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Abstract

In these studies the ability of a three-dimensional hepatocyte-stellate cell co-
culture system to preserve some key aspects of differentiated hepatocyte
function in vitro is demonstrated. A poly(DL-lactic Acid) surface allows
dynamic and rapid interaction of hepatocytes and stellate cells to form co-
culture spheroids in a complex multistage process (shown by time lapse
microscopy). After five days the spheroids have developed a substantial

extracellular matrix support and hepatic ultra-structure including bile canalicul,

tight junctions, desmosomes and lipid storage. The distribution of the stellate
cells in the final structure is related to their motile and aggregating role in
spheroid formation, 1.e. mainly central and peripheral, and provides a unique
and generically applicable insight into the dynamics of multicellular spheroid

formation where aggregation is induced by one cell type and imposed on

another.

The spheroid morphology supports enhanced cell viability relative to
hepatocytes in a mono-culture mono-layer. Co-culture spheroids also have
superior cytochrome P450 3A and 2B function, and increased inducibility of 2B
function, relative to a range of hepatocyte monoculture techniques (HPLC
detection of testosterone metabolites). Increased function in co-culture is
supported by greater expression of cytochrome P450 3A23, 1A2, and 2El
mRNA relative to monoculture (RT-QPCR). Also, high hepatocyte growth

factor mRNA expression in co-culture suggests a post-traumatic, or possibly



regenerative, environment. A preliminary study of human hepatocytes co-
cultured with rat stellate cells demonstrated prolonged function of cytochrome
P450 3A4, 2C19 and 2C9. The co-culture spheroids are also shown to maintain
a low level of sensitivity to hepatotoxins DDC and amiodarone after seven days

in culture.

This study shows that stellate cells facilitate spheroid formation, influence

spheroid architecture, and are an effective method of preserving some aspects

of hepatocyte function in the early stage of culture.
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Introduction



1.1 Introduction

The work in this thesis was designed to characterise the formation, morphology
and P450 function of a 3D hepatocyte-stellate cell co-culture system. This
introduction 1nitially describes the structure and function of the liver and the
roles and regulation of parenchymal and non-parenchymal hepatic cell types.
Current tissue engineering strategies are then discussed and related to the

knowledge of liver homeostasis in vivo.

1.2 The liver

The liver 1s the largest gland in the human body and carries out a wide array of

homeostatic functions. It receives blood directly from the gut and has an
important protective role in foreign particle phagocytosis and in degradation of
xenobiotics via oxidation and conjugation. It brakes down nutrients and
endogenous elements such as hormones, produces numerous blood proteins such
as albumin and proteins of the clotting cascade, and is responsible for the
production of bile to help in the digestion of fats. The liver is also an important
storage site with reserves of glycogen, iron and vitamins A, D, and By,. The

functions of the liver are reviewed in more detail under each individual hepatic

cell type (section 1.2.2)



1.2.1 The structure of the liver

The macro structure of the liver comprises four lobes. Each lobe comprises

numerous hexagonal functional units called lobules. The lobes and lobules vary
greatly between species in size and definition; lobules in the porcine liver have a
well defined extracellular matrix (ECM) boundary whilst there is little visible
distinction between human lobules. Each lobule has a portal triad at its six
peripheral points that it shares with two other tessellating lobules. The liver
receives a dual blood supply from the portal vein and hepatic artery that enters
the lobule via branches of these vessels in the portal triad. The blood filters
through sinusoids that separate parenchymal plates (or chords) of hepatocytes
and drains 1nto a central vein. The sinusoidal endothelium is discontinuous and
fenestrated on a basement membrane and is separated from the hepatocytes by a
gap known as the space of Disse. The hepatocytes excrete bile salts into
depressions between abutting cells known as bile canaliculi. These drain in the
opposite direction to the blood flow to a collecting bile ductule (Herings canal),
which is the third vessel of the portal triad. The organisation of the liver lobule

is shown in figure 1.1.



Figure 1.1
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Figure 1.1: A micrograph section and schematic section showing the lobular

organisation of the liver and associated blood flow.



1.2.2 The cell types of the liver: Function and paracrine communication

Hepatocytes, the parenchymal cell of the liver, constitute 80% of total liver
volume and carry out the majority of hepatic function. Non-parenchymal cells
occupy only 6.5% of total liver volume but represent 40% of the total liver cell
number and have complex roles in paracrine regulation of hepatic function. The
three major non-parenchymal cell types line the walls of the hepatic sinusoid
(fig 1.2). These are sinusoidal endothelial cells (SECs), Kupffer cells (KCs), and
hepatic stellate cells (HSCs). The liver also contains a number of specialised
lymphocyte sub-populations. The hepatocytes and non-parenchymal cells are
part of a complex network of intercellular paracrine regulation of function and
regeneration, discussed in more detail below. A variety of mediators are
involved in this regulation including prostanoids, nitric oxide (NO), endothelin-
1, tumour necrosis factor alpha (TNFa), interleukins, chemokines, as well as
many growth factors (transforming growth factor beta (TGFP), platelet derived

growth factor (PDGF), Insulin growth factor 1 (IGF-I), hepatocyte growth factor

(HGF)), and reactive oxygen species (ROS).
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Figure 1.2: A schematic of the liver sinusoid and the juxtaposition of associated

parenchymal and non-parenchymal cell types.



1.2.2.1 Hepatocytes

Hepatocytes have a diverse range of synthetic, degradative and regulatory

functions. Synthetic functions include production of most plasma proteins,
interconversion of amino acids, production of glucose from lipids and amino
acids, formation (and storage) of glycogen from glucose, synthesis of
cholesterol, lipoproteins and phospholipids and production of bile. The cells also
carry out degradative functions such as haemoglobin degradation, fatty acid
oxidation, and break down of glycogen back to glucose. The hepatocytes are the
major detoxification cell of the body and contain enzymes that oxidise and
conjugate drugs, toxins, metabolites and hormones to create renally excretable
water soluble waste products. Hepatocytes are not homogenous in function; cells
in the periphery of the lobule (Zone I) are more active in the synthesis and
storage of glycogen and the synthesis of proteins whilst cells towards the central
vein are more active in detoxification (Zone III). Reverse perfusion of the liver
and perfusion systems have respectively demonstrated reversed patterns of
lobule function and gradients of hepatocyte function indicating hepatocytes are

not committed to a zone phenotype (Den Otter and Tuit, 1972, Allen et al

2005). The inference is that the specific hepatocyte phenotype is determined by
microenvironment factors such as oxygen tension, nutrient status, and

differences in ECM composition or sequestered factors.



1.2.2.1.1 The cytochrome P450 mixed function oxidase system

The P450 mixed function oxidase (monooxidase) system is one of the most
diverse enzymatic systems in nature catalysing a vast array of reactions in
animals, plants, fungi and bacteria. Thousands of different enzymes have been
identified - humans have over 50 in 18 families and rats over 80. In mammals
the enzymes are concentrated in the liver, but are also present in many other
tissues such as lung and kidney. P450 enzymes are central in many hepatic
functions; the major roles of the enzymes in mammals include steroid synthesis,
xenobiotic metabolism, arachidonic acid metabolism, fatty acid metabolism and
synthesis of products such as thromboxane, prostacyclins, cholesterol and bile

acids. The most mmportant reaction carried out in mammals involves the
insertion of a single molecular oxygen atom into the substrate, the other being

used to generate water. In the case of xenobiotic metabolism this mechanism

often introduces a hydroxyl group to the substrate that is a chemical handle for

subsequent conjugation,

The P450 enzyme families are specialised for their different roles and are not
equally abundant. This results in concentration of research on certain isoforms.
For example, P450 3A is by far the most abundant isoform in human liver
(Waxman, 1999) and is the most important drug metabolising family, oxidising
about 50% of known oxidised pharmaceuticals. P450 2D6 is also responsible for
a large proportion of xenobiotic and pharmaceutical metabolism. P450 2E1 is a
xenobiotic metabolising enzyme of particular importance due to being induced

by ethanol. Significant species differences exist in types and quantities of P450



enzymes, but also polymorphisms and sex specific differences occur within

species.

1.2.2.2 Sinusoidal Endothelial Cells

Liver sinusoidal endothelial cells constitute the lining or wall of the hepatic
sinusoid. They have small fenestrations that allow free diffusion of many
substances between the blood and the hepatocyte surface and also perform
endocytosis of many ligands including glycoproteins, components of the ECM,

immune complexes, transferrin and ceruloplasmin. SECs may have a role in

immune tolerance. They secrete cytokines, eicosanoids (i.e., prostanoids and

leukotrienes), endothelin-1, NO, and some ECM components.

1.2.2.3 Kupffer Cells

Kupffer cells are macrophages located within the sinusoids that perform
endocytosis and phagocytosis on particles from the gut, soluble bacterial
products, and such endogenous waste as senescent or damaged erythrocytes.
Hepatic macrophages play an important part in early phase liver inflammation
through secretion of potent inflammatory mediators (ROS, eicosanoids, NO,
carbon monoxide, IL-1, TNFa, TGFB, and other cytokines). High exposure to
bacterial products, especially endotoxin (LPS), can initiate this process and
ultimately lead to hepatocyte and liver injury. In this process KCs also release
enzymes involved in ECM remodelling. Inflammatory mediators stimulate

glucose release from hepatocytes via prostaglandins released from KCs and



thereby have a role in regulating hepatocyte glucose metabolism. A further role
of liver macrophages is modulation of the immune response and tolerance to

certain antigens via complex paracrine interactions involving T-cells, SECs, and

modulatory cytokine release.

1.2.2.4 Hepatic stellate cells

Hepatic stellate cells (HSCs) are located in the perisinusoidal space. They have
been known variously as fat-storing cells, Ito cells, lipocytes, perisinusoidal
cells, or vitamin A-rich cells. They are characterized by an abundance of
cytoplasmic fat droplets, branching cytoplasmic processes and co-localisation of

a number of key immunological markers such as glial fibrillary acidic protein

(GFAP) and desmin (species dependent). In the normal liver HSCs store vitamin
A, produce ECM components such as collagen (Lewindon et al/, 2002), are

potentially involved in vascularisation of new tissue (Jung et a/, 2003), and also

regulate the contractility, and therefore blood flow, of sinusoids via a-smooth
muscle actin (aSMA) contraction. Acute damage to hepatocytes activates

transformation of quiescent HSCs into myofibroblast-like cells that play a key
role in the development of the inflammatory fibrotic response. Stellate cells are
thought to have an important cell-cell signalling role in liver homeostasis in vivo
and are highly active in liver regeneration (Mabuchi et al, 2004). HSCs and

hepatocytes bilaterally modulate proliferation: HSCs release cytokines such as

HGF and TGFp that respectively positively or negatively modulate hepatocyte

proliferation, and hepatocytes release nerve growth factor (NGF) that is thought

to cause stellate cell apoptosis (Oakley ef al, 2003).



A range of autocrine and paracrine factors regulates HSC function. Mediators
that affect constriction or relaxation of HSCs derive from various sources such
as hepatocytes (carbon monoxide, leukotrienes), SECs (endothelin, NO,
prostaglandins), KCs (prostaglandins, NO), and HSCs themselves (endothelin,
NO). In the fibrogenic response, TGFp, and the related bone morphogenetic
proteins (BMPs), are pivotal HSC and KC derived cytokines involved in the
fibrogenic aspect of stellate cell activation and have similar effects both in vivo
and in vitro (Liu X et al, 2000; Malik et al, 2002). TGFf is secreted in latent
form and activated by hepatocytes. It significantly inhibits stellate cell
proliferation (Shen et al, 2003), up regulates matrix metalloproteinase 2 (MMP-
2) and activates MMP-2 dependent and independent migratory pathways (Yang
et al, 2003). In vivo, inhibition of TGF promotes hepatocyte regeneration,
reduces ECM accumulation in the space of Disse, and leads to an increased

proportion of HSCs that have a fat droplet rich “quiescent” morphology

(Nakamura et al, 2000). Another key HSC proliferative cytokine produced by

both HSCs and KCs 1s PDGF. It shares the MMP-2/integrin a1/2 mediated pro-

migratory activity of TGFB (Yang et al, 2003), and is also involved in the

activation of stellate cells via promotion of mRNA for type 1 and 3 procollagens
and PDGF itself (Liu et al, 2000(b)). Interleukin 6 (IL-6), produced by HSCs,
KCs and SECs i1s another major cytokine thought to be involved in the
fibrogenic and mitogenic aspects of HSC activation. Other cytokines with
mitogenic activity on stellate cells include TGFa, IL-1, TNFa, and ILGF

(Tsukamoto et al, 1999).
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Stellate cells are also an important paracrine regulator of hepatocytes. HGF,
extracellular heparan sulphate (EHS) and heparan sulphate proteoglycan (HSP)

are stellate factors that promote hepatocyte proliferation in stellate-hepatocyte

co-culture in vitro (Skrtic et al, 1999; Uyama et al, 2002). HGF production by
stellate cells is stimulated via hepatocyte produced insulin-like growth factor
(ILGF-1) (and possibly other factors) (Skrtic et al, 1999). Activated stellate cells
begin to express the HGF receptor (c-met) and the HGF increases the production

of profibrogenic, anti-proliferative TGFp in these cells creating a paracrine loop

(Ikeda et al, 1998). IL-6 is also important in the proliferative response of

hepatocytes following partial hepatectomy.

1.2.3 The extracellular matrix environment and liver function

The ECM 1is an important regulator of differentiation and proliferation in many

tissue types (Roskelley 1995; Maher and Bissell 1993). The ECM structure of

the liver 1s not homogenous, but varies across the lobule, and the specific
composition 1s thought to influence the phenotype of the hepatocytes (Reid ef al,
1992; Martinez-Hernandez and Amenta, 1993). The space of Disse contains
mainly type III reticular collagen, but also some type I and IV. Around the
portal triad ECM 1s predominantly type IV collagen, fetal laminin and fetal
chondroitin sulphate proteoglycans, similar in composition to fetal liver ECM.

In the portal triad region gene expression is correspondingly wei ghted towards

carly genes such as a-fetoprotein and albumin. In Zone 2, the composition

changes towards mixtures of type IV collagen and fibrillar collagens, mixtures

of laminin and fibronectin, and proteoglycans. PEPCK, IGF-1 and connexin 26
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gene expression are enriched in hepatocytes in this area. Around the central vein
fibrillar collagens, fibronectin, and highly sulphated forms of heparin sulphate
proteoglycans predominate and developmentally late gene expression such as

connexin 32, CYP 3A and 2E is stronger (Reid et al, 1990, 1992; Sigal et al,
1992). ECM regulation of tissue specific gene expression, such as HNF-3a

through ECM modulation (Dipersio et al, 1991) and gap junction expression

through glycosaminoglycan presentation (Spray et al, 1987, Fujita et al, 1986),

can also be achieved in vitro.

1.2.4 The transcriptional control of hepatocyte function

Expression of mRNA for proteins involved in liver specific function is under the
control of a complex network of transcription factors. Most of these are liver
enriched transcription factors that are more prolific in, but not specific to,
hepatocytes. A few key families of liver enriched transcription factors
predominate in the regulation of liver specific function through a non
hierarchical control network. Each transcription factor gene has at least two
regulatory elements, a promoter and far-upstream enhancer. Hetero and homo
dimerisation, transactivation and multiple enhancer binding regions between
members of a given transcription family add an additional layer of complexity
and fine control. This combinatorial control is an efficient mechanism to achieve

both diversity and stringency in control of gene expression (Reviewed in:

Cereghini, 1996).
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The family of Hepatocyte Nuclear Factor 1 (HNF1) transcription factors has
been relatively extensively studied. Recognition sites for this transcription factor

have been identified in more than 30 liver specific genes including the albumin,
B-fibrinogen and connexin 32 promoters (Piechocki et al. 2000) (Reviewed in:

Tronche and Yaniv, 1992) and HNF1 expression correlates with the mature

hepatocyte phenotype of the cell (Baumhueter ef al. 1988). The less studied

HNF3 family has been shown to participate in expression of several liver
specific genes, including transthyretin and the al-antitrypsin gene (Costa ef al,

1989) but it is now thought to have a predominantly developmental role (Ang et

al, 1993).

CCAAT/enhancer binding protein (C/EBP) has recognition sites in a large

number of liver specific genes including albumin, C-reactive protein, factor IX
and transferrin (Review: Cereghini, 1996). C/EBPa, B, and y have been

characterized and can all form homo and heterodimers to regulate responses. In

the liver C/EBPa protein is only found in differentiated hepatocytes and
adipocytes (Johnson et al, 1994). High levels of C/EBPa are associated with

highly differentiated cells and reduced C/EBPa in both culture and during liver

regeneration suggests a role in the maintenance of the differentiated state of

hepatocytes (Umek et al, 1991; Mischoulon et al, 1992).

The role of the proline and acid-rich subfamily of bZip transcription factors in
liver function 1s comparatively understudied (Review: Cereghini, 1996). Factor

binding to albumin-D element (DBP) interacts with liver specific genes

including the albumin gene and the gene encoding 7a. hydroxylase (C7aH — the
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rate limiting enzyme in conversion of cholestrol to bile acid). The activity of

C7aH follows a similar circadian rhythm to this transcription factor suggesting

a role in cholesterol homeostasis (Lavery and Schibler, 1993). In common with
other factors discussed, it is down regulated during liver regeneration. PAR

proteins bind to a subset of C/EBP recognition sites with greater specificity than

C/EBP proteins

A further set of transcription factors is the subfamily of the nuclear receptor
super family and includes the orphan receptors HNF4, Chicken ovalbumin
upstream  promoter transcription factor/Ear3 (CoupTFl1/Ear3), and
apolipoprotein regulatory protein 1/CoupTF II (Arp-1/CoupTF II). HNF4

interacts with regulatory regions in promoters and enhancers of genes whose

products are involved in diverse functions such as cholesterol and amino acid
metabolism, gluconeogenesis and coagulation. The recognition sequence for

HNF4 also interacts with the closely related orphan receptors CoupTFI/Ear3,

Arp-1 (AKA CoupTFII), Earll as well as a range of retinoic x receptor (RXR)

and retinoic acid receptor (RAR) homo and heterodimers (Review: Cereghini,
1996)(Nakshatri and Chambon, 1994). HNF1 and al antitrypsin promoters only

bind HNF4. Coup-TFs are negative transcription factors that compete for some
of their binding sites with other positive transcription factor members of the
family such as the vitamin D receptor, thyroid hormone receptor, RAR, RXR
(Hatzis and Taliamdis, 2001), the peroxisome proliferation activated regulator,
and HNF-4 (Q1u et al, 1996), the balance determining the level of transcription.
The maintenance of liver specific function by dexamethasone is probably

attributable to its upregulating effect on RXR (Wan et al, 1994). RAR/RXR
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heterodimers also bind the HNF3a promoter (Jacob et al, 1999), induce a.-

fetoprotein a marker of hepatocyte differentiation and maturation (Li et al,

1996) as well as binding the Coup-TF promoter, presumably in a complex

negative teed back loop.

1.2.5 The in vivo — in vitro divide

The complexity of hepatic function and its regulation are evident from the
information above. A precise micro-structure, paracrine regulatory network, and
specific ECM and physical environment, all combine to influence a complex
web of hepatocyte enriched transcription factors to produce a given hepatic
function. Although much is known, the mechanisms responsible at each level of
this control are not fully understood. However, their regulation is key to
differentiated function in vivo and the current understanding of their control is

the best source to provide direction for liver engineering strategies in vitro.

15



1.3 Tissue engineering

The simple concept of tissue engineering involves the removal of a cell from a
host or donor, the multiplication of that cell to a functional unit, and then the
return to the host. The field also offers the potential to develop in vitro organ
assays and disease models as well as tissue based therapeutic solutions. Tissue
engineering i1s a multidisciplinary area requiring expertise in cell biology,
material science, and beyond. Its aims are to manipulate tissue growth and
function through design and optimisation of novel culture techniques, surfaces
and scaffolds. Demand is rapidly growing for this technology across a wide
range of therapeutic areas. Significant progress has been achieved in skin,

cartilage, and even nerve tissue engineering. More complex tissues such as the

pancreatic beta cell islets or the liver pose greater challenges.

1.3.1 The need for tissue engineered liver

There is an increasing urgency for hepatocyte culture systems that sustain
hepatocyte function in vitro. Such systems could contribute to the development
of solutions to a variety of industrial and therapeutic problems. In industry, high
throughput metabolism and toxicology screens are required that will improve
accuracy and reproducibility of developmental compound screening and also
help comply with the pressure to ‘reduce, refine and replace’ animal testing in

areas of research that historically have relied heavily on animal based methods.

An example of this is recent EU legislation (2003/15/EC) that prohibits

cosmetics firms selling products tested on animals within the EU after 2009

16



resulting 1n a rush to validate alternative in vitro systems for a range of tissues
and assay types. In therapeutic terms, the need for liver assist or replacement

technology is also urgent: the waiting list for liver transplant stands at nearly 18

000 1in the US with over 20% of patients having waited more than 5 years (The
organ procurement and transplantation network, October, 2005). In vitro culture
systems offer the potential of hepatic dialysis to allow regeneration of a patients
own liver, or alternatively of a seeding system to repopulate a damaged liver. A
further application for in vitro liver culture is the study of liver disease where
improved models of conditions such as fibrosis, cirrhosis, and viral infection and
replication are required. This is of particular importance as Hepatitis C has an
estimated infection rate of just less than 1% in the UK population and a global
incidence estimated at 2.2% (The global burden of Hepatitis C working group,
2004). Future levels of cirrhosis and liver cancer are predicted to be
correspondingly high and it is therefore important to improve the currently

limited research capabilities into the pathology of these conditions.

1.3.2 The challenge of hepatic tissue engineering

Creating a tissue engineered liver model should be relatively easy. The liver
exhibits amazing regenerative capacity; after two-thirds hepatectomy liver mass
and function are rapidly recovered over a matter of weeks. However, once
isolated, hepatocytes cultured on tissue culture plastic rapidly de-differentiate
and die. The cells progressively lose their liver specific attributes, such as
xenobiotic metabolism, production of blood proteins, and polarised membrane

structure. The time course of deterioration for each function differs; rapid loss of
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some major P450 enzymes occurs within the first day of culture, and production
of proteins such as albumin lasts longer (Guillouzo, 1998). This functional

instability presents a barrier to the development of robust in vitro cell culture

models.

Liver tissue engineering is further challenged by the low availability of human
cells. Currently, cells are used from hepatic resections or from organs unsuitable
for transplant. Other species can be used but there is significant inter-species
functional variation such as in the prevalence of various P450 enzymes and in
the manner of dedifferentiation. Furthermore, any successful human hepatocyte
culture system would create a demand that would be impossible to meet through

current sources. Attempts to address this issue are being made through stem cell
or progenitor cell differentiation research, perpetual culture systems, or, in the

case of therapeutic support or seeding systems, through use of a patients’ own

cells.

The cause and nature of the changes in hepatocytes that occur in culture are
disputed; even the terminology, dedifferentiation or adaptation, is contentious.
Transcriptional changes are variously attributed to the loss of an ECM support,
paracrine signals or other endogenous regulators. This is supported by the
benefits of media supplements (Washizu er al, 2000) and also by the
requirements of an ECM to maintain functions such as P450 inducibility
(Schuetz et al, 1988). Alternatively, it is suggested that loss of mRNA is not
solely due to loss of endogenous signals, but an active response to the cells new

environment (Wang et al, 1997). For example fibronectin reportedly mediates
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RNAse induction via integrin receptors contributing to loss of P450 2Cl1

(Hodgkinson et al, 2000). The nature of the change of cell transcription in vitro

has implications for strategies to prevent it.

1.3.3 Techniques in liver tissue engineering

The functional and longevity limitations of traditional hepatocyte culture have
driven the development of a plethora of techniques designed to reproduce the
essential stimuli required to maintain the in vivo phenotype of hepatocytes in
vitro (Powers et al, 2002, Bhatia et q/ 1998, Michalopoulos et al, 1975).
Strategies are diverse and include growth factor or nutrient media

supplementation, incorporation of ECM components in the culture environment,

promotion of three-dimensional structure formation, and co-culture with a
second cell type. These techniques are not mutually exclusive; co-culture may

mediate an effect through soluble mediator or ECM production by the second

cell type, and some ECM based methods have a three dimensional aspect and

develop cell polarity.

1.3.3.1 Media supplementation and long term hepatocyte culture

Early attempts to prolong hepatocyte function in vitro involved variation of the
culture media composition. Some supplements have become common additives
to hepatocyte culture medium with relatively well defined effects.
Dexamethasone is often used to augment matrix gene transcription (fibronectin

and collagen), tyrosine aminotransferase and other liver enriched activity
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(Jetterson et al, 1985). However, it has also been shown to inhibit spheroid
formation (Abu-Absi et a/, 2005) and may therefore interfere with development
of morphology beneficial for long-term culture. Nicotinamide can be used to
stimulate proliferation in cultured primary hepatocytes (Séto et al, 1999) and
nicotinic acid to facilitate small colony formation, the latter reportedly without
any effect on proliferation. Insulin and epidermal growth factor (EGF) can be
used as in vitro hepatocyte growth factors (Nakamura and Ichihara, 1985),
whilst EGF combined with HGF supplementation allows culture of hepatocytes
for up to 5 weeks with well-preserved morphology and expression of a number
of in-vivo like markers, liver specific proteins and liver-enriched transcription
factors (Runge et al/, 2000). A balance of additives such as these can be used to

help promote the desired phenotype, i.e. proliferative or functional, for the

purpose of the culture.

1.3.3.2 The role of extracellular matrix in liver tissue engineering

A complex and graduated ECM network surrounds hepatocytes in vivo and is
thought to influence hepatocyte phenotype. Fibronectin is the predominant
component but there 1s also some collagen type I, minor quantities of types III,
IV, V, and VI as well as other proteins (see section 1.2.3, Reviewed in:
Martinez-Hernandez and Amenta, 1993). Hepatocytes have also been

demonstrated to respond to ECM stimuli in vitro. Culture surfaces coated with

ECM components such as fibronectin, collagen, laminin, vitronectin or
commercial products such as Matrigel™ are claimed to improve hepatocyte

adherence, prolong survival and improve functionality in the short term.
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Increasing levels of cell deposition and cell organisation on these surfaces
(Clement et al. 1984), as well as ECM dependent cytokeratin organisation

(Baffet et al. 1991), correlate well with higher hepatocyte specific function.

Remodelling of the ECM environment involving the cell-cell interaction

dependent activation of MMP-2 has also been observed in culture (Theret ef al.

1997).

Fibronectin 1s a comparatively well studied ECM component due to its
prevalence in vivo. A culture surface presenting the integrin-binding motif of
fibronectin (the arginine-glycine-aspartic acid sequence (RGD)) reportedly
enhances differentiated function and maintains the round in vivo like
morphology of hepatocytes in vitro (Bhadriraju and Hansen, 2000). Compared
with collagen type I or entactin-collagen IV-laminin (ECL), fibronectin is also
reported to be the only ECM protein to support in vitro formation of chords
reminiscent of hepatocyte plate organization in vivo with expression of CK18,

albumin, o-fetoprotein, and associated transcription factors HNF4 and HNFla

(Sanchez et al, 2000).

Matrigel™ (a protein mixture from a murine fibroblastic cell line) is a popular
ECM blend used as a hepatocyte culture substratum that, in the short term,
supports hepatocyte survival and function including a number of P450 activities
(Schuetz et al, 1988, Liu et al, 1991). It is associated with general higher
expression of liver specific proteins and supports expression of the gap junction
protein connexin 32 and EGF receptor specific epitope, none of which are

observed with type I collagen (Moghe et al. 1996). It is possible that the
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properties of Matrigel™ (predominantly type IV collagen, laminin, and heparan
sulfate proteoglycan (HSP)) are attributable to its incorporation of several basal
lamina components. A study attempting to isolate the effects of individual ECM

components has suggested that matrix rich in laminin, a Matrigel™ constituent,
provides the most convincing maintenance of ECM supported phenotype in
vitro (Schuetz et al, 1988). Matrigel™ also contains glycosaminoglycans and
proteoglycans that independently demonstrate potent concentration dependent
induction of hepatocyte gap junction expression and function and increase the
expression of liver enriched mRNA (Fujita et al. 1987). In addition, these
mediators often cause contraction of the cell sheet and consequent increase in

cell packing density, a phenomenon frequently associated with differentiated

function.

Although the majority of evidence supports ECM promotion of in vitro
hepatocyte function, alternative reports suggest that whilst hepatocytes adhere
well to ECM coated surfaces this is associated with flattening of the cells and
loss of function (Michalopoulos et al, 1975; Rojkind et al, 1980). Furthermore,
loss of certain hepatocyte specific gene expression and cellular spreading,
mediated via a specific integrin receptor, has been attributed to fibronectin in
vitro (Hodgkinson et al, 2000). However, fibronectin clearly does not cause
dedifferentiation in vivo, presumably due to a moderating factor in the ECM or
from nearby cells. These conflicting studies demonstrate the difficulty of
viewing various ECM components in isolation. Some of the variation may also
be accounted for by differences in culture morphology, poorly defined cell

populations and variable culture conditions between laboratories.
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1.3.3.3 Three dimensional culture structures in liver tissue engineering

The composition of the support matrix surrounding the hepatocytes is only one
of the factors determining cellular phenotype. The morphology and
juxtaposition of the cells is also closely linked to gene expression. A wide
variety of 3D culture techniques have been developed including spheroid
formation, sandwich culture, micro spheres and polymer scaffolds amongst
ot