

Beschadiging van een cel kan leiden tot de vorming van reactieve
zuurstofdeeltjes (radicalen). Deze radicalen verstoren de redox-balans in een cel
waardoor allerlei verbindingen geoxideerd worden en de cel nog verder
beschadigd raakt. Daarnaast worden tijdens acute en chronische leverschade
cellen van het afweersysteem geactiveerd, zoals Kupffer-cellen (macrofagen in de
lever), leukocyten en lymfocyten (witte bloedcellen), wat leidt tot een ontsteking
(Figuur 1). Dit ontstekingsproces heeft als doel de schade te repareren. Daarbij
spelen componenten van het afweersysteem (cytokinen) een rol. Echter, een
verhoogde blootstelling aan cytokinen kan schadelijk zijn voor cellen. Cytokinen
kunnen aan de buitenkant van een cel (bijvoorbeeld de hepatocyt) binden aan
receptoren. Deze binding schakelt signaleringsroutes aan die beschermende
mechanismen activeren in de cel maar ook kunnen leiden tot celdood (Figuur 2).

Cytokinen zetten ook aan tot de activering van de stellaatcellen (fibroblast-
achtige cellen). De stellaatcellen zijn de belangrijkste spelers in de ontwikkeling
van leverfibrose (Figuur 1). Geactiveerde stellaatcellen produceren een verhoogde
hoeveelheid littekenweefsel, zoals collagenen. Deze reactie is bedoeld om de lever
na beschadiging te herstellen. Echter, tijdens een langdurige beschadiging van de
lever raakt de productie van littekenweefsel verstoord en ontstaat er leverfibrose
(Figuur 1).
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Figuur 1. Acute of chronische leverschade leidt tot beschadiging van de hepatocyten waardoor een
ontstekingsreactie optreedt in de lever. Deze reactie wordt onder andere gekenmerkt door de activering
van de zogenaamde Kupffer-cellen en een hoge productie van cytokinen (stoffen van het
afweersyteem). Deze reacties zijn in eerste instantie bedoeld om de schade te repareren. Wanneer
echter de beschermingsmechanismen van de hepatocyt het af laten weten, kan dit uiteindelijk leiden tot
celdood van de hepatocyt. Daarnaast leidt een chronische leverschade tot de activering en celdeling
van stellaatcellen, met als gevolg leverfibrose. Celdood van de hepatocyten en de ontwikkeling van

leverfibrose kunnen resulteren in het verlies van leverfuncties en uiteindelijk fataal zijn.
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Celdood in leverziekten

Tijdens acute en chronische leverziekten staan de hepatocyten bloot aan
verhoogde concentraties van cytokinen en galzouten (Figuur 1). Wanneer de
beschermingsmechanismen van de hepatocyt wegvallen, zal de cel dood gaan. Dit
resulteert in een verstoorde leverfunctie.

Celdood kan plaatsvinden in verschillende vormen; necrose en apoptose.
Apoptose is een sterk gecontroleerde vorm van celdood (geprogrammeerde
celdood) waarbij de dode cellen netjes worden opgeruimd door de omgeving van
de cel. Necrotische celdood is veel chaotischer, waarbij de inhoud van de cel
vrijkomt in haar omgeving met ontstekingsreacties tot gevolg. Apoptotische
celdood is onder andere van belang bij het opruimen van beschadigde cellen en bij
de regulatie van de hoeveelheid cellen in een bepaald weefsel. Behalve in die
gevallen dat apoptotische celdood dus gewenst is, kan apoptose ook
levensbedreigend worden, zoals bijvoorbeeld bij acute leverschade, wanneer er
grote aantallen hepatocyten wegvallen.

Effectieve therapieén voor acute en chronische leverziekten zijn niet
voorhanden. Om deze ziekten goed te kunnen begrijpen is het daarom belangrijk
om in kaart te brengen welke cellulaire mechanismen tot celdood leiden in

hepatocyten.

Apoptotische celdood versus celoverleving

Het strikt gereguleerde proces van apoptotische celdood maakt het mogelijk om
therapeutisch in te grijpen en daarmee celdood te remmen of te voorkomen.
Daarom is de aandacht in dit proefschrift gericht op apoptotische celdood. Een cel
kan op verschillende manieren tot apoptose worden aangezet. Het netwerk van
interacties dat nodig is om apoptotische celdood te bewerkstelligen in een cel is te
vergelijken met de binnenkant van een transistorradio. Wanneer er een essentieel
onderdeeltje mist, doet de radio (lees: het proces dat apoptotische celdood
bewerkstelligt) het niet meer.
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Figuur 2. Overzicht van een cel met een aantal factoren dat betrokken is bij celoverleving en
apoptotische celdood, zoals activering van signalen via receptoren op de celmembraan, of via de
mitochondrién (energiefabriekjes in de cel). Apoptotische celdood is het gevolg van de activering van
caspases. Beschermende stoffen (eiwitten) kunnen celdood remmen. Deze eiwitten worden direct
geactiveerd of aangemaakt in de cel door het aflezen van de genetische informatie. Deze informatie ligt

opgeslagen in zogenaamde genen in het DNA in de celkern. Sommige factoren zetten beide
signaalroutes in werking (zoals TNF-a).

Apoptose kan worden aangeschakeld via binding van stoffen aan specifieke
receptoren op de buitenkant van de cel (celmembraan) (Figuur 2). Voorbeelden
van deze stoffen zijn Fas-ligand of cytokinen van het afweersysteem zoals TNF-q,
die respectievelijk binden aan de receptoren Fas en TNF-R1. Binding aan de
receptor leidt tot het aanschakelen van signaalroutes. In deze routes binden
bepaalde enzymen (caspases genaamd) in een bepaalde volgorde aan elkaar
waardoor deze geactiveerd raken. Caspases zijn onder andere verantwoordelijk

voor het afbreken van bouwstenen (eiwitten, genetisch materiaal (DNA)) van de
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cel. Op deze manier ontstaat een cascade die erop gericht is de cel op een
gecontroleerde manier weg te werken (Figuur 2).

Een andere manier om apoptotische celdood te bewerkstelligen is via
verstoring van een bepaald type organel (orgaan in een cel), namelijk het
mitochondrion (Figuur 2). De mitochondrién zijn de energiefabriekjes van een cel
en daarmee essentieel voor het normaal functioneren van de cel. TijJdens een
apoptotische stimulus verandert de buitenmembraan van de mitochondrién
waardoor stoffen (zogenaamde pro-apoptotische eiwitten) uit de mitochondrién in
de cel terechtkomen. Deze stoffen bevorderen het apoptoseproces onder andere
via de activering van caspases.

Een cel kan zich op verschillende manieren beschermen tegen apoptotische
celdood (Figuur 2). Van nature bevat een cel anti-apoptotische verbindingen die
bijvoorbeeld op de buitenmembraan van de mitochondrién werken en voorkomen
dat schadelijke stoffen uit de mitochondrién in de cel komen. Een ander
beschermingsmechanisme is het aanschakelen van overlevingsroutes, via de
binding van stoffen aan receptoren op de celmembraan (Figuur 2). Voorbeelden
van deze stoffen zijn de cytokines TNF-a en IL-1B. Hiermee is TNF-a dus een
cytokine, die zowel routes aanschakelt die tot celdood leiden, als routes die bij
celoverleving betrokken zijn. (Figuur 2). De balans zal uiteindelijk bepalen wat er
gebeurt.

Samenvattend: zolang hepatocyten in de lever hun beschermende
mechanismen kunnen activeren, zal de balans tussen celdood en celoverleving ten
gunste van celoverleving doorslaan (Figuur 3). Tijdens leverschade kan deze
balans verstoord raken en wordt apoptotische celdood op een gegeven moment
niet meer geremd. Dit kan leiden tot verlies van leverfuncties en uiteindelijk fataal

zZijn.
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Figuur 3. De balans tussen dood en overleving is sterk gereguleerd in een cel. Tijdens acute en
chronische leverschade slaat de balans door naar celdood, soms met fatale gevolgen. Een van de
belangrijkste beschermingsmechanismen in hepatocyten is de activering van de factor NF-kB onder
invioed van cytokinen, zoals TNF-a (Hoofdstuk 3 en 5). TNF-a speelt dus een tweevoudige rol: het
activeert beschermende stoffen via signaleringroutes maar kan ook schadelijke stoffen activeren.
Wanneer NF-kB niet geactiveerd kan worden zal de activering van schadelijke stoffen de overhand

krijgen en tot celdood leiden.

Nieuwe behandelmethoden: gentherapie

Tijdens acute en chronische leverschade zijn er twee belangrijke gebeurtenissen
die leiden tot leverfalen: de celdood van hepatocyten in de lever en de activering
en proliferatie (celdeling) van stellaatcellen (Figuur 1). Beide gebeurtenissen zijn
ongewenst indien ze overmatig optreden. Daarom is in patiénten het remmen van
celdood in de hepatocyt therapeutisch, terwijl juist een stimulering van
apoptotische celdood gewenst is in geactiveerde stellaatcellen. Met andere

woorden, de doelcel voor het ontwikkelen van een anti-apoptotische therapie is de
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hepatocyt. Daarentegen is de geactiveerde stellaatcel de doelcel voor het
ontwikkelen van een pro-apoptotische therapie.

Om onderscheid te maken tussen beide celtypen en in te grijpen in het sterk
gereguleerde systeem van celdood en celoverleving, is selectiviteit cruciaal.
Gentherapie is hiervoor een veelbelovende benadering. Gentherapie betekent het
inbrengen van een therapeutisch gen in een specifiek celtype door middel van een
transportmiddel. Op deze manier kan het eiwitproduct, dat afkomstig is van het
ingebrachte gen en in grote hoeveelheden wordt aangemaakt, therapeutisch zijn
voor de cel. In hepatocyten zou het dan kunnen gaan om een beschermend eiwit
dat celdood blokkeert, terwijl in geactiveerde stellaatcellen een beschermende
route wordt geblokkeerd, zodat celdood optreedt. Een goed transportmiddel voor
een therapeutisch gen is een virus. Het adenovirus bijvoorbeeld is een
transportmiddel dat van nature graag naar de lever gaat. Het adenovirus bestaat
uit verschillende subtypen die geassocieerd worden met verschillende ziekten in
mensen. Daarom wordt voor gentherapie-studies een recombinant adenovirus
gebruikt, wat wil zeggen dat het virus dusdanig is verbouwd dat het relatief

onschuldig is geworden.

9.2 Doel van het onderzoek (Hoofdstuk 1)

Het onderzoek dat in dit proefschrift is beschreven had als doel om tijdens acute
en chronische leverschade mechanismen in kaart te brengen die tot celdood leiden
en die celdood remmen in hepatocyten. Hierbij zijn nieuwe strategieén onderzocht
om hepatocyten onder deze omstandigheden te beschermen tegen apoptotische
celdood. In tegenstelling tot het beschermen van hepatocyten tegen celdood, is het
stimuleren van celdood in geactiveerde stellaatcellen een mogelijke therapeutische
strategie. Om dat te bereiken hebben wij een transportmiddel ontwikkeld en getest

dat selectief een gen in de geactiveerde stellaatcel kan afleveren.
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9.3 Resultaten en conclusies

In Hoofdstuk 3 is in vers geisoleerde rat hepatocyten onderzocht hoe deze zich
beschermen tegen apoptotische celdood wanneer ze blootstaan aan grote
hoeveelheden cytokinen, zoals tijdens acute leverschade. Uit eerder onderzoek
was al gebleken dat een bepaalde factor erg belangrijk is voor de bescherming van
hepatocyten en geactiveerd wordt door cytokinen. Deze factor heet NF-kB en is
betrokken bij de regulatie van het aflezen van een bepaalde groep genen (ook wel
transcriptiefactor genoemd). Wanneer NF-kB niet geactiveerd kan worden en de
cellen blootstaan aan cytokinen zoals TNF-a, gaan de cellen in apoptose als
gevolg van TNF-a gereguleerde celdood (Figuur 3).

Onze studie bevestigt deze resultaten en toont aan dat NF-kB betrokken is bij
de regulatie van anti-apoptotische genen. Deze genen behoren tot de Bcl-2 familie
en tot de zogenaamde IAP familie. De Bcl-2 familie reguleert onder andere de
buitenmembraan van de mitochondrién. De IAP familieleden remmen apoptose
door cruciale enzymen in dit proces, de zogenaamde caspases, te remmen. Bcl-2
familieleden die door NF-kB gereguleerd worden in hepatocyten zijn anti-
apoptotisch Bcl-XL en A1/Bfl. Daarnaast reguleert NF-kB ook pro-apoptotische
genen die behoren tot de Bcl-2 familie, namelijk Bak en Bid. Van de IAP familie
wordt alleen het gen dat de genetische code bevat voor clAP2 gereguleerd door
NF-kB. Omdat remming van NF-kB de balans doet verschuiven naar apoptose in
hepatocyten, zijn anti-apoptotisch clAP2 en A1/Bfl dominant ten opzichte van pro-
apoptotisch Bak en Bid.

Samengevat: tijdens ontstekingscondities functioneert NF-kB als een anti-
apoptotische factor door de regulatie van o.a. de genen clAP2 en A1/Bfl. Wanneer
de humane homologe variant van het clAP2 gen (HIAP1) in hepatocyten wordt
gebracht met behulp van recombinant adenovirus, wordt door de hepatocyten een
grote hoeveelheid van het HIAP1 eiwit aangemaakt dat celdood in deze cellen

remt.
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We hebben ook een ander gen onderzocht dat door NF-kB wordt gereguleerd,
namelijk inducible nitric oxide synthase (iNOS) en zijn product stikstof oxide (NO-)

Hoewel wij en andere onderzoekers sterke aanwijzingen hebben dat iINOS

beschermend werkt tegen apoptose, is dit nog niet volledig opgehelderd. Wel
hebben we aangetoond dat wanneer we een NO--donor aan hepatocyten geven,
apoptose geremd wordt in aan cytokine blootgestelde hepatocyten. We hebben

echter niet verder onderzocht of NO- en iNOS potentieel therapeutisch toepasbaar

zijn voor de behandeling van acute leverschade, omdat met name NO- ook voor
veel nadelige effecten kan zorgen in de cel.

Omdat de humane homologe variant van het clAP2 gen (HIAP1) beschermend
werkt in hepatocyten, hebben we in Hoofdstuk 4 onderzocht of het HIAP1 gen
beschermt tegen acute leverschade in een diermodel. Alvorens acuut leverfalen op
te wekken in muizen, zijn deze muizen eerst behandeld met recombinant
adenovirus waarin het HIAP1 gen aanwezig is. Na 3 dagen zal het eiwitproduct,
dat afkomstig is van het HIAP1 gen, met name in de hepatocyten aanwezig zijn.
Op dat tijdstip is er een schadelijk stofje ingespoten dat afkomstig is van bacterién
(LPS), samen met een transcriptieremmer (Galactosamine). Dit veroorzaakt
specifiek in hepatocyten massale celdood gevolgd door acute leverschade. Uit
onze studie blijkt dat de acute leverschade niet minder wordt wanneer we het
HIAP1 gen hebben toegediend. In tegendeel, de leverschade en celdood van
hepatocyten worden juist erger.

Samenvattend: HIAP1 is dus niet therapeutisch voor de behandeling van acuut
leverfalen. Dit gaat tegen alle verwachtingen in. Daarom wordt in hoofdstuk 4
uitgebreid besproken wat de oorzaak hiervan kan zijn. Uitgesloten kan worden dat
het aan het ingebrachte adenovirus ligt, want studies in een speciale muizensoort
die een soortgelijk gen heeft, genaamd XIAP, en dit eiwitproduct ook in grote
hoeveelheden aanmaakt (transgene muizen) leveren dezelfde resultaten op. Onze
studies onderstrepen de complexiteit van wat een simpele therapeutische

benadering lijkt. In een gecontroleerde situatie zoals in cellen (hepatocyten) is
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HIAP1 beschermend (hoofdstuk 3), maar in een complexe situatie als acuut
leverfalen, waarin veel meer interacties zijn, is het moeilijker om signaalroutes, en
dus het lot van de cel, te beinvioeden (hoofdstuk 4). Hoofdstuk 4 is een relevante
studie voor de ontwikkeling van gentherapie die als doel heeft in te grijpen in cel
signaleringroutes tijdens leverziekten. Daarom gaat Hoofdstuk 8 (algemene
discussie en perspectieven) nog wat dieper in op deze materie.

Onderzoek naar chronische leverschade is beschreven in Hoofdstuk 5. Hieruit
blijkt dat in levers van ratten met chronische leverschade weinig apoptotische
celdood van hepatocyten optreedt. Dit gaat in tegen de gevestigde ideeén, maar
wordt sinds kort ook gesteund door andere onderzoekers, die net als wij alleen
necrotische celdood vinden. In ons diermodel, waarin de galgang wordt
afgebonden (het zogenaamde galgang-ligatie model) hopen zich veel galzouten op
in de hepatocyten. In hepatocyten die we geisoleerd hebben uit een normale
ratlever en kweken in het laboratorium, zorgt blootstelling aan galzouten voor
apoptotische celdood. Omdat we geen apoptose van hepatocyten zien in een dier
met chronische leverschade, zijn hepatocyten in deze situatie dus blijkbaar goed
beschermd tegen apoptotische celdood. Wij hebben verder onderzocht hoe dat
kan. We hebben uitgesloten dat het beschermende eiwit Bcl-2 (onderdeel van de
Bcl-2 eiwitfamilie) hierbij betrokken is. Dit eiwit komt namelijk niet voor in
hepatocyten, ook niet tijdens chronische leverschade.

Omdat NF-kB een belangrijke beschermde factor is in hepatocyten (Figuur 3),
hebben we de rol van NF-kB onderzocht. Inderdaad wordt in hoofstuk 5
aangetoond dat NF-kB geactiveerd wordt tijdens chronische leverschade.
Bovendien blijkt dat de genen clAP2 en Al/Bfl-1 worden ‘geactiveerd’ door NF-kB
onder invloed van cytokinen die tijdens chronische leverschade aanwezig zijn,
zoals TNF-a.

In rat hepatocyten die in kweekschaaltjes worden gehouden, kan apoptotische
celdood geactiveerd worden door het galzout glycochenodeoxycholaat (GCDCA).

Wanneer we echter van tevoren deze cellen blootstellen aan cytokinen die NF-kB
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activeren, wordt apoptose geremd. Nog een aanwijzing dat NF-kB beschermend
is. Bovendien hebben we laten zien dat adenovirale gentherapie met de humane
homologe variant van het clAP2 gen (HIAP1l) beschermt tegen GCDCA
geactiveerde apoptose.

Samenvattend: hepatocyten worden beschermd tegen galzout geactiveerde
apoptose tijdens chronische leverschade, doordat ze in staat zijn om NF-kB te
activeren onder invioed van een verhoogde concentratie van cytokinen. Deze
resultaten hebben consequenties voor behandelmethoden die gericht zijn op het
remmen van cytokinen van het afweersysteem tijdens chronische leverschade.

In Hoofdstuk 5 en 6 hebben we onderzocht op wat voor manier galzouten
apoptotische celdood in cultures van rat hepatocyten veroorzaken. Niet alle
galzouten zijn direct schadelijk voor hepatocyten. De taurine geconjugeerde
galzouten, tauro-chenodeoxycholaat (TCDCA) en tauro-ursodeoxycholaat
(TUDCA), en het glycine geconjugeerde galzout, glyco-ursodeoxycholaat
(GUDCA), veroorzaken geen apoptose. Daarentegen is glyco-chenodeoxycholaat
wel schadelijk. In hoofdstuk 6 hebben we laten zien dat galzouten eerst
getransporteerd moeten worden door de celmembraan om hun invioed te kunnen
uitoefenen op de hepatocyt. We hebben gevonden dat GCDCA schade toebrengt
aan de mitochondrién. Op deze manier initieert GCDCA apoptotische celdood
(Figuur 4). Ook is gebleken dat de activering van caspases in eerste instantie niet
via een receptor gaat, maar via de mitochondrién. Daarmee volgt de caspase-
activering niet de klassieke volgorde, die vaak start bij caspase-8, maar via
caspase-9, caspase-3 en dan caspase-8. Dit resulteert uiteindelijk in apoptotische
celdood.

Patiénten die leiden aan chronische lever schade worden vaak behandeld met
een galzout, namelijk ursodeoxycholaat (UDCA). Het mechanisme achter de
beschermende rol van UDCA is nog niet volledig opgehelderd. Daarom hebben wij
in hoofdstuk 6 onderzocht hoe TUDCA beschermt tegen GCDCA geactiveerde
celschade. Gebleken is in hoofdstuk 6 dat TUDCA beschermend werkt door de

activering van beschermingsroutes. Hierbij is NF-kB niet betrokken, maar worden
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er onder invioed van TUDCA direct enzymen (zogenaamde kinases) geactiveerd

die op hun beurt weer andere beschermende eiwitten activeren. We hebben in

hoofdstuk 6 laten zien dat deze kinases behoren tot de MAP kinase familie,

namelijk p38 en ERK, en dat ze samen met PI3 kinase betrokken zijn bij de

bescherming tegen GCDCA (Figuur 4). TUDCA werkt zeer snel. Het kan zelfs na

het toevoegen van GCDCA worden toegediend aan hepatocyten om beschermend

te werken. Ook laten andere onderzoekers zien dat de bescherming van TUDCA

via directe effecten op de membraan van de mitochondrién kan plaatsvinden

(Figuur 4).
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Figuur 4. Overzicht van
beschermende effecten van het
galzout TUDCA tegen het

apoptotische galzout GCDCA in rat

hepatocyten. Opname van deze
galzouten gebeurt via transport door
de celmembraan. GCDCA zorgt er
voor dat pro-apoptotische factoren
vanuit de mitochondrién in de cel
terechtkomen. Deze factoren initiéren
apoptotische celdood via de activering
van caspases. TUDCA beschermt de
cel hiertegen via directe remming op
de membraan van de mitochondrién
of door activering van
beschermingsroutes. In deze routes
kinases

worden zogenaamde

geactiveerd die beschermende

eiwitten activeren.

Samenvattend, GCDCA is een schadelijk galzout dat apoptotische celdood

activeert in hepatocyten via de mitochondrién. Apoptose kan worden voorkomen
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en geremd door het beschermende galzout TUDCA, dat werkt via kinase
afhankelijke signaalroutes en via directe effecten op de mitochondrién.

In Hoofdstuk 7 wordt beschreven hoe selectieve gentherapie kan worden
uitgevoerd in de geactiveerde stellaatcel tijdens leverfibrose. Om leverfibrose terug
te dringen is de geactiveerde stellaatcel een doelcel. Een mogelijke therapie is het
activeren van apoptotische celdood in deze cellen. Daarom hebben wij een
transportmiddel ontwikkeld dat selectief een gen in de geactiveerde stellaat cellen
kan brengen dat bijvoorbeeld een beschermingsmechanisme van de cel
doorbreekt.

Wij hebben gebruik gemaakt van een receptor die verhoogd aanwezig is op de
celmembraan van de geactiveerde stellaatcel tijdens leverfibrose. Deze receptor is
de PDGF-receptor waaraan normaal gesproken de stof PDGF bindt. Door nu het
bindende gedeelte van PDGF te koppelen aan een stofije dat bindt aan de
buitenkant van een recombinant adenovirus, ontstaat een nieuw fusie-eiwit. In
Figuur 1b van hoofdstuk 7 wordt het concept weergegeven. Dit fusie-eiwit zorgt
ervoor dat het recombinante adenovirus selectief bindt aan de PDGF-receptor. Op
deze manier wordt het adenovirus, met een eventueel geassocieerd therapeutisch
gen, specifiek in de geactiveerde stellaatcel geloodst door binding aan de PDGF-
receptor. Het fusie-eiwit is gemaakt door de genetische informatie van het fusie-
eiwit aan elkaar te zetten en dit DNA in speciale bacterién te brengen. Deze
bacterién maken dan het fusie-eiwit, waarna wij het kunnen zuiveren en testen.

Uit onze studie blijkt dat modelcellen voor de geactiveerde stellaat cel, de
zogenaamde 3T3 fibroblasten, het normale virus nauwelijks opnemen, maar het
door ons aangepaste virus wel. Dit wordt gemeten door de activiteit van het
eiwitproduct te meten dat afkomstig is van het gen dat in het virus aanwezig is. Na
opname van het virus door de cel wordt dit gen ‘afgeschreven’ en het
corresponderende eiwit aangemaakt door de cel. Verder is gebleken in hoofdstuk 7
dat de geactiveerde stellaatcellen ook een verhoogde opname laten zien van het
door ons aangepaste virus. Daarentegen nemen de hepatocyten het door ons

aangepaste virus niet op.
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Samenvattend: het door ons aangepaste adenovirus wordt selectief via de PDGF-
receptor door de geactiveerde stellaatcellen opgenomen en omzeilt opname door
de hepatocyten. Nu moet worden onderzocht hoe het virus zich gedraagt in een

diermodel met leverfibrose.

9.4 Perspectieven

Het begrijpen van de mechanismen die celdood van levercellen reguleren is van
wetenschappelijk, maar ook van Klinisch belang. Met deze kennis kunnen nieuwe
therapieén worden ontwikkeld. Dit proefschrift beschrijft de beschermende
mechanismen van hepatocyten tegen celdood, tijdens acute en chronische
leverschade. De studies beschreven in dit proefschrift hebben geleid tot het
identificeren van nieuwe interventie-strategieén om apoptotische celdood van
hepatocyten te voorkomen. Daarnaast hebben wij een transportmiddel voor genen
ontwikkeld dat selectief door de geactiveerde stellaatcellen wordt opgenomen.
Hiermee kan apoptotische celdood worden geactiveerd in deze cellen, wat een

relevante therapeutische strategie kan zijn tijdens chronische leverziekten.
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ActD actinomycin-D

AdHIAP1 adenovirus encoding for HIAP1

Ad5IkBAA adenovirus encoding for dominant-negative IkB-a
Ad5LacZ adenovirus encoding for B-galactosidase

ALAT alanine aminotransferase

ASAT aspartate aminotransferase

Bcl-2 family pro-apoptotic members, like: Bax, Bak, Bid;

anti-apoptotic members, like:Bcl-2,Bcl-XL, A1/Bfl-1

caspase cysteine aspartyl protease, like: caspase-3
CAR coxsackie virus and adenovirus receptor

CM cytokine mixture

EMSA electrophoretic mobility shift assay

FADD Fas-associated protein with death domain
GalN D-galactosamine

GAPDH glyceraldehyde-3-phosphate dehydrogenase
GCDCA bile acid: glyco-chenodeoxycholic acid
GUDCA bile acid: glyco-ursodeoxycholic acid

HIAP1 human homologue of clAP2

IAP family Inhibitor of Apoptosis Protein family

IFNy cytokine: interferon-y

IKB Inhibitory protein of NF-kB, like: IkB-a

IL-1B cytokine: interleukin-13

iINOS inducible nitric oxide synthase

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase, like: ERK1/2, p38
NF-kB transcription factor: nuclear factor-kappa B
NO* nitric oxide

PDGF platelet derived growth factor

PDGF-R( platelet derived growth factor-receptor
PI3-kinase phosphatidylinositol-3 kinase

ROS reactive oxygen species

RT-PCR reverse transcription-polymerase chain reaction
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TCDCA
TNF-a
TNFR-1
TRADD
TRAF2
TUDCA
TUNEL

UDCA
XIAP

sodium dodecyl sulfate-polyacrylamide gelectrophoresis
bile acid: tauro-chenodeoxycholic acid

cytokine: tumor necrosis factor a

TNF-a type 1 receptor

TNFR-associated death domain protein
TNFR-associated factor 2

bile acid: tauro-ursodeoxycholic acid

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end-labeling

bile acid: ursodeoxycholic acid

X-chromosome-linked IAP
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Chapter 4

Figure 3. Liver histology and morphology displayed by hematoxylin-eosin staining. (A) Normal mouse
liver. (B) Liver exposed to LPS/GalN. (C) Mouse liver pre-treated with 5 x 10° pfu of Ad5LacZ followed
by the onset of acute liver injury using LPS/GalN. (D) Mouse liver pre-treated with 5 x 10° pfu of
AdHIAP1 followed by induction of acute liver injury using LPS/GalN. (E) Mouse liver pre-treated with 5 x
10° pfu of AdHIAPL. (F) Mouse liver exposed to 10 mg/kg of LPS (original magnification 400x).

Representative data of 5 to 10 animals per group are shown.

Chapter 5
Figure 2 B. Limited apoptosis in rat livers beyond 1 week of bile duct ligation (BDL). (B) Active
caspase-3 staining. SHAM animals served as control. D-Gal/LPS treated livers served as positive

control.
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