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Abstract

The osteoclast is a multinucleated cell that degrades and resorbs bone. It is the key
cell in normal bone turnover along with the osteoblast. Osteoclasts arise from
haemopoietic cells of the myeloid lineage. Within the circulation peripheral blood
mononuclear cells (PBMCs) are the major source of osteoclast progenitors.
Understanding the mechanisms regulating the formation, activation, and survival of
osteoclasts is important for bone and mineral research. This thesis aimed to
investigate the physiological, pathological and pharmacological regulation on human

osteoclast in vitro and in vivo.

The recent discovery of receptor activator of nuclear factor kappa B ligand (RANKL)
and osteoprotegerin (OPG) have made a significant advance in understanding the
physiological regulation of osteoclast. RANKL is essential for osteoclast
differentiation, formation, maturation and survival, whereas OPG inhibits, by
forming a decoy receptor with RANKL. RANKL and OPG have been used as
biochemical markers of bone turnover; but discordant findings between the serum
level of RANKL and OPG were reported from patients with bone-related diseases.
Hence, this thesis has characterized the biochemical properties of this two proteins
through identify the most suitable specimens and subsequent sample storage
temperature. SRANKL was found to be very unstable, with EDTA sampling tubes
and -70°C as the best storage conditions for this protein prior to measurement. In
contrast, OPG is a very stable protein, which is not affected by different

anticoagulants or storage temperature.

Following the biochemical characterization of SRANKL/OPG, OPG was chosen for
further studies. To determine whether circulating OPG levels can reflect the changes
in bone turnover on a daily basis, 24-hours blood specimens were collected from
healthy volunteers. The 24-hours profiles of OPG, PTH and the bone resorption
marker, BCTX, were analyzed by cosinor analysis to determine the circadian rhythm
parameters. The dynamic relations between variables were investigated by cross-
correlation analysis to determine the relationship between the time series of the

variables. A significant circadian rhythm for circulating OPG was observed and was
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negatively correlated with PTH (r=-0.5) and BCTX (r=-0.6). The circadian rhythm of
PTH is recognized as a significant regulator of bone turnover. The data presented
here suggest that the effects of PTH rhythm may be mediated, at least in part,
mediated by the rhythm of OPG. Therefore, regulation of OPG presents another
possible therapeutic target to prevent bone loss.

The physiology of bone turnover at the cellular level was studied through co-
stimulation of PBMCs with recombinant human RANKL and M-CSF to generated
osteoclast in vitro. The cellular pathology of osteoclasts from bone resorption related
diseases was investigated. Patients with adult growth hormone deficiency (AGHD) -
induced osteoporosis and Paget’s disease of bone were studied. Cellular pathology in
terms of the rate of osteoclast differentiation and resorption under the stimulation of
recombinant human RANKL/M-CSF was compared between newly diagnosed
patients, treated patients and healthy controls. Significant differences in the rates of
osteoclast differentiation and resorption were observed in pre- and post- growth
hormone replacement treated, AGHD induced-osteoporosis patients; whilst no
differences in rate of osteoclast formation/resorption were observed from patients
with untreated and treated Paget’s disease of bone. This demonstrates that the cellular

pathology of osteoclasts varies from disease to disease.

Finally, the role of peroxisome proliferator-activated receptors (PPARs) on osteoclast
development and activity was studied. Expression of all three PPAR transcripts was
observed during osteoclast development. In addition, differential roles of PPAR
agonists were observed on osteoclastogenesis and resorption under the influence of

recombinant human RANKL and M-CSF co-stimulated PBMCs.

The studies reported in this thesis have contributed to our understanding of the

physiological, pathological and pharmacological regulation of osteoclast function.
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1. Introduction



1.1 Bone: Function

Bone is a dynamic tissue that is continually remodelled throughout life. It is an
essential tissue, having several specific functions. Primarily it provides protection for
the soft and vulnerable vital organs such as the lungs, liver and heart. The epiphysis
of long bones contains red bone marrow and is the major site of haematopoiesis. The
attachment of skeletal muscle to bone allows movement. Finally bone acts as a
reservoir for minerals, which is important in maintaining mineral homeostasis within

the body.

1.1.1 Bone: Macroscopic structure

According to anatomical basis, bones may be divided into four types, the flat bones
(skull bones, ribs, sternum, scapulae), the long bones (upper and lower limbs), the
short bones (carpals and tarsals) and the irregular bones (vertebrae and facial bones).
All types of bone have an external surface termed the periosteum, and an internal
surface called endosteum that lines the medullary cavities (Buckwalter and Cooper,

1987; Weiner and Traub, 1992).
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Figure 1.1 Diagrammatic view of longitudinal section through a long bone.

The basic structure of bone can be illustrated by the structure of long bones (Figure
1.1). Long bones contain two layers, the outer layer consists of compact bone, which
contains a high proportion of calcified tissue (80 — 90%). This layer surrounds
trabecular bone, which makes up the core of long bones. Trabecular bone is less
dense and contains a relatively small proportion of calcified tissue (15 — 25%). It is
rich in bone marrow and blood vessels, and is metabolically active. The compact
bone layer mainly provides mechanical and protective functions. Underneath the
compact bone is the medullary cavity. The medullary cavity of the adult diaphysis is
normally filled with yellow bone marrow, which is mostly adipose tissue. The spaces
in the proximal epiphyses of the larger adult long bones contain red bone marrow,

and this is the site of blood cell formation (haematopoiesis). Towards the metaphysis

(sd



and the epiphysis, the cortex becomes progressively thinner and internal space is
filled with a network of thin, calcified trabecular bone. The spaces enclosed by these
thin trabeculae are also filled with red haematopoietic bone marrow and are in

continuity with the medullary cavity of the diaphysis (Weiner and Traub, 1992).

Flat bones usually have no diaphyses or epiphyses, and they contain an interior
framework of cancellous bone sandwiched between two layers of compact bone.
Short and irregular bones have a composition similar to the epiphyses of long bones.
They have compact bone surfaces that surround a cancellous bone centre with small
spaces that are filled with marrow. Short and irregular bones are not elongated and

therefore have no diaphysis (Buckwalter and Cooper, 1987; Weiner and Traub, 1992).

In general, all types of bone are composed of lamellar and woven structures. The
lamellar structure of bone is created by the organization of collagen fibres that lie in
parallel sheets with regular mineralisation (Buckwalter ef al, 1995). This is organized
by osteocytes, which are arranged in layers between adjacent lamellaec and which
occupy spaces in the matrix called lacunae. Osteocytes have long, thin cell processes
that reach to similar processes of nearby osteocytes and to the bone surface cells. The
spaces occupied by these processes, which extend between lacunae are called
canaliculi. This lamellar organization is only seen in normal bone. However, when
bone is formed very rapidly, for example following a fracture, or during some
metabolic and neoplastic diseases, there is no preferential organization of collagen
fibres. They are then found in more or less randomly oriented bundles; this type of
bone is called woven bone. Both compact and trabecular bone consists of a

mineralised matrix. In trabecular bone the matrix is organized in the form of rods and



plates, whereas in cortical bone it is organized in Haversian systems (osteons). This
Haversian system consists of a haversian canal, through which blood is supplied

(Buckwalter and Cooper, 1987; Weiner and Traub, 1992; Buckwalter ef al, 1995).

1.1.2 Bone: Microscopic organisation

The durable strength of bone is formed by the presence of bone matrix. The bone
matrix usually makes up more than 90% of the volume of bone with the remaining
fraction being composed of cells, cell processes, blood vessels, canals and
canaliculae. The matrix consists of organic and inorganic components and is a
composite material. The inorganic component makes up approximately 65% of the
wet weight; the organic component makes about 25% of the wet weight. The
remaining 10% is mostly water. Water is needed for both nutrition and proper
functioning of cells. The organic content of the bone is mainly type I collagen, which
gives the bone its form and allows it to resist tension whereas the inorganic content

allows it to resist compression.

Collagen makes up approximately 90% of the organic matrix, predominantly type I
collagen along with small amounts of types V and XII. The collagen fibres are
organised in sheets or around a Haversian system and all lie in the same direction
along lamellae. However, in adjacent lamellae, the collagen fibres lie in the opposite

direction.



The inorganic component of bone is mineral, most of which is in the form of calcium
phosphate crystals called hydroxyapatite (3Ca3(POs),#Ca(OH),), with magnesium

being another major inorganic component.

1.2 Bone: The cells

The basic multicellular unit (BMU) contains osteoclasts and osteoblasts that are
responsible for distinct foci of remodelling. In addition to these two types of cells,
osteocyte and bone lining cells are also present in bone structural unit (BSU), which

help to facilitate bone remodelling.

1.2.1 Osteoclasts

Osteoclasts were identified in the mid-nineteeth century and were described as
multinucleated giant cells in bone. However it was Kolliker (1873) who named these
cells as osteoclasts and proposed that osteoclasts were responsible for bone
resorption. Osteoclasts are found predominantly at endosteal surfaces and usually

located within Howship’s lacunae.

Osteoclasts are formed from fusion of mononuclear progenitors found in the
monocytic fraction of blood that are derived from haematopoietic stem cells (Quinn
et al, 1994). They are characterized by a large multinucleated structure containing
approximately 3 — 20 nuclei. Active resorbing osteoclasts express enzymes,
including: lysosomal proteins (Lucht and Norgaard, 1976; Nicholson et al, 2000),

vacuolar H'-ATPase subunits (Blair ef al, 1989), cysteine proteinase (Tezuka ef al,



1994), carbonic anhydrase (Gay ef al, 1983), TRAP (Cole and Walters, 1987) and
cathepsin K (Littlewood-Evans et al, 1997; Kamiya ef al, 1998). As well as integrin
ovf3 (Zambonin-Zallone ef al, 1989) and calcitonin receptors (Nicholson ef al, 1986)

which are also expressed in active resorbing osteoclasts.

Between the surface of an osteoclast and bone, the osteoclast membrane is highly
folded and is termed the ruffled border. The presence of contractile actin rings and
integrin a.,fB3 around the ruffled border allow adhesion to the bone surface and form
the sub-osteoclastic bone resorbing space, termed the sealing zone (Zambonin-
Zallone et al, 1989). These ruffled borders also contain proton pumps that actively
transport H™ ions (produced by the action of carbonic anhydrase) into the resorbing
compartment to create a low local pH environment (Blair et al, 1989). The acidic
environment inside the sealing zone favours the activity of cysteine proteases and
cathepsin K (Kamiya ef al, 1998). The presence of the highly folded ruffled border
facilitates the transportation of ions and enzymes in and out of the sealing zone,
which optimizes the breakdown of collagen fibres and hydroxyapatite crystals. The
active resorbing osteoclasts are also highly motile cells, and after resorbing an area
of the bone surface they move and begin resorbing a new site. It is possible that
active resorbing osteoclasts might move back to the resorbed site and continue
resorbing that particular area. The life span of multinucleated osteoclasts in vivo
appears to be up to two weeks, with a half-life of around six to ten days (Loutit and

Townsend, 1982).



1.2.2 Osteoblasts

Osteoblasts are derived from either bone marrow stromal cells or connective tissue
mesenchymal stem cells (Friedenstein, 1973). Mesenchymal stem cells also give rise
to chondrocytes, adipocytes, myoblasts and tendon cells (Ducy et al, 2000). Inactive
osteoblasts are found lining the bone surface and packed tightly to adjacent cells.
Active osteoblasts are found at the surface of bone matrix that they are producing,
which before it is calcified is termed osteoid tissue. The calcification process
normally takes 1 — 2 weeks after osteoid is formed. The control of osteoblastic cell
differentiation and formation is by the interaction of the cell with matrix proteins.
Mature osteoblastic cells are capable of secreting type I collagen, bone morphogenic
proteins and other bone matrix constituents that can modulate osteoblast proliferation,
differentiation, maturation and mineralization (Green ef al, 1995; Lynch et al, 1995;

Shi et al, 1996).

Characteristically these mature osteoblasts usually express an extensive endoplasmic
reticulum and well developed Golgi apparatus; they also have high alkaline
phosphatase (ALP) activity in their membrane (Henrichsen, 1956). Mature
osteoblasts may follow one of three fates in their life cycle: 1) remain on the surface
of bone where they cease activity and become flattened bone lining cells; 2) they
may be surrounded by matrix and become osteocytes; 3) or they may undergo

apoptosis. At all these stages, they are no longer capable of secreting bone matrix.



1.2.3 Osteocytes

Osteocytes make up more than 90% of the bone cells in the human adult skeleton
(Bonewald, 1999). Osteocytes are derived from osteoblasts that are trapped inside the
bone matrix (Knothe-Tate et al, 2004). They are found deeply embedded within the
bone in small osteocytic lacunae, from which slender canaliculi radiate and penetrate
adjacent lacunae. These canaliculi are formed from long cell processes rich in
microfilaments laid down during the formation of the matrix by osteoblasts before its
calcification to form an entire thin network that permeates the entire bone matrix. A
periosteocytic space is formed between the bone matrix and the osteocyte’s plasma
membrane, which is filled with extracellular fluid. The osteocytes are able to survive
and communicate with each other as well as with the osteoblasts and the lining cells
on the bone surface via gap junctions (Knothe-Tate et al, 2004). The functional role
of osteocytes is believed to be involved in mechanotransduction (Han et al, 2004)
and bone remodelling process (Knothe-Tate et al, 2004). The eventual fate of most

osteocytes, is that they are either phagocytosed by osteoclasts or undergo apoptosis.

1.2.4 Bone lining cells

Bone lining cells are osteoblasts that have completed their synthetic activity, and are
found on resting or quiescent bone surfaces. They are formed by resting osteoblasts
that have completed their synthetic activity, but can be reactivated to secrete new
matrix in rapid response to mechanical stimulation (Chow ef al, 1998) or intermittent
PTH treatment (Dobnig and Turner, 1995). Bone lining cells are believed to be
involved in the activation of the remodelling process in response to PTH and other

calcium regulating hormones, possibly by secreting enzymes such as collagenase and



plasminogen activator, that are able to remove the thin layer of osteoid that covers

the mineralized matrix (Martin, 1983; Chambers and Fuller, 1985).

1.3  Bone remodelling

The stages of a remodelling cycle have been identified as activation, resorption,
reversal and formation (Figure 1.2). During activation bone lining cells retract from a
bone surface, exposing the underlying bone matrix, and pre-osteoclastic cells are
recruited to this site. The bone lining cells are thought to be responsible for initiating
the remodelling sequence since resorption cannot proceed until the bone surface has
been exposed, and these cells express receptors for bone resorption activating factors
(hormones, and cytokines). The next stage, reversal, is the period of time between
termination of resorption and initiation of formation. This phase is associated with
the formation of cement lines. These lines are devoid of collagen, rich in
glycosaminoglycans, and are highly mineralized. Cement lines mark the boundary of
each remodelling event. In the formation stage, osteoblasts are recruited to the

remodelling site and secrete osteoid to fill in the resorption cavity.

One complete remodelling cycle is estimated to take between 3 to 6 months. The
BSU is produced by one remodelling event, and there are over 1.5 million of these in
the average human skeleton. In healthy adults, the amount of bone being formed is
equal to the amount being resorbed and this coordination of osteoblast and osteoclast

activity is termed coupling. Disruption of this equilibrium leads to bone disorders.
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Figure 1.2 Illustrating the bone remodelling cycle.

1.4  Regulation of bone remodelling

For many years, it has been known that osteoblasts are the major cell type
responsible for controlling cellular function within bone through integration with
endocrine, autocrine or paracrine signalling. There are several signalling pathways
which control osteoclast function either directly or indirectly by osteoblasts. These
include the activation of vitamin D receptor (VDR) by 1.25-(OH),Ds; signalling by
PTH and PTHrP through cAMP dependent mechanism; as well as signalling by

Wnt/B-catenin; mechanical loading and the action of cytokines. The outcome of
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these signalling pathways alters the expression of receptor activator for nuclear
factor-xB ligand (RANKL) and osteoprotegerin (OPG) by osteoblasts. The role of
PTH and cytokines (including: interleukins (IL), interferons (IFN), tumour necrosis
factor-a  TNFa, TGFP, M-CSF, RANKL and OPG) in the regulation of

osteoclast/osteoblast function is becoming clearer.

1.4.1 Parathyroid hormone and bone

PTH is one of the major systemic regulators of bone and mineral homeostasis. It is
secreted by the parathyroid glands in response to a decrease in ionized calcium and
acts via cells in bone and kidney to regulate calcium and phosphate concentration in
the extracellular fluid. The overall effect of PTH is to elevate blood calcium by
increasing the release of calcium and phosphate from bone matrix, enhance calcium
reabsorption from the kidney and stimulate 1a-hydroxylase to produce 1,25-(OH),D3

which can promote calcium absorption via the gut.

1.4.1.1 Physiological effects and modulation of bone cells activity

PTH acts by binding to the PTH/PTHTrP type I receptor present on osteoblasts. The
PTH/PTHTrP receptor is a G-protein coupled receptor that signals via Gs/Gq alpha,
leading to activation of protein kinase A/protein kinase C. This results in functional
changes in the actions of both osteoblasts (Bellows ef al, 1990) and osteoclasts (Lee

and Lorenzo, 1999; Kanzawa et al, 2000).
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The physiological role of PTH in bone is highly complex. It is known that high and
continuous doses of PTH can result in an increase in osteoclast cell number and
activity, and low intermittent doses lead to an increase in bone mineral density
(Podbesek ef al, 1983). It was previously thought that PTH only acts via osteoblasts
(Rodan and Martin, 1981; McSheehy and Chambers, 1986), however, recently the
PTH type I receptor has been reported to be expressed by human osteoclasts

(Dempster et al, 2005), suggesting PTH may modulate osteoclasts directly.

1.4.2 Cytokines and bone

For many years, cytokines were known to take part in immunological and
haematological systems; however, they also play an essential role in the regulation of
bone remodelling. These include: IL-1, -4, -6, -7, -11, -13; TNFa; IFNa., -B and -y;

TGFp; M-CSF; RANKL and OPG.

1.4.2.1 Interleukins

The function of interleukins in bone metabolism has been examined over the past
decade both in vitro and in vivo. It is known that interleukins can be produced by a
variety of cells including: monocytes, macrophages, stromal cells, osteoblasts and
osteoclasts (Paul er al, 1990; Keeting et al, 1991; O'Keefe ef al, 1997; Roodman,
1999). IL -1, -6, and -11 are known to stimulate bone resorption by direct action on
osteoclasts or indirectly through osteoblasts (Gowen et al, 1983; Sabatini ef al, 1988;
Atkins et al, 2000; Tokukoda ef al, 2001; Ahlen et al, 2002; Palmgvist et al, 2002;

Xing et al, 2003; Kudo et al, 2003). IL -4, -7, and —13 are known to inhibit bone
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resorption by either direct or indirect mechanisms that down regulate osteoclast
activity (Scopes et al, 2001; Lee et al, 2003; Moreno et al, 2003). Scopes et al (2001)
have reported the bi-directional effect of IL-4 and -13 on osteoclasts, however they
are considered an inhibitor of bone resorption in most studies (Lacey et al, 1995;

Abu-Amer, 2001; Moreno et al, 2003).

1.4.2.2 Interferons

IFNs are subdivided into three specific types, [FNa, IFNB and IFNy. All isoforms
are synthesized by immune cells, including: T and B cells, and are also produced by
osteoclasts under the autocrine response to RANKL (see section 1.4.2.6) (Vermeire
et al, 1997; Takayanagi et al, 2002). IFNB and -y are considered the most effective
suppressor of osteoclast development (Darnell, 1998; Fox and Chambers, 2000a;
Takayanagi et al, 2000; Hyashi er al, 2002; Takayanagi et al, 2002). IFNs inhibit
osteoclastogenesis by direct effects on osteoclast progenitors. IFNB is known to be
produced by osteoclast progenitors under the induction of RANKL, through the
transcription factor c-fos (Takayanagi et al, 2002). It is known to inhibit pre-
osteoclasts differentiation by acting on its own cell surface receptor system leading
to the inhibition of osteoclast maturation by suppressing the signal through
JAK/STAT pathway and degradation of TRAF6 (Darnell, 1998; Takayanagi et al,

2002).
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1.4.2.3 Tumour Necrosis Factor-a

TNFa was reported to induce osteoclast formation and enhance resorption from bone
marrow progenitors in vitro (Lerner and Ohlin, 1993; Fox ef al, 2000b; Kobayashi et
al, 2000). TNFa also plays a role in host defence; it exerts pro-inflammatory
activities through a range of cell types, including mononuclear phagocytes. The
action of TNFa on osteoclastic cells is reported to be synergic with RANKL (Azuma
et al, 2000; Lam et al, 2000). More recently, TNFa along with M-CSF was shown to
stimulate osteoclast formation without the presence of RANKL (Sabokbar er al,
2003). While coupling with other local/systemic factors, such as IL-1, TNFa has
been shown to regulate RANKL and OPG gene expression in osteoblasts (Vidal ez al,
1998; Hofbauer et al, 1999b). Other investigators have also shown similar effects of
TNFo as a potent stimulator of bone resorption (Thomson et al, 1987), suggesting
TNFa is an substitute factor to RANKL for osteoclastogenesis (Sabokbar et al,

2003).

1.4.2.4 Transforming Growth Factor-p

TGFpP plays a biphasic role in osteoclast development. It promotes osteoclast
progenitors to differentiate and enhances osteoclast formation (Fox er al, 2000b;
Fuller er al, 2000; Fox et al, 2003). Conversely, it inhibits osteoclast resorption
(Fuller et al, 1993; Lerner, 1996), which in some repects pushes the life cycle of the
osteoclast forward. This may explain the discordant results observed in previous
studies (Sells Galvin et al, 1999; Fox et al, 2000b; Koseki et al, 2002). Therefore,

TGFp may be regarded as a co-factor that accelerates the life cycle of osteoclasts.
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1.4.2.5 Macrophage-Colony Stimulating Factor

M-CSF, also referred to as colony stimulating factor-1 (CSF-1), is produced by
osteoblasts/stroma cells and is a member of the growth factor family for cells of the
mononuclear phagocyte system (Stanley and Heard, 1977). Its cellular effects are
mediated via a high-affinity cell surface receptor, which belongs to the tyrosine
kinase receptor family and is encoded by the proto-oncogene c-fms. It is known that
M-CSF plays a critical role in the process of osteoclastogenesis and bone resorption.
This effect can be illustrated by op/op (osteopetrotic) mouse (Felix ef al, 1990;
Yoshida et al, 1990). These mice lack functionally active M-CSF due to a genetic
mutation, and results in thickening of cortical bone. In vivo administration of M-CSF
restores the wild type phenotype (Felix et al, 1990; Yoshida et al, 1990). M-CSF is
also essential to up-regulate RANK in CD-14 positive hematopoietic cells (Arai et al,
1999) and coupled with the action of RANKL from stromal cells, M-CSF can
modulate osteoclast differentiation, formation and maturation (Tanaka et al, 1993;
Matsuzaki et al, 1998; Quinn ef al, 1998; Takahashi er al, 1999; Nicholson ef al,
2000; Fujikawa et al, 2001). It has also been reported that all osteoclastogenic
growth factors and cytokines cannot modulate osteoclast formation without the

presence of M-CSF (Fujikawa ef al, 2001).

1.4.2.6 Receptor Activator for Nuclear Factor Kappa B Ligand

RANKL was first discovered in 1998 by four independent research groups and was
initially termed TRANCE (TNF-related activation induced cytokine) (Wong et al,
1997), osteoprotegerin ligand (OPGL) (Lacey et al, 1998), or osteoclast

differentiation factor (ODF) (Yasuda ef al, 1998a). The American Society for Bone
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