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Abstract

This thesis examines several aspects of macrophage-osteoclast differentiation
in man including, in detail, the manner in which human inflammatory tissue
macrophages in periprosthetic tissues surrounding loose prostheses might
contribute to osteoclast differentiation and pathological bone resorption
associated with aseptic loosening of total joint replacements.

In oitro studies were undertaken to determine whether cells present in
periprosthetic tissues surrounding a loose implant could differentiate into
osteoclastic bone resorbing cells. The stromal and humoral factors important
in this process were studied. These findings were compared to cells isolated
from synovial tissue from osteoarthritic (OA) joints. Cultures of periprosthetic
macrophages required the presence of osteoblast-like cells and I,25(OH)2D, for
osteoclast differentiation, but did not require the addition of dexamethasone or
exogenous M-CSF. This is in contrast to cultures of OA synovial macrophages
where the addition of exogenous M-CSF was found to greatly enhance
osteoclast differentiation.

Cell mediators including IL-1P, TNFcr, IL-6, M-CSF and PGE2 are known to
stimulate osteoclastic activity in aiao and in aitro, and are thought to
influence the formation of osteoclasts at sites of pathological bone resorption.
The levels of these mediators released from periprosthetic cells during
coculture with UMR 106 cells was measured using enzyme-linked
immunoassays. Substantial levels of M-CSF and IL-6 were found to be released

during the first four days of coculture. Small levels of PGE, and IL-1p were also

released but TNFcr release was not detected. Antibodies directed against M-CSF
and IL-6 significantly inhibited but did not abolish osteoclast formation and
bone resorption. Time course studies showed that these antibodies inhibited
the early stages of osteoclast formation from periprosthetic macrophages, most
likely osteoclast precursor proliferation.

Serial frozen sections of periprosthetic revision arthroplasty tissue were used
to determine the cytokine receptor profile of macrophages and foreign body
giant cells (FBGCs) present in these tissues. Using immunohistochemical
staining techniques, cells which stained positive for the macrophage-associated
antigen CD68 were found to express receptor antigens for IL-LR Type 1, TNFR,
IL-6R, M-CSFR and SCFR. Weak staining for GM-CSFR was also detected but
IL-3R expression was not found. Imprints of giant cell tumours of bone were
also studied to determine the receptor profile of mature osteoclasts. Strong
similarities in the cytokine receptor antigen expression on macrophages,
FBGCs and osteoclasts were found which possibly reflects the common lineage
of these cells.

The direct effect of wear particles on osteoclast formation in an in aitro
human monocyte-UMR 106 cell coculture system was studied in order to
determine whether prosthesis wear particles significantly influence osteoclast
differentiation and bone resorption. Phagocytosis of 1.0pm latex beadt by
human monocytes had no effect on the ability of these cells to undergo
osteoclast differentiation and resorb bone. Flowever, metal wear particles of



phagocytosable sizes were found to inhibit osteoclast formation from human
monocytes resulting in a decrease in lacunar bone resorption in aitro. CoCr
and stainless steel particles caused the greatest inhibition. These particles were
toxic to the cells. Particles of cpTi and TiAIV also inhibited osteoclast
formation and bone resorption although to a lesser degree.

In order to develop an in uitro system of human macrophage-osteoclast
differentiation which more closely parallels the human situation, a human
macrophage-human osteoblastic cell coculture system of osteoclast formation
was developed as opposed to the human-rat cell coculture system. Fluman
bone-derived stromal cells were shown to be capable of supporting osteoclast
differentiation from periprosthetic cells. The addition of '1,25(OH)2D, was not
found to be essential for osteoclast formation and bone resorption in
cocultures of human periprosthetic macrophages and human bone stromal
cells. Substantial amounts of PGE, were also found to be released early by the
human bone-derived stromal cells in coculture. The addition of exogenous
PGE2 was also found to have a strong stimulatory effect on osteoclastic bone
resorption in this coculture system.

Finally, a study was undertaken to characterise another joint condition
associated with bone destruction, pigmented villonodular synovitis (PVNS).
The giant cells in this potentially osteolytic synovial lesion were found to
express the phenotypic characteristics of osteoclasts and not macrophage
polykaryons.
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1. General Introduction and Review of the Literature

The literature review first gives an overview of bone cell biology, and what is

known of osteoclast origin and function, and controi of bone resorption. The role

of macrophages in conditions of pathological bone resorption, particularly aseptic

loosening of total joint replacements, is then discussed.

1.1. Bone cell biolog)¡

There is a continuous process of bone remodelling throughout life in which the

baiance of resorption and formation of bone is maintained. In the mature

skeleton, normal bone undergoes structural remodelling in growth, in response

to changing patterns of mechanical stress and under pathologicai conditions

(Frost 1980; Marks and Popoff 1938). The remodelling of bone is largely controlled

by the cells that carry out bone formation and resorption, namely osteoblasts and

osteociasts, and the activities of these cells are moduiated by systemic hormones

and local factors.

1.1.1. Osteoblasts

Osteoblasts are thought to be derived from piuripotent stem cells of the stromal

cell system of the bone marrow. These stem cells differentiate into more

committed precursors from which different bone stromal cells e.g. osteoblasts,

chondrocytes, fibroblasts and adipocytes arise (Freidenstein 1976, Owen 1985).

Osteoblasts are the cells responsible for bone formation. They are responsible for

the production and subsequent mineralisation of bone matrix and appear in

tissue sections as plump cells which contain a single large ovoid nucleus. Their

basophilic cytoplasm contains abundant rough endoplasmic reticulum,

mitochondria and Gotgi apparatus (Holtrop 1975); it is glycogen-rich and contains

alkaline phosphatase which is used as a cytochemical marker of osteoblasts (Ham

and Cormack 1979; Stein et al 1990). Osteoblasts produce a matrix that is
approximately 95% collagen type I as well as several proteins such as osteopontin,

osteonectin, osteocalcin, proteoglycans, sialoproteins and growth factors (Franzen

and Heinegard t985; Vaes 1988). Most normal bone surfaces are not undergoing

remodelling and are covered by bone lining cells. These are polygonal, flattened
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cells which contain little endoplasmic reticulum and are thought to represent

quiescent osteoblasts (Miller et al 1989).

Osteoblasts and bone lining cells are thought to mediate the stimulatory effects

on osteoclasts of many hormones and cytokines. They are also thought to be

responsible for initiating resorption by removing the extracellular barrier, which

normally protects bone mineral from resorption, by the secretion of collagenase

and tissue plasminogen activator (Delaisse et al 1981; Hamilton et aI 1984; Heath

et al 1984). Thus, osteoblasts and bone lining cells control several aspects of bone

metabolism, permitting close coupling of bone resorption with subsequent bone

formation.

7.7.2. Osteocvtes

-

Osteoblasts that become embedded within the bone they have formed are known

as osteocytes. They lose many of their protein synthesising organelles, become

less active and stop secreting bone matrix. Osteocytes occuPy lacunae whích are

connected with each other and with the surface osteoblasts and bone lining cells

by a complex series of canalicuiae (Ham and Cormack 1979). The functions of

osteocytes aïe uncertain but it has been proposed that they may form a cellular

communication network permeating bone.

1.I.3. Osteoclasts

The osteoclast is the main cell responsible for bone resorption. Osteoclasts appear

in aiao as large multinucleated cells ranging in size from 20-100pm, with

between 2-100 nuclei per cell. They are seen infrequently in normal adult bone

but are present at sites of bone resorption often lying close to or within sites of

bone excavation, Howship's lacunae. Osteoclasts have a characteristic ruffled

border that forms beneath the cell at the site of attachment to bone matrix. This is

a specialised area of the plasma membrane which contains many long

cytoplasmic processes; this structure is actively involved in the Process of bone

resorption. Adjacent to the ruffled border, there is an organelle-free area of

cytoplasm, the clear zorre, which is rich in actin-like filaments and acts to form a

seal between the osteoclast and the bone during resorption (Teti et al 1991). Other

characteristic ultrastructural features such as large numbers of lysosomes, many
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dense granules, prominent vesicles, abundant mitochondria, free ribosomes and

extensive Goigi complexes are observed in the osteoclast cytoplasm outside of the

clear zone (reviewed in Gothlin and Ericsson 7976; Vaes 1988; Roodman 7997).

Once attached to the bone, the ruffied border secretes proteolytic enzymes into an

area bounded by the clear zone to form an extracellular vacuoie within which an

active ion pump produces a low pH that facilitates the action of proteolytic

enzymes and dissolution of the bone mineral (Vaes 7988; Blair et aI 1993). After a

few hours, the osteoclast stops resorption in response to an increase in calcium in

the vacuole (Zaidi et aI7991), and moves on to another area of bone, releasing

the contents of the vacuole as it moves.

Mitotic division has not been observed in osteoclasts, and tH thymidine

incorporation (Gothlin and Ericsson 7976; Feldman et al 1980) and

immunostaining by Ki67, a proliferation associated antigen, have not been

detected (Apte 1990).It is generally accepted that osteoclasts form by the fusion of

their mononuclear precursors. This process occurs rapidly and is subject to

systemic and local control.

In the past, osteoclasts were thought to arise from the fusion of osteoblasts

(Tonna and Cronkite 1961). A number of studies since have clearly shown that

the osteoclast is haematopoietic in origin and not related to bone stromal cells.

Parabiosis between irradiated and normal rats showed that the cells that fused to

form osteoclasts in a healing fracture in the irradiated rat must have been

derived from the non-irradiated rat through the circulation (Gothlin and

Ericsson 1973). Experiments with quail-chick chimeric bone grafts made use of

the morphological differences between quail and chick nuclei to determine the

origin of the cells present in developing bone (Kahn and Simmons 1975; Jotereau

and Le Douarin 1978). It was shown that osteoclasts formed by fusion of host

mononuclear cells derived from the vasculature of the chorioallantoic

membrane, whereas osteoblasts were of local origin. Further evidence came from

the mouse model of the inherited bone disease, osteopetrosis (Marks and Walker

1976; Popoff and Marks 1995). Osteopetrosis is characterised by the accumulation

of bone throughout the skeleton as a result of deficient osteoclastic bone

J



resorption. Both parabiosis between osteopetrotic mice (gl/gl and m i / m i

mutants) and normal littermates, and transplantation of haematopoietic stem

cell suspensions from normal to affected offspring increased osteoclast numbers

and bone resorption. It is now known that multinucleated cells exhibiting all the

specific phenotypic characteristics of osteoclasts, including that of lacunar bone

resorption, can be formed from isolated cell preparations of the monocyte

fraction of peripheral blood and tissue macrophages derived from the synovial

membrane (Fujikawa et aI 1996a; Fujikawa et al 1996b). Evidence from these

studies and all subsequent studies have shown that osteoclasts form by the fusion

of circulating cells that are haematopoietic in origin.

Some researchers have proposed a specialised line of osteoclast progenitors

derived from bone marrow (Loutit et al 1981; Chambers and Horton 1984a).

Flowever, most of the current evidence suggests that the osteoclast forms part of

the mononuclear phagocyte system and that osteoclasts, monocytes, and

macrophages are derived from the same haematopoietic precursor cell

population with differentiation into osteoclasts occurring at a relatively late

stage. Consistent with their common haematopoietic origin, osteociasts share

many ultrastructural, cytochemical and morphological characteristics with

monocytes and macrophages. Osteoclasts, like monocytes and macrophages,

contain many lysosomes and phagosomes and are capable of phagocytosis; they

also show trypsin resistant adherence to glass (Chambers 1979). Osteoclasts

express CD45 (leukocyte common antigen) and a restricted range of macrophage-

associated antigens including CD13, CD15, CD68 and CD54 (Athanasou et al 7987;

Athanasou et al 1988; Athanasou and Quinn L990). Flowever, they do not express

other monocyte/macrophage-associated markers such as CDl1a, CDIlb, CD14,

CD18 and HLA-DR (Athanasou et al 1988; Athanasou and Quinn 1990). Unlike

osteoclasts, monocytes, macrophages and macrophage polykaryons do not

respond to calcitonin or express calcitonin receptors (Nicholson et al 1986;

Hattersley and Chambers 1989a). Also they do not express the complex

membrane structures of osteoclasts when they are cultured alone on a

mineralised substrate (Kahn et al 1978). Monocytes and macrophages are

chemotactically attracted to the products of degraded bone matrix (Mundy et al

1978; Mundy and Poser 1983). Mature macrophages are also known to be capable
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of degrading both organic and inorganic matrix components of bone particles

(Mundy et al \977; Teitelbaum et al 7979) but unlike osteoclasts are not capable of

lacunar bone resorption (Chambers and Horton 7984a).

Osteoclasts appear to have a life span in aiuo of up to two weeks (Marks and

Schneider 1982; Loutit and Townsend 1982) and during this time they can gain

and lose nuclei (Marks and Seifert 1985). Recent studies have suggested that

osteoclasts undergo apoptosis once the resorbing phase of bone remodelling has

finished (Hughes et al 7995; Kameda et al 1995). Apoptosis is the process of

programmed cell death which, unlike necrosis, is a genetically controlled

response to certain developmental and environmental stimuli. Several factors

such as interleukin-1 (IL-1) and macrophage colony stimulating factor (M-CSF)

have recently been shown to enhance osteoclast survival in rsitro whilst others

such as oestrogen have been shown to reduce the life span of osteoclasts by

promoting apoptosis (Fuller et al 1993; Jimi et al L995; Kameda et aL1997). Thus,

the prevention or stimulation of osteoclast death may be an important

mechanism for regulating osteoclastic bone resorption.

Osteoclastic bone resorption is thought to be dependent on a number of factors

produced in the bone microenvironment by bone stromal/osteoblastic cells.

Osteoblasts have been shown to produce factors which are essential for the

differentiation of mononuclear precursors to osteoclasts and/or for optimisation

of mature osteoclastic activity. Chambers et al (19S b) developed a method of

studying bone resorption by isolating osteoclasts and culturing them on thin

slices of cortical bone. In the presence or absence of osteoblasts, the extent of

lacunar bone resorption was assessed. This model showed that bone resorbing

factors, such as parathyroid hormone (PTH), L,2S-dihydroxyvitamin D3

(1,25(OH)rD3) and IL-1-, require the presence of osteoblasts to induce bone

resorption (McSheehy and Chambers 1986; McSheehy and Chambers 1987). The

conditioned media of stimulated osteoblasts was also shown to contain factors

which induce bone resorption. This led to the view that these hormones and

cytokines must first act on osteoblasts which would then be responsible for the

activation of pre-existing osteoclasts and the generation of new osteoclasts from
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precursors. The fact that osteociasts do not express receptors for PTH and

1,25(OH)rD. whereas osteoblasts do express these receptors was further evidence

for the role of osteoblasts in osteoclastic bone resorption (Kream et al 1977;

Chambers 7980; Rodan and Martin 1981; Rouleau et aI 7986; Merke et al 1986).

Thus, osteoblasts appear to control the stimulation of osteoclastic activity.

F{owever, the process of bone resorption is known to activate and release latent

bone-derived factors, such as transforming growth factor beta (TGFB), and bone

metalloproteinases, BMP L and 2, which affect the growth, differentiation and

activity of osteoblasts (Oursler 7994; Martin 7993). PTH has also been shown to

promote the synthesis of insulin growth factor 1 (IGF-1) by osteoblasts which is

an important growth factor in bone, stimulating rype 1 collagen synthesis and

other proteins (Canalis et al 1989; Martin 1993). In this way, osteoclastic

resorption releases factors which may act locally to control osteoblast coupling of

the processes of resorption and formation.

Tumour cells and inflammatory cells such as macrophages and fibrobiasts also

release a number of cytokines and prostaglandins which enhance the bone

resorptive activity of mature osteoclasts. The effects of these factors are known to

be mediated indirectly via osteoblasts. Inflammatory cells may also contribute to

osteoclastic bone resorption by the release of proteases (Chambers et al 1984c;

Chambers et al 1985a; Vaes L988), which degrade the organic matrix that covers

bone surfaces, and by the release of reactive oxygen metabolites following

phagocytosis (Nathan 1987).

1,.2.1.. Svstemic h o rm ones

PTH, 1,25(OH)rD, and calcitonin are all systemic hormones that play important

roles in calcium homeostasis. PTH is a hormone produced by the parathyroid

gland largely in response to low blood calcium levels. The presence of PTH in the

circulation increases blood calcium levels by acting primarily on bone as well as

other parts of the body, such as the intestine and kidney. PTH has potent and

rapid effects on bone resorption both in aiao and in oitro (Holtrop et aI 1974;

Yates et al 1988). Hyperparathyroidism is characterised by bone loss. PTH acts on



osteoblasts or bone stromal cells, rather than directly on osteoclasts, to stimulate

the formation of osteoclasts and mature osteoclastic activity. PTH has been

shown to stimuiate the recruitment of osteoclast precursors, to induce the

differentiation of immature precursors to mature osteoclast precursors, and

stimulate their fusion into multinucleated cells (McSheehy and Chambers 1986;

Takahashi et al I98Ba; Kurihara et aI 1991). In the presence of bone stromal cells,

PTH has been shown to induce osteoclast formation from haematopoietic

precursors via a cyclic AMP and protein kinase A pathway (Greenfield et aL1995;

Kim et al 7997). Both IL-6 and IL-11 are thought to be mediators of PTH

stimulated bone resorption. PTH stimulates IL-6 production and IL-6 mRNA

expression in osteoblasts, and a specific antibody to IL-6 has been shown to inhibit

PTH-induced resorption (Greenfield et al 1993; Manolagas 1995). Similarly, IL-11

production from bone marrow stromal cells is stimulated by PTH and a specific

antibody to IL-11 blocks PTH-induced osteoclast formation (Girasole el al 1994;

Manolagas 1995). PTH may also initiate resorption by stimulating the release of

neutral proteases from osteoblasts or by inducing morphological changes in the

shape of bone lining cells thereby allowing osteoclasts access to the underiying

mineralised matrix to begin resorption (Jones and Boyde 1978).

Similarly, 1,25(OH)rD, is a steroid hormone which is important for regulating

calcium levels. 1,25(OH)rD, is the active metabolite of vitamin D and is necessary

for normal bone mineralisation and skeletal development. Like PTH,

1,25(OH)rD3 is a potent stimulator of osteoclastic resorption and increases

osteoclast formation via an osteoblast mediated mechanism (McSheehy and

Chambers 1987). Osteoblasts, unlike mature osteoclasts, possess receptors for

1,25(OH)rD, (Kream et al 1977; Merke et al 1986). Monocytes and macrophages

aiso possess L,25(OH)rD. receptors (Gordon L986). 1,25(OH)2D, is essential for the

in aitro differentiation of osteoclast precursors into osteoclastic bone resorbing

cells. This effect of 1,25(OH)'D, may be via the stimulation of cytokines, such as

M-CSF, IL-6 and IL-11, from mononuclear phagocytes and bone stromal cells

(Kaneki et aL1994; Girasole et aI 1994; Romas et al1996). 1,25(OH)'D. also acts to

enhance monocyte adhesion to substrates, the production of monocyte-specific

enzymes and expression of mononuclear phagocyte-associated antigens, as well

as their capacity to bind and degrade devitalised bone particles (Bar-Shavit et al
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1983). 1,,25(OH).D" also promotes the fusion of monocytes and macrophages to

form macrophage polykaryons (Abe et al 1983).

In contrast to PTH and 1,25(OH)'D' calcitonin is a peptide hormone which acts to

iower blood calcium levels. Calcitonin interacts directly with abundant receptors

on mature mammalian osteoclasts to inhibit bone resorption (Chambers and

Magnus 1982; Chambers et al L985c), and has been used therapeuticaily to treat

the growth of giant cell reparative granulomas of the ju* (Harris 7993).

Calcitonin causes a rapid disappearance of the osteoclast ruffled border, an abrupt

cessation of cell motility, and either physical detachment of the osteoclast from

the bone surface or a marked decrease in the contact zone with bone. Changes in

carbonic anhydrase location, disruption of actin rings, an increase in cytosolic-

free calcium and a reduction in the rate of radiolabelled calcium release from

bone have also been reported. When calcitonin is administered to rats, or added

to organ cultures, a rapid decrease in the number of osteoclasts in bone is

observed (reviewed in Suda et al1997).

Other systemic hormones which influence bone metabolism include

glucocorticoids and sex hormones. Glucocorticoids cause an increase in bone

resorption in rsiao and have been linked to the development of osteoporosis in

Cushing's syndrome, as well as therapeutic administration (Reid 1989). In aitro

dexamethasone has been shown to promote osteogenic differentiation in

undifferentiated bone cell populations (Beresford et al 1994; Cheng et aI 7994),

and is an essential requirement for in aitro matrix nodule formation and

mineralisation by human marrow-derived stromal cells. Dexamethasone has

also been shown to enhance osteoclast formation although its mechanism of

action is still unclear. Udagawa et al (1995) has shown that dexamethasone

promotes IL-6 induced osteoclast formation by upregulating IL-6 receptor

expression in murine osteoblastic cells. Other studies have shown that

dexamethasone inhibits the release of certain bone resorbing mediators,

including IL-L, TNF, IL-6 and PGE, (Russell 1993). Both dexamethasone and

1,25(OH)rD, have been shown to increase levels of M-CSF released from

monocytes and osteoblastic cells (Kaneki et aI1994; Rubin et al7997).
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The importance of sex hormones in regulating bone metabolism is well

established based on clinical observations. Oestrogen has an important role in the

maintenance of bone mass in women and oestrogen withdrawal is associated

with an increase in bone resorption and osteoporosis. There is compelling

evidence to suggest that the effects of sex hormones are mediated via IL-6

production by bone stromal cells. Oestrogen receptors have been found on bone

stromal and osteoblastic cells, and IL-6 production by these cells is inhibited by

oestrogens (reviewed by Manolagas 1995). Oestrogen loss in the gonadectomised

mouse model results in an increase in IL-6 production in the marrow and a

stimulation of osteoclast progenitor numbers and osteoclast formation (Jilka et al

7992). This is mirrored by an increase in osteoclast numbers in trabecular bone.

Further evidence is provided by the finding that an increase in the numbers of

osteoclast progenitors or mature osteoclasts was not found in IL-6 deficient mice

after ovariectomy. In addition to stimulating osteoclast formation, loss of

oestrogen also causes an increase in circulating lymphocytes, neutrophils and

monocytes which was mediated by IL-6. An increase in the responsiveness of

bone marrow cells to cytokines, such as IL-6 and IL-11, which utilise 9p130 for

signal transduction was also found (Jilka et al L995).

1..2.2. Local factors

7.2.2.1. Prostaslandins

Prostaglandins are a group of structurally related molecules derived from

arachidonic acid. Many prostaglandins are known to be important local

regulators of bone metabolism. PGE, in particular, is one of the most potent bone

resorbing factors inaitro (Klein and Raisz 1970).It is released by a number of cells

after activation including monocytes/macrophages, fibroblasts; osteoblasts and

bone stromal cells. Production of PGE, by osteoblasts is known to be stimulated by

mechanical stress implicating it in the remodelling resPonses to changing

patterns of stress (Burger et aI 1992). The effects of prostaglandins in uitro are

dependent on the assay system used. In organ cultures, the addition of PGE'

stimulates bone resorption at low concentrations (Klein and Raisz 1970). In

culture systems of isolated mature osteoclasts, PGE, acts directly to inhibit

osteoclast spreading and bone resorption (Chambers et al 1985c). Flowever, the
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presence of stromal cells in these cultures reverses this effect and stimulates

spreading and bone resorption. Thus, PGE2 can stimulate osteoclastic bone

resorption indirectly via an osteoblast-mediated mechanism but can also act

transiently on osteoclasts to inhibit directly osteoclast motility and bone

resorption in a calcitonin-like manner. A number of bone resorbing factors, such

as PTH,IL-L and TNF, have been shown to stimulate prostaglandin synthesis by

osteoblasts and the effects of these factors on bone resorption have been shown to

be partly prostaglandin dependent (Sato et al 1986; Akatsu et al 1991; Tashjian et

alI9B7; Suda et aL1992). Prostaglandins can also affect osteoclastic bone resorption

by stimulating the release of collagenase from osteoblasts (Delaisse et al 798I;

Heath et al 1984), as well as other bone resorbing factors such as IL-6 and IL-11

(Bertolini et al1994; Romas et aI 1996).

Conflicting results have been reported about the effect of PGE, on osteoclast

formation. In murine marrow cultures (Collins and Chambers L991) and mouse

spleen-primary osteobiastic cocultures (Akatsu et aI 1989), osteoclast formation

was stimulated by prostaglandins and also reduced by inhibitors of prostaglandin

synthesis indicating that endogenous prostaglandins present may be important.

Collins and Chambers (\992) found that prostaglandins could be substituted for

1,25(OH)rD, as a differentiating factor in murine marrow cultures. Similarly,

PGE2 was found to stimulate osteoclast formation in human marrow cultures

(Flanagan et al 1995) but this was in contrast to a study by Chenu et al (1990)

reporting that prostaglandins inhibited osteoclast formation. The nature of the

osteoclast-like cells formed in this study was queried, however, as their ability to

resorb bone was not determined (Flanagan et al 1995). Quinn et al (1997) found

that the effect of prostaglandins on osteoclast formation in murine monocyte-

stromal cell cocultures was dependent on the nature of the cell line used. Using

the cell lines, UMR 1,06 and ST-2, it was found that prostaglandins both inhibited

and stimulated osteoclast formation respectively. This finding confirms the

importance of bone stromal cells in prostaglandin-mediated bone resorption.
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7.2.2.2. Cvtokines

A number of cytokines are known to play an important role in osteoclast

formation and activity. Both IL-18 and TNFc{, are now recognised as potent

stimulators of osteoclastic bone resorption (Bertolini et al 1986; Gowen and

Mundy 1986; Tashjian et al 7987), and both have been shown to induce osteoclast-

like cetl formation in human bone marrow cultures (Pfeilschifter et al 1989).

These cytokines have been implicated in the osteoiysis of several bone diseases

including osteoporosis and rheumatoid arthritis (Pacifici et al 7989; Arend and

Dayer 7990; Manologas 1995). IL-1P and TNFcx are primarily produced by

monocytes/macrophages and although receptors for these cytokines have been

found on osteoclasts, their stimulatory effects on bone resorption are mediated

mainly by osteoblastic or bone stromal cells (Thomson et al 1986; Thomson et al

7987). Both IL-L and TNF stimulate the release of prostaglandins by osteoblasts

and their effects on bone resorption have been shown to be partly prostaglandin

dependent (Akatsu et al 7991; Sato et al 1986; Tashjian et al 7987). It is also

thought that IL-1 and TNF individuaily or in combination may enhance

osteoclast formation by stimulating the production of IL-6 and IL-11 by osteoblasts

(Romas et aI7996; Kim et al1997).

IL-6 and IL-11 are members of a family of cytokines that use the glycoprotein,

gp130, for signal transduction (Taga et al 1989; Kishimoto et al 1992). IL-6 is

produced primarily by osteoblastic cells, and factors such as IL-1, TNF and PGE,

stimulate IL-6 production by these cells (Ishimi et al 1990). Two independent

studies have found that IL-6 stimulates in uitro bone resorption in fetal mouse

metacarpai and calvaria (Lowik et al 1989; Ishimi et al 1990). IL-6 is known to

stimulate the development of osteoclast progenitor celis, and in combination

with soluble IL-6 receptor (sIL-6R) can increase osteoclast formation and induce

osteoclastic bone resorption in cocultures of murine marrow cells and primary

osteoblasts (Tamura et al 1993), and human marrow cultures (Kurihara et al

1990). Studies using human IL-6R overexpressing transgenic mice and in aitro

coculture studies have shown that IL-6 can act directly on osteoblastic cells to

induce osteoclast formation (Suda et al 1995). Increased levels of IL-6 and sIL-6R

have been detected both systemically and locally in patients with rheumatoid
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arthritis, multiple myeloma, Paget's disease, and oestrogen deficiency (Klein et al

7997; Jilka et al1992; Roodman et al7992; Kotake et aL1996) .

Recent findings suggest that IL-L1, another cytokine produced by bone marrow

stromal cells and osteoblastic cells, is important in osteoclast formation in aitro

(Girasole et aI 1994; Romas et al 1996). Both 1,25(OF{)2D, and PTH have been

found to stimulate IL-11 production in mouse bone marrow cultures. Addition

of a specific antibody directed against IL-11 was found to inhibit osteoclast

formation induced by either 1,25(OH)rD", PTF{, IL-L or TNF. Interestingly, the

addition of inhibitors of IL-1 or TNF to the cocultures had no effect on IL-11

stimulated osteoclast formation but the addition of a prostagiandin inhibitor

inhibited the effects of IL-11 (Girasole et aL1994; Manolagas L995). These results

suggest that the effects of IL-1 and TNF on osteoclast development are partly

mediated by IL-11 produced from bone stromal cells, whereas the effects of IL-1L

are independent of IL-1 and TNF but dependent on PGE2 production. Unlike IL-6,

upregulation of IL-11 production has yet to be linked to any pathological disease

states. The findings to date suggest that IL-6 appears to be important in osteoclast

development in pathological states, whereas IL-11 may be an essential cytokine

for osteoclast development in general (Manolagas 1995).

7.2.2.3. Colonv stimulatine factors

Macrophage colony stimulating factor (M-CSF) was first described as a growth

and differentiation factor for cells of the monocyte-macrophage lineage (Stanley

and Hear d t977). Studies of the disease osteopetrosis in homozygous op /op mice,

which is characterised by a severe reduction in osteoclast numbers, have shown

that M-CSF is also an essential factor for osteoclast formation. Impaired

production of M-CSF by calvarial and other cells and a decrease in the bone

marrow macrophage population was found in the op/op osteopetrotic mouse but

not in the normal littermates (Felix et al 1990; reviewed by Fleisch et al 1993). The

cause of this deficiency was found to be a point mutation within the coding

region of the M-CSF gene (Yoshida et al 1990). Administration of rhM-CSF to

new born op/op mice was found to restore in uiao bone resorption (Felix et al

1990). The finding that osteoclast-like cells did not form in aitro when spleen

cells were cocultured with osteoblasts from op/op mice unless exogenous M-CSF
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was added to the cocuiture suggested that osteoblastic ceils are the main cells

responsible for M-CSF production (Kodama et al 1997; Takahashi et al 1991). Both

murine osteoblast-like cells and the clonal bone cell line MC3T3-E1 have been

shown to release M-CSF in uitro (Elford et aI 1987) with the release of M-CSF

enhanced in the presence of bone resorbing factors such as 7,25(OH)2D3,IL-7, TNF

and PTH. Fibroblasts and macrophages may also produce M-CSF (Rambaldi et al

1987 ; Oster et aI 1.987 ; Fibbe et al 1989; Fleisch et al 7993; Kaneki et al 1994).

M-CSF has subsequently been shown to be an essential factor for the proliferation

and differentiation of osteoclast precursors (Kodama et al 1997; Takahashi et al

1997; Tanaka et ai 1993; Fujikawa et al 1996a; Sarma and Flanagan 1996), and M-

CSF can act directly on mature osteoclasts to promote survival (Fuller et aL1993;

Sarma et al1997). Receptors for M-CSF have been found on osteoclast precursors

and mature osteoclasts (Kodama et al 1991.; Weir et al 1993; Yang et al 1996). The

effects of M-CSF on mature osteoclastic bone resorbing activity are unclear. M-

CSF was shown to inhibit directly bone resorption by mature rat osteoclasts

(Hattersley et al L988), although a recent study using isolated human osteoclasts

found that M-CSF directly stimulated bone resorption by enhancing survival

(Sarma et al1997). Species differences may account for these divergent findings.

The effects of other colony stimulating factors, such as granulocyte macrophage

colony stimulating factor (GM-CSF), interleukin 3 (IL-3) and stem cell factor

(SCF), on osteoclast formation are still not clear. It has been proposed that these

factors may be required in combination with other factors during the very early

stages of differentiation of haematopoietic progenitors. IL-3 synergises with IL-6

to stimulate development of colony-forming units for

granulocytes/macrophages, from which osteoclast precursors are formed

(Kurihara et al 1991). Both GM-CSF and IL-3 have been found to stimulate

osteoclast progenitor proliferation although their effects are not as potent as M-

CSF (Takahashi et al1991). Individually, IL-3 and SCF have not been found to

have an effect on osteoclast formation or osteoclastic function whilst GM-CSF

has been reported to be both a stimulator and inhibitor of osteoclast

differentiation (Shinar et al 1990; Takahashi et al 199L; Demulder et al 1992; Suda

et al 1995).
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A number of in aitro assay systems have been used to assess bone resorption. The

organ culture system has been widely used to examine osteoclastic bone

resorption (Gowen and Mundy 7986; Bertolini et al 1986; Tashjian et aI1987). This

model involves measuring calcium release from cultures of asCa-labelled rat

calvaria or long bones and is particularly useful for determining the overall

effects of various factors on bone resorption. F{owever, this system is not suitable

for determining the mechanism of action of these factors or their individual

effects on osteoclast formation because many different cell types are present and

interactions between cells and the relative contributions of the various cell types

can not be determined.

Culture of isolated disaggregated mature osteoclasts on slices of cortical bone or

dentine is a useful model to determine the direct effect of factors on osteoclast

function (Chambers et al 1984b). This model has been used to analyse the

mechanism of action of systemic hormones such as PTH, 1,25(OH)2D. and

calcitonin on osteoclastic bone resorption. In addition, several local factors such

as PGE,IL-L and M-CSF have been shown to have multiple effects on osteoclast

activity depending on the cell types present and the culture system used.

Examining the effects of these factors on osteoclasts in isolation allowed the direct

inhibitory effects of calcitonin and PGE2, and the effects of M-CSF and IL-1 on

osteoclast survival to be demonstrated (Chambers et al 1985c; Fuller et al 1993;

Sarma et aI \997). The disadvantage with this model is that it is difficult to obtain

resident osteoclasts in sufficient numbers for quantitative studies because of their

relative inaccessibility, low numbers, and poor survival following isolation from

bone.

The above two models whilst useful do not allow for the study of osteoclast

formation as well as mature osteoclast function. Thus, bone marrow culture

systems were developed to investigate the origin of osteoclasts and enable

osteoclast differentiation to be studied ln aitro. The mouse marrow culture

system is one of the most commonly employed models and involves long term

culture of mouse marrow cells on slices of cortical bone devoid of osteoclast
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progenitors (Takahashi et al 1988a). Multinucleated cells which form in these

cultures have been shown to express all the phenotypic characteristics of

osteoclasts, namely TRAP activity, calcitonin receptors and the ability to form

resorption pits. This cell culture system has the advantage of being able to

generate large numbers of osteoclast-like cells in aitro; it also allows osteoclast

formation and function and the effects of various bone resorbing factors to be

assessed quantitatively.

Subsequently, a cell coculture system was developed to examine the role of the

different cell types generated from marrow on osteoclast differentiation. Mouse

spleen cells were cocultured with primary osteoblastic celi populations in the

presence of 1,25(OH),D, on devitalised bone slices (Takahashi et al 1988b). The

presence of osteoblastic cells and 1,25(OH)rDu were found to be essential for

osteoclast formation. Later studies showed that stable transformed stromal cell

lines, such as MC3T3-G2/PA6, ST2 and UMR L06, could be substituted for

primary osteoblastic cells and induce osteoclast differentiation from spleen cells

and monocytes (Udagawa et al 1989; Quinn el aI 1994). It was also found that

osteoclast progenitors were present in the monocyte fraction of mouse peripheral

blood, alveolar macrophages and mononuclear cells isolated from the thymus

(Udagawa et al 1990; Quinn et al 1994). The fact that not only immature

haematopoietic cells but also blood monocytes and some tissue macrophages

were capable of differentiating into osteoclasts in the presence of stromal cells

supported the earlier studies proposing that osteoclasts form part of the

mononuclear phagocyte system.

Using these systems the microenvironment required for osteoclast formation

could be studied. It has been shown that osteoclast formation proceeds in two

phases, an initial phase of proliferation of osteoclast precursors followed by a

second phase in which these cells differentiate into osteoclasts. L,25(OH)rD, and

M-CSF were both found to be essential for osteoclast proliferation and

differentiation (Takahashi et al 7991; Tanaka et aI t993). The importance of the

presence of live stromal cells in contact with osteoclast precursors was

demonstrated indicating that the stromal cells are responsible for inducing

osteoclast formation possibly by the synthesis of a membrane bound factor (Suda
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et aI 7992). This was challenged by recent studies using enriched haemopoietic

progenitor cells which reported that multinucleated osteoclast-iike cells can be

formed in the absence of osteoblastic stromal cells (Kurihara et al 7997; Matayoshi

et aI 1996).

Recently, several ln aitro models of human osteoclast formation have been

developed. In comparison to isolated mature osteoclasts, use of these coculture

systems enables the generation of substantial numbers of human bone resorbing

osteoclasts, providing a means of studying human osteoclast biology in uitro.

Sarma and Flanagan (7996) developed osteoclasts from human bone marrow.

This system involves culturing Ficoll-Paque fractionated marrow mononuclear

cells which consisted of a heterogenous population of fibroblasts, adipocytes,

macrophages and other haematopoietic celis. In the presence of M-CSF and

1,25(OH)rDr, large numbers of vitronectin receptor positive osteoclast-like cells

formed after long term culture and extensive bone resorption was seen. Another

human model developed by Fujikawa et al (7996a) found that osteoclast

precursors circulate within the monocyte fraction of peripheral blood. This

system involves the iong term coculture of human monocytes isolated from

peripheral blood and rodent osteoblastic cells in the presence of 1,25(OH)'D. and

M-CSF. This model confirmed the importance of contact with osteoblastic cells

and the presence of 1,25(OH)'D, and M-CSF for osteoclast formation. However in

a recent study by Matayoshi et al (1996), human osteoclastic bone resorbing cells

were formed in the absence of bone stromal cells. Pretreatment of healthy donors

with granulocyte colony stimulating factor (G-CSF) resulted in the mobilisation

of CD34 positive cel1s into the circulation. These cells were purified from

peripheral blood and cultured in the presence of GM-CSF, lL-1 and lL-3 for up to

six weeks. Muitinucleated cells with all the phenotypic and functional

characteristics of osteoclasts formed in these cultures. Whilst providing valuable

information, the lengthy culture time and multiple manipulations involved in

this system have not encouraged widespread use. Other researchers have used

human cell lines to generate osteoclast-like cells ln aitro. Yoneda et al (1991) used

the human promyelocytic HL-60 cell line, which when cultured in

methylcellulose and treated with conditioned media from MH85 tumour cells

followed by 1,25(OH)'D' formed osteoclastic bone resorbing cells. Another

t6



human promyelocytic cell line, FLG 29.1, has been shown to give rise to

osteoclast-like cells when treated with phorbol esters (Gattei et aI1992). FIowever,

although these multinucleated cells express some distinctive osteoclast

phenotypic markers, e.g. response to calcitonin and resorption of bone particles,

they have not been shown to be capable of resorption pit formation on cortical

bone slices.

1.4. Summarv

-

Normal bone resorption is coupled to bone formation, and numerous systemic

and local factors can regulate the recruitment of osteoclast Precursors to the bone

surface, the formation of new osteoclasts and the activity and survival of resident

osteoclasts. The stimulatory effects of these factors on bone resorption and

osteoclast formation are effected by osteoblastic cells. It is likely that these factors

induce a critical common factor, as yet unknown, to stimulate osteoclast

formation and bone resorption. Using in uitro and in aiuo models, the complex

cellular and hormonal mechanisms governing the formation and activity of

osteoclasts can be determined. This knowledge can in turn be used in

understanding the mechanisms related to abnormal bone resorption where an

increase in the number or activity of osteoclasts is found.
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Macrophages are commonly observed at sites of increased bone resorption in a

number of pathological conditions, including primary or secondary tumours of

bone and inflammatory conditions of bone such as osteomyelitis, rheumatoid

arthritis and aseptic loosening of total joint replacements. In all these

pathological states, the resorption of bone may result from an increase in the

number and/or activity of osteoclasts. Inflammatory macrophages release a

number of cytokines and prostaglandins, such as IL-1, TNF, IL-6 and PGE', which

are known to stimulate osteoclastic bone resorption. The effects of these factors

are mediated through osteoblasts and stromal cells and may stimulate resorption

by resident mature osteoclasts or increase the formation of new osteoclasts from

osteoclast precursors. Inflammatory macrophages may also contribute to

osteoclastic bone resorption by the release of tissue damaging proteases such as

collagenase and plasminogen activator (Vaes 1988; Konttinen et aI 1996), which

degrade the organic matrix that covers bone surfaces, and by the release of

reactive oxygen metabolites following phagocytosis (Nathan 7987; Garrett et al

1990). Factors released by macrophages also promote fibroblast proliferation and

activity (Shanbhag etaI7997; Lee et aL1997), and stimulate osteoblasts in turn to

release more inflammatory mediators, proteases and chemotactic proteins that

promote the recruitment of monocytes into these osteolytic lesions (Malone et al

7982; Zhu et aI1994; Haynes et al7997).

There is some controversy as to whether macrophages themselves can directly

resorb bone. Experimental evidence of bone resorption directiy by macrophages

has produced contradictory results. Mundy et al (7977) fírst reported that both

monocytes and macrophages induce calcium reiease from non-viable bone.

Although no direct visual evidence of bone resorption was obtained, this

increase in calcium release did not appear to be mediated by hormones or

cytokines that usually stimulate osteoclastic bone resorption or changes in pH,

and the authors concluded that macrophages can directly cause bone resorption.

Several other studies supported this finding (Kahn et al 1978; MacArthur et al

1980) until a different criteria for bone resorption activity was used, namely the

direct visualisation of resorption pits on mineralised surfaces by scanning

electron microscopy (SEM). In several studies, both monocytes and macrophages
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failed to produce lacunar resorption pits characteristic of osteoclastic bone

resorption (Chambers and Horton \984a; Pazzaglia and Pringle 1989). A series of

experiments with macrophages from a range of pathological tissues described a

poorly defined surface roughening as a form of resorption but no well defined

pits (Athanasou et aI1992). There is much debate as to whether this form of low

grade resorption is clinically significant. Extensive low grade surface resorption

by large numbers of mononuclear phagocytes over a long period of time may be

clinically significant, and may explain the histological observation of tiny

scalloping marks seen at the interface of periprosthetic tissue and bone, and the

relative scarcity of osteoclasts in many slowly developing osteolytic lesions.

Tissue macrophages consist of a heterogeneous population of cells with different

morphology, function, immunophenotype, and enzyme histochemistry.

Numerous ln uitro studies have shown that there are cells of macrophage

phenotype present in this population which are capable of differentiation into

functionally mature osteoclasts (Udagawa et al 7990; Quinn et al1992; Fujikawa et

aI 7996b). It has been estimated that approximately 5% of isolated

monocyte/macrophage populations have the potential for proliferation (van

Furth 1989).It may be these more immature cells which represent the fraction

that undergoes osteoclast differentiation when recruited to the bone

microenvironment. In aitro, the presence of stromal cells and the correct

hormonal conditions result in the formation of osteoclasts capable of resorbing

bone (Takahashi et al 1988b; Quinn et aI L994; Fujikawa et al 1996a). Thus, in

many osteolytic lesions containing a heavy infiltrate of inflammatory

macrophages, increased release of potent bone resorbing factors, tissue damaging

proteases, and the generation of new bone resorbing osteoclasts from within the

macrophage infiltrate may all contribute to the abnormal resorption of bone

associated with these conditions.

1.6. Aseotic loosenins of total ioint replacements

As a number of the experiments outlined in this thesis deal with the osteolysis of

aseptic loosening, it is appropriate to discuss the pathobiology of aseptic

loosening in detail. Joint replacement surgery is now a common surgical

treatment for chronic arthritis, and congenital and traumatic joint disorders. The
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major cause of late failure of implant components is aseptic loosening. Clinically,

aseptic loosening causes pain and disability and the only form of treatment is

revision surgery. The mechanism of aseptic loosening is likely to be

multifactorial. Mechanical factors such as prosthesis design, implant material,

surgical technique, and quality of fixation are known to be important. Late failure

of implant components has in many cases been attributed to biological factors

amongst which is the tissue response to wear particles arising from the implants

(Willert and Semlitsch 1977; Vernon-Roberts and Freeman 1977; Howie 1990;

Maloney and Smith 1995).

The wear of implant components, including the articulating surfaces, the surfaces

of modular components, and at the prosthesis-bone interface of cemented and

cementless components, results in the accumulation of wear particles in the

periprosthetic tissues (Willert and Semlitsch 1977; Vernon Roberts and Freeman

1977). Excessive wear due to two or three body wear caused by the presence of

particles of the same or other materials between the articulating surfaces may be

particularly severe. Particles generated range in size from less than one to over

one hundred micrometers. These particles have been found in the lymph nodes

draining the hip joint indicating that there is continuous clearance of particles

from the tissues around the implant. Continuous production over many years/ or

excessive production over a shorter period, may result in the accumulation of

large numbers of wear particles in the surrounding tissues. For migration of these

particles to the bone-implant interface to occur, they must have access. Lack of

initial stability and excessive micromotion later in the life of the implant lead to

the formation of a fibrous layer of variable thickness between implant and bone.

It has been proposed that this fibrous tissue allows movement of fluid and

particles to the bone-implant interface (Howie et al 1990; Schmalzreid et al 1992;

Aspenberg and Herbertsson 1996). Histological studies of the bone-implant

interface at the site of well fixed cemented implants have revealed few wear

particles, and no obvious inflammatory response with few macrophages,

minimal fibrous tissue and little bone resorption (Charnley 1970). Flowever,

longer term review has shown wear particles and bone resorption in the

periprosthetic regions of these well fixed prostheses (Malcolm 1988). The bone-

implant interface of loose prostheses often has areas of osteolysis associated with
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large numbers of wear particles and a prolific macrophage and fibroblast resPonse

(Willert and Semlitsch 1977; Vernon-Roberts and Freeman 1977; Howie 1990).

Macrophages are long lived, highly active and adaptive cells that are involved in

nearly ali aspects of the inflammatory processes of the body. Macrophages utilise

their phagocytic capabilities for wound repair and the defence against bacterial

infection (Nathan 1987).In the case of total joint replacements, macrophages are

recruited from the circulation as a foreign body response to wear particles derived

from the artificial implant, and a correlation exists between the number of wear

particles present and the degree of macrophage response (Howie 1990). Small

particles of metal and polyethylene appear to cause a predominantly macrophage

response and larger particles of polyethylene and cement are usually associated

with a macrophage and macrophage polykaryon response (Vernon-Roberts and

Freeman 1977). The phagocytosis of particles activates the cell leading to the

production of enzymes, inflammatory mediators and oxygen metabolites. The

indigestible nature of the particles results in a chronic inflammatory state, and

the continual release of potent factors leads to the activation of other cells, such as

fibroblasts and osteoblasts, and the recruitment of more macrophages into the

area. Cell death may also occur if the phagocytosed particles are particularly toxic,

and areas of necrosis have been reported in many arthroplasty tissues

surrounding cobalt-chrome implants (Howie 1990).

A number of particle-associated factors are believed to determine the intensity of

the macrophage response in the arthroplasty tissue and the extent of

periprosthetic osteolysis. These include the chemical composition of the implant

component, the size, shape and surface area of the wear particles generated as

well as the number of particles present (Willert and Semlitsch 1977; Mirra et al

1982; Howie 1990).In a study by Haynes et aI (1993), the response of cultured

human monocytes to particles of titanium alloy and cobalt-chrome alloy were

studied. Clear differences in cell toxicity and mediator release were shown, with

cobalt-chrome particles inducing cell toxicity whilst titanium alloy particles

induced the release of inflammatory mediators including IL-l-, TNF, IL-6 and

PGE'. These particle effects were shown to be dose dependent. Similar in uitro

studies have shown differences between PMMA, polyethylene and titanium

2t



particles (Glant et aI7993; Horowitz and Gonzales 1997; Shanbhag et aI 7995), and

even different titanium alloys (Rogers et aI 1997). Murray and Rushton (1990)

found that phagocytosis of any foreign material that is non-toxic will cause

macrophage activation, provided there are enough particles. Particles in the size

range of ten microns or less have been shown to be phagocytosable. Although a

wide range of particle sizes have been found in arthroplasty tissues adjacent to

loose implants, the majority of particles are less than one micron in size.

Phagocytosis of these smaller particles have been shown to induce a significantly

higher response in macrophages than non-phagocytosed particles (Barth et al

7997; Shanbhag et aI 7995). In the case of submicron metallic particles which have

a large surface area and are susceptible to intracellular corrosion, a marked

stimulation in macrophage activation was found following phagocytosis of these

particles (Haynes et al 1996). In aiao animal studies, whilst not quantitative,

have confirmed differences between particles from different materials and

between particles of different sizes (Goodman et al 1988; Gelb et aI L994).

Wear particles may also have a direct effect on other cell types, such as fibroblasts

and osteoblasts. Recent studies have shown that titanium particles can induce

PGE2, IL-1 and collagenase release from fibroblasts (Greis et aI t994; Yao et al 1995;

Manlapaz et al 7996), and that polyethylene and cobalt chrome particles can

inhibit osteoblast function in aitro (Allen et al t997) and in uiao (Goodman et al

1995a). The effects of mediators released from wear particle stimulated

mononuclear phagocytes may also have a profound effect on these cells. IL-1 and

TNF are known to be strong stimulators of fibroblast proliferation. These

cytokines also stimulate the release of collagenase from fibroblastic cells, and

PGE2 and IL-6 release from osteoblastic cells (Ohta et al .1994; Horowitz and

Purdon 1995; Yao et al7995; Haynes et aL7997). Studies involving the coculture of

wear particle stimulated monocytes and osteoblastic cells have shown that these

cells release factors that induce bone resorption (Horowitz and Gonzales 1996).

Flowever, the role of mediators such as IL-1, TNF, IL-6 and PGE, in these

coculture systems is still unclear. Early studies suggested that osteolysis around

implants was PGE, mediated (Goldring et al 1983). Subsequent studies in which

prostaglandins were removed found that bone resorption was not inhibited, and
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bone resorption was attributed to cytokines such as IL-1 and TNF (Spector et al

7990; Murray and Rushton 1992; Glant et al 7993; Horowitz et al 1996).

Biochemical and molecular studies of periprosthetic tissue retrieved from

around failed implants have identified the presence of mediators that are known

to contribute to bone resorption (Goldring et al 1983; Jiranek et aI1993; Chiba et al

1994; Kim et aI 7994; Horikoshi et aI 1994). Mediator release was compared in
revision tissues from patients with and without radiographic evidence of focal

osteolysis. The tissues from areas of lysis were found to have more macrophages

and particles, and greater IL-1, TNF, IL-6 and PGE, activity (Chiba et al \994; Kim

et aI 1994; Horikoshi et al 7994). In addition, conditioned media from explant

cultures of the tissues was found to induce bone resorption in uitro (Ohlin and

Lerner 1993). In a study by Jiranek et al (1993), mediator release was associated

with macrophages and a general correlation between the amounts released and

the amount of debris present was found. Recent studies, however, have shown

that the cellular and humoral response to wear debris is not homogeneous

throughout the arthroplasty tissue (Goodman et al 1995b). This may explain some

of the conflicting findings in the literature regarding levels of mediators present.

Multiple tissue sampling may overcome this problem.

In summary, a number of potent bone resorbing mediators have been identified

in periprosthetic tissue from around loose prostheses, and these mediators have

been shown to be released from wear particle stimulated macrophages both in

aiuo and in aitro. Whilst an adverse tissue response to wear particles and the

release of inflammatory mediators has been frequently reported, the mechanism

whereby wear particles and macrophages provoke bone resorption and implant

loosening has remained unclear. Similarly, in other joint conditions associated

with bone destruction, for example rheumatoid arthritis and pigmented

villonodular synovitis (PVNS), the cellular and humoral mechanisms of bone

resorption are poorly understood.
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Studies to date on the mechanisms of aseptic loosening have shown that

macrophages recruited to the bone impiant interface phagocytose wear particles

and are stimulated to release a number of potent inflammatory factors. These

factors act on stromal cells in the bone microenvironment and initiate a complex

chain of events ultimately leading to osteolysis and implant loosening. It is

known that osteoclasts can form from monocytes/macrophages in other

pathological conditions such as rheumatoid arthritis (Fujikawa et aI1.996b). Thus,

one cellular mechanism whereby bone resorption and implant loosening may

occur is by osteoclastic differentiation of precursor cells present in periprosthetic

tissue, and increased osteoclastic activity.

The hypothesis for this thesis is that wear particle-induced mononuclear

phagocytes present at the bone-implant interface can differentiate into functional

osteoclastic cells. When these cells come into contact with bone lined by

osteoblasts, and in the microenvironment provided by surrounding stromal

cells, they may proliferate and differentiate into osteoclastic cells capable of

lacunar bone resorption. Factors which are known to stimulate osteoclastic

activity may also contribute to the formation of new osteoclasts at sites of

pathological bone resorption.
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1.8. Soecific aims

-

I. To investigate whether cells isolated from periprosthetic tissue can

differentiate into osteoclastic bone resorbing cells lz aitro, and the stromal

requirements for this to occur.

II. To determine which mediators implicated in osteoclastic bone resorption

are released from isolated periprosthetic cells during osteoclast formation

and bone resorption in aitro.

III. To determine which of these mediators released are important for

osteoclast formation from periprosthetic cells, and bone resorption in

uitro.

IV. To determine whether prosthesis wear particles affect the osteoclast

differentiation from human mononuclear phagocytes and whether this is

a direct effect or an indirect effect via the release of bone resorbing

mediators.
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2. General Methods for fn Vlfro Studies

Studies of osteoclast differentiation can only be properly evaluated if the criteria

for the recognition of osteoclasts are clearly defined. On histological sections,

mature osteoclasts are readily identified as large multinucleated cells that lie in
apposition to a bone surface undergoing lacunar resorptión. Ultrastructurally,

osteoclasts are distinguished by the presence of a ruffled border which is formed

when the cell comes in contact with bone. In aitro, however, particularly in
mixed cell populations, it has proved difficult to distinguish osteoclasts from

other cell types, such as macrophages and macrophage polykaryons. It has not

been possible to demonstrate ruffled borders on osteoclasts formed in long term

cell cultures.

Osteoclasts are rich in certain enzymes, and enzyme histochemistry for the

detection of TRAP has been used as a convenient cytochemical marker of

osteoclasts (Minkin 7982). Flowever, TRAP has been detected in osteoblasts and

activated tissue macrophages, and monocytes and tissue macrophages are known

to express TRAP activity after several days in culture (Hattersley and Chambers

1989b; Modderman et aI1991). Therefore, TRAP and other enzyme markers such

as type II carbonic anhydrase should be regarded as osteoclast-associated rather

than osteoclast-specific markers.

The development of several monoclonal antibodies to macrophage and

osteoclast cell surface antigens has aided the identification of osteoclasts and their

precursors. Osteoclasts have been shown to highly express the u and B chains of

the vitronectin receptor, CD51,/61, an antigen involved in both ceil-cell and cell-

matrix interactions (Horton et al 1,985; Horton and Chambers 7986). Like

macrophages and macrophage polykaryons, osteoclasts also strongly express

CD45, the leukocyte common antigen as well as a number of macrophage-

associated antigens, including CD13, CD15, CD68 and CD54 (Athanasou et al 1987;

Athanasou et al 1988; Athanasou and Quinn 1990). Osteoclasts do not express

some macrophage-associated antigens, such as CDL1-a, CD1Lb, CD1-,4, CDL8, and

HLA-DR, nor receptors for Fc and complement components (Athanasou et al
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7988; Athanasou and Quinn 7990). As there is no known cell surface antigen that

is specific for osteoclasts, presence or absence of the above antigens are used to

distinguish osteoclasts from macrophages and macrophage polykaryons.

There are two specific means of distinguishing mammalian osteoclasts from

other cells; the expression of calcitonin receptors and the ability to resorb bone.

Osteoclastic activity is directly and specifically inhibited by calcitonin (Chambers

and Magnus 1982), and demonstration of calcitonin receptors is considered to be a

highly specific marker of mammalian osteoclasts (Hattersley and Chambers

I9B9a; Nicholson et al 7986). Avian osteoclasts, however, do not express

calcitonin receptors (Nicholson et al 7987). By definition an osteociast is a bone

resorbing cell. The unique ability of the osteoclast to form resorption lacunae in
bone provides a specific and reliable osteoclast marker. Lacunar resorption pit

folmation is permanent and unequivocai functional evidence of osteoclast

activity. Although other cells, such as tumour cells or inflammatory

macrophages, are capable of degrading bone matrix and surface roughening

(Teitelbaum et aI 1979; Athanasou et al 1992), the osteoclast is the only cell

capable of resorbing deep excavations in the bone surface.

For the experiments undertaken in this thesis, identification of osteoclasts was

based on morphological, histochemical, immunological and functional evidence.

Morphological identification of large multinucleated cells, TRAP positivity,

expression of the vitronectin receptor (VNR), and absence of macrophage-

associated antigens, CD11b and CDL4, which are known not to be present on

osteoclasts, were the criteria used, in conjunction with lacunar bone resorption,

to identify osteoclasts in culture. Calcitonin receptor expression was not used

routinely during the course of the research because visualisation by

autoradiography requires unfixed live cells and the expensive radiolabel has a

short half-life of approximately one month.
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Blocks of human cortical bone were obtained from the diaphysis of normai tibial

and femoral bone derived from amputation specimens. The adherent soft tissues

were removed and the blocks cut into pieces and stored at -20"C. Cortical bone

slices were prepared by cutting a piece of bone longitudinally into 55pm slices

with a low speed bone saw using a diamond wheel (Buehler, Isomet, IL, USA).

Each slice was cut further using a scalpel blade into 4mm x 4mm squares. The

bone slices were then sonicated in distilled water three times for three minutes

each, followed by two rinses in absolute ethanol. The excess ethanol was

removed and the bone slices transferred to sterile Petri dishes, allowed to air dry

and stored at room temperature indefinitely.

Glass coverslips (Cat. no. }l{12783-15, Richardsons of Leicester Ltd, UK) were boiled

for 5 minutes in 5% Decon. The coverslips were allowed to cool, and then rinsed

ten times in distilled water, followed by two rinses in absolute ethanol. The

excess ethanol was removed and the coverslips transferred to sterile Petri dishes,

allowed to air dry and stored at room temperature indefinitely.

2.3. Histochemical characterisation of cultured cells.

The cultured cells were examined histochemically for the expression of TRAP

using a commercially available kit (Cat no. 386, Leukocyte Acid Phosphatase kit,

Sigma, UK). Although not a specific marker of osteoclast differentiation, the

presence of TRAP activity is a quick and simple method of determining whether

potential osteoclast formation had occurred and was used in conjunction with

other more specific osteoclast markers. The absence of TRAP is particularly

significant and demonstrates that osteoclast differentiation has not occurred.

The principle of the test is based upon the use of naphthol AS-BI phosphate as a

substrate. Naphthol AS-BI, released by enzyme hydrolysis, couples immediately

with fast garnet GBC salt at acid pH to form an insoluble red deposit at sites of

acid phosphatase activity. The presence of tartrate solution during the staining

procedure ensures that only cells containing tartrate-resistant acid phosphatase

will stain positive. The method used is described below.
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1. The glass coverslips with adherent cultured cells were removed from the

wells, air dried, and then mounted on glass slides and stained immediately or

stored at -20"C.

2. Prior to histochemical staining, the slides were fixed for 30 seconds at room

temperature in a dilute citrate/acetone solution (2ml citrate concentrate +

L8ml distilled water + 30 ml acetone).

3. The slides were then rinsed in distilled water and allowed to air dry for L5

minutes.

4. An acid phosphatase stain was prepared by adding 2mls of acetate solution,

2mls of naphthol AS-BI phosphoric acid, and 2mls of tartrate solution to

44mls of prewarmed distilled water. The contents of one Fast Garnet GBC salt

capsule was added and the solution stirred on a magnetic mixer for 60

seconds.

5. The solution was rapidly filtered into a foil covered Coplin staining jar, placed

in a 37"C water bath, and the fixed slides incubated in the solution for l- hour.

6. The slides were then removed and washed in distilled water for 3 minutes,

counterstained in acid haematoxylin solution for 5 minutes, washed for a

further 3 minutes in distilled water, air dried and examined by light

microscopy.

2.4. Immunohistochemicai characterisation of cultured cells.

The antigenic phenotype of the human osteoclast is well characterised. The

presence of macrophage associated antigens, CD11b and CD14, which are not

detected on osteoclasts, and the presence of the osteoclast associated vitronectin

receptor antigen, CD57/61, were determined by immunohistochemical staining

with the monoclonal antibodies (McAbs), N306, M132 and 23C6 respectively. The

McAbs used were derived from the 4th International Workshop on Human

Leukocyte Differentiation Antigens. The McAb,23C6, was kindly donated by Dr

M. Horton, London. An indirect immunoperoxidase method was used for

monoclonal antibody staining, as follows (Gatter et al L984).
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1. The glass coverslips with adherent cultured cells were removed from the

wells, air dried, fixed in cold (-20"C) acetone for 10 minutes, and then

mounted on glass slides and stored at -20"C.

2. Acetone-fixed coverslips stored at -20"C were labelled and allowed to reach

room temperature.

3. The coverslips were allowed to rehydrate in PBS for 30 minutes.

4. To block endogenous peroxidase activity, the slides were gently shaken for 30

minutes in an ethanol/O.6"/. hydrogen peroxide solution.

5. The slides were gently rinsed with PBS from a wash bottie foilowed by two

washes in PBS each for 5 minutes.

6. Mouse anti human McAbs were diluted I:200 (CD11b, CD1.4),1:250 (CD51,/61)

in PBS containing 2'/" bovine serum albumin (PBS/BSA), and 30pl added to

each appropriate coverslip. Negative controls consisted of PBS/BSA alone

with no primary antibody added. The slides were incubated in a moist

environment for 30 minutes at room temperature.

7. The slides were removed and rinsed in PBS for a further 10 minutes.

8. The biotinylated secondary antibody (peroxidase conjugated rabbit anti mouse;

Cat. no. P0260, Dako Ltd, UK) was diluted 1:50 in PBS/BSA, 30pl applied to

each coverslip, and the slides incubated in a moist environment for 30

minutes at room temperature.

9. The slides were removed and rinsed in PBS for L0 minutes.

10. The biotinylated tertiary antibody (peroxidase conjugated swine anti rabbit Ig;

Cat. no. P0217, Dako Ltd, UK) was diluted L:100 in PBS/BSA, 30pl applied to

each coverslip, and the slides incubated in a moist environment for 30

minutes at room temperature.

11. The slides were removed and rinsed in PBS for 10 minutes.

12. A solution of 0.5 mglml of 3,3 diaminobenzidine (DAB; Cat. no. D-5637,

Sigma, UK) containing 0.05% hydrogen peroxide was applied to each

coverslip, and the slides incubated for a maximum of 3 minutes.

L3. The sections were washed thoroughly in running tap water, counterstained

with haematoxylin (Gill's No.3; diluted 1:3 with distilled water), dehydrated

through graded alcohols, brought to xylene, and finally mounted with DPX

medium and examined by light microscopy.
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At the end of each incubation period, the surfaces of the cortical bone slices were

examined by SEM for evidence of lacunar bone resorption. To prepare the bone

slices for SEM, the slices were rinsed in PBS, trypsinised for 15 minutes to

remove the stromal cell layer, washed vigorously in distilled water, and then left

overnight in 0.25"/" ammonium hydroxide to remove the remaining cells. After

rinsing in distilled water, the bone slices were dehydrated through graded

ethanols, air dried and mounted on SEM stubs (Cat. no. G301, Agar Scientific Ltd,

UK) for gold coating prior to examination in a Phillips SEM 505.

The extent of resorption was determined by measuring the number of discrete

pits counted on each cortical bone slice. Resorption pits were observed as either

individual small pits or large multilocular resorption areas (Figure 1). As such, it
was necessary to define a resorption pit as an excavation of the bone surface with

a clear rim of unchanged original surface between neighbouring excavations

(Figure 2). This method of analysis is limited in that the area of bone resorbed in

one small pit and one large convoluted pit is very different. Many studies in this

field have quantified bone resorption as the area of bone resorbed by staining the

surface of dentine slices with toluidine blue and measuring bone resorption

using an image analysis package. FIowever, human cortical bone was used as the

substrate for the experiments in this thesis. Fluman bone was chosen because of

its mineral component composition and density, factors which have been shown

to affect the depth of pits, and as the studies in this thesis related to diseases

occurring in humans, a human resorption assay system was desirable. Although

bone has osteocyte lacunae and vascular channels, these could easily be identified

and eliminated by a human operator counting pit numbers. Exposed osteocyte

lacunae appeared as small holes with irregular well defined margins. Vascular

channels were exposed either transversely or longitudinally where they often

extended for a considerable distance before disappearing as a tunnel beneath the

surface (Figure 3). Both of the above methods involve two dimensional

measurements and hence, do not take into account any changes in pit depth and

volume changes. There have been reports of a good correlation between area and

volume which suggests that volume measurements are not needed, although

this can not be assumed for all resorption assays with osteoclasts formed under
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Figure 1. Electron micrographs of human coftical bone slices showing (A)

individual small resorption pits and (B) large multilocular resorption areas
(arrowed).



JF-

F

tt-:

Figure 2. Higher magnification of human coftical bone slices showing resorplion

piis with expoõed collãgen fibrils. Note the clear rim of unchanged original surface

between neighbouring excavations (arrowed)'

Figure g. Electron micrograph of a longitudinally exposed vas.cular channel'
Thãse extend for a variable but usually considerable distance along the bone

surfaces before disappearing as a tunnel beneath the surface. Also note the

otherwise smooth sudace of the bone slice showing parallel saw markings.
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different conditions. For this thesis, the results are expressed as the number of

resorption pits per bone slice. For single pits, a good correlation has been shown

with the total surface area of bone resorbed as the volume and area of individual

resorption pits is known to fall within a defined range (Chambers et al 7984b).

The limitations of this method of assaying resorption pit formation are

understood, and the conclusions based on the results generated reflect this.
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In Vitro

3.1. Introduction

A predominant histological feature of periprosthetic tissue surrounding

aseptically loose implant components is the presence of a prominent foreign

body macrophage response to prosthesis-derived wear particles (Willert and

Semlitsch 1977; Vernon-Roberts and Freeman 1977; Howie 1990). A number of

potent bone resorbing mediators have been identified in periprosthetic tissue

from around loose prostheses (Goldring et al 1983; Kim et aI 7994; Chiba et al

7994; Horikoshi et ai 1994), and these mediators have been shown to be reieased

from wear particle stimulated macrophages both in aiao and in aitro (Jiranek et

a|1993; Haynes et al 1993; Glant et aI 7993). However, the cellular mechanisms

underlying aseptic loosening of implant components and the manner in which

this foreign body macrophage infiltrate in periprosthetic tissues contributes to

osteolysis remain uncertain.

A recent study has shown that murine monocytes and inflammatory

macrophages responding to prosthesis wear particles are capable of differentiating

into osteoclastic bone resorbing cells (Quinn et al 1992). Thus, one cellular

mechanism whereby bone resorption and implant loosening may occur is by

osteoclastic differentiation of precursor cells present in periprosthetic tissue.

Osteoclasts are known to form part of the mononuclear phagocyte system and it

has recently been shown that mononuclear phagocyte osteoclast Precursors are

present in the monocyte fraction of human peripheral blood (Fujikawa et al

7996a). It is also known that human osteoclasts can form from

monocytes/macrophages in other pathological conditions such as rheumatoid

arthritis (Fujikawa et al I996b). These studies investigating osteoclast

differentiation from cultures of human monocytes and RA synovial

macrophages have found that the presence of bone stromal cells, L,25(OH)rD, and

the addition of exogenous M-CSF are all essential factors for osteoclast formation

and bone resorption.
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The aim of this study was to determine whether human wear particle associated

macrophages present in periprosthetic tissues around loose implants are capable

of differentiating into osteoclastic bone resorbing cells. A time course study was

undertaken to determine the optimal incubation periods for the formation of

osteoclastic bone resorbing cells from periprosthetic macrophages in aitro. The

cellular and humoral requirements for periprosthetic macrophage-osteoclast

differentiation were also determined. As a control, the requirements for

osteoclast formation from periprosthetic macrophages were compared with the

requirements for osteoclast formation from cells isolated from osteoarthritis

(OA) synovium.

a f

oeriorosthetic and OA macrophases

3.2.1. Histolosv of tissue specimens

Specimens of acetabular and femoral periprosthetic tissue were obtained from

patients undergoing revision surgery for aseptic loosening. Frozen sections of a1l

the aseptic arthroplasty tissue specimens obtained were examined histologically

prior to digestion to determine whether the tissue was suitable for use. Tissue

showing evidence of infection by the presence of polymorphonuclear cells were

rare and were excluded. Tissue specimens which contained an obvious

macrophage and macrophage polykaryon response to prosthetic wear debris were

used, although it was noted that the extent of cellular response did vary between

patients. Attempts to correlate the cellular response seen histologically with the

amount of bone resorption seen ln aitro were unsuccessful. In some cases, the

specimens were also found to contain tiny fragments of bone.

As it was not possible to obtain specimens of normal synovium from human

subjects, specimens of OA synovium were used as control joint tissue. These

were obtained from patients undergoing primary total hip arthroplasty surgery.

Histologically, the OA synovial membrane shows patchy intimal thickening and

subintimal fibrosis and oedema. This tissue does not contain a heavy

macrophage infiltrate but may contain a variable light or moderate macrophage

infiltrate as well as in some cases small bone fragments derived from the eroded

articular surface.
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The clinical details of all of these patients are shown in Appendix 1

3.2.2. Isolation of cells from human tissue specimens

The tissue specimens obtained were washed thoroughly with sterile phosphate

buffered saline (PBS) before being cut into small pieces and digested in Minimal

Essential Media Eagle (aMEM; Cat no. M-2279, Sigma, UK) containing Lmglml

collagenase type 1, (Cat no. C-0130, Sigma, UK) for 30 minutes at37"C, and 5 mls

of trypsin (Cat no. T-4424, Sigma, UK) for t hour. The digested tissue was then

filtered with a 70pm cell strainer, and the filtrate centrifuged at 1500rpm for 5

minutes. After two washes in aMEM only, the pellet was resuspended in cxMEM

supplemented with 10% foetal calf serum (FCS; Cat no. 10106-169, Gibco, UK),

100U/ml Penicillin and 100pg/ml Streptomycin sulphate (Cat no. 15140-7\4,

Gibco, UK) and 2mM L-glutamine (Cat no. 25030-024, Gibco, UK)

(crMEM+10%FCS media). The cell suspension was finally counted in a

haemocytometer after lysis of the red blood cells using a 5% (v/v) acetic acid

solution.

A concentration of the macrophage cell suspensions (1x105 cells/100p1) was added

to Tmmwells of a96 well tissue culture plate. These wells contained either glass

coverslips or prewetted cortical bone slices. Half the coverslips and bone slices

were seeded 24 hours earlier with the stromal cells, rat osteoblast-like UMR-106

cell line (donated by Professor T.J. Martin, Melbourne, Australia) at a

concentration of 2x10a cetls/100p1. After 1-2 hours incubation at 37oC in 5% COr,

the bone slices and coverslips were removed from the wells, washed vigorously

in crMEM to remove the non-adherent cells, and placed in larger 16mm weils

containing 1ml of crMEM+10% FCS media. These cultures were incubated for up

to L4 days in the presence of 10-7M 1,25(OH)rD, (Calcitriol; Solvay Duphar,

Netherlands) and, in some experiments, 10-8M dexamethasone (Cat. no. D-4902,

Sigma, UK) and 25ng/ml M-CSF (Cat. no. 216-MC-01-0, R&D Systems, UK). The

culture medium was changed every 3-4 days and fresh factors added.
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3.3. Time course stud)¡

To determine the optimal incubation periods for the formation of osteoclastic

bone resorbing cells ln uitro, adherent cells were isolated from tissue specimens

obtained from three patients undergoing revision arthroplasty surgery (ADM1-3;

Appendix L), as described earlier. The isolated cells were cultured in the presence

and absence of UMR 106 cells, wíth L,25(OH)rD3 and dexamethasone added to all

the cultures. The coverslips and bone slices were removed from the cultures after

1, 4,7,10 or 14 days incubation. The coverslips were characterised histochemically

for the expression of TRAP, and immunohistochemically for VNR expression

and expression of the macrophage associated antigens, CDLl-b and CD14. Bone

resorption was measured as the number of resorption pits per bone slice. Each

time period was studied in triplicate for each tissue specimen.

cells

Numerous adherent cells isoiated from the arthroplasty tissue were found to

express strongly the macrophage cell surface antigens, CDI-1b and CDL4, after 24

hours incubation. These 24 hour cultures were largely negative for TRAP and

VNR multinucleated cells although a few TRAP and VNR positive

mononuclear cells were present. In some specimens, occasional TRAP and VNR

positive multinucleated celis were present. After four days incubation, cocultures

of periprosthetic macrophages and UMR 106 cells, incubated in the presence of

1,25(OH),D" and dexamethasone, contained TRAP and VNR positive

mononuclear and occasional multinucieated cells. After seven days incubation,

there were substantially greater numbers of TRAP and VNR positive

multinucleated cells present in the cocultures. TRAP positive cells were

particularly numerous and included not only scattered mononuclear and

multinucleated cells but also small and large clusters of TRAP positive cells.

VNR positive cells were mainly seen as large isolated celIs. The formation of

osteoclastic cells over this time period is shown in Figure 4. The numbers of

TRAP and VNR positive multinucleated cells did not appear to increase after ten

days incubation. After L4 days incubation when the covering confluent layer of

UMR 106 cells began to detach from the surface of the coverslip, large
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multinucleated cells were more readily identifiable. Numerous CDLLb and CD74

positive mononuclear cells were seen in the cocultures throughout the

incubation period. In the absence of UMR 106 ceiis, scattered TRAP and VNR

positive mononuclear cells and occasional multinucleated cells were seen in the

cultures from day one to day 14 (Figure 4).

Lacunar bone resorption was not seen on 16 of the 18 bone slices in the 24 hour

cultures of periprosthetic macrophages alone or in the presence of UMR l-06 cells.

In the two bone siices on which bone resorption was noted, there were three

small resorption pits. Flowever, after four days incubation, lacunar bone

resorption was evident on eight of the nine bone slices with up to 17 pits per

bone slice counted when periprosthetic macrophages were cocultured with UMR

106 cells, in the presence of 1,25(OH)'D, and dexamethasone. The number of

resorption pits per bone slice increased with time (Figure 5), and after seven days

coculture of periprosthetic macrophages and UMR 106 cells, in the presence of

7,2ï(OH).D, and dexamethasone, extensive lacunar bone resorption was seen on

all nine cortical bone slices. By day 14, single pits and large convoluted areas of

lacunar excavation consisting of multiple pits were seen (Figure 6). Lacunar bone

resorption was not seen on seven of the nine bone slices when periprosthetic

macrophages were cultured in the absence of UMR 106 cells. The remaining two

bone slices on which bone resorption was noted had three and seven small

resorption pits formed after L4 days culture in the absence of UMR 106 cells.
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Figure 4. 24 hour and seven day cocultures of arthroplasty derived macrophages and UMR 106 cells incubated in the presence of
1,25(OH)rD, and dexamethasone showing (A) numerous CD14 positive cells after 24 hours coculture in the presence of UMR 106 cells
(x100); (B) scattered mononuclear TRAP positive cells after 24 hours coculture in the presence of UMR 106 cells (x40); (C) scattered
mononuclear cells after 24hours culture in the absence of UMR 106 cells (x40); (D) large VNR positive cells after seven days coculture in the
presence of UMR 106 cells (x40); (E) clusters of large TRAP positive cells after seven days coculture in the presence of UMR 106 cells (xaO);

and (F) scattered mononuclear cells after seven days culture in the absence of UMR 106 cells (xaO). Counterstained with haematoxylin.
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Figure 5. The formation of lacunar resorption pits in arthroplasty
derived macrophage-UMR 106 cell cocultures over an incubation
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Figure 6. Fourteen day coculture of arthroplasty derived macrophages and UMR

106 cells incubated in the presence of 1O-7M 1 ,25(OH)2D' and 10-8M

dexamethasone on human bone slices. The cells have been removed to reveal

evidence of lacunar bone resorption.
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oeriorosthetic macroph a ges

For this series of experiments, periprosthetic macrophages were isolated (us

described above in section 3.2.) from tissue specimens obtained from three

patients undergoing revision arthroplasty surgery (ADMI, ADM2 and ADM4;

Appendix 1). OA synovial macrophages were similarly isolated from the

synovium of two patients (OA1 and OA2; Appendix 1) undergoing primary total

hip arthroplasties.

To determine the cellular and humoral requirements for osteoclast formation

from these two different cell populations, the isolated adherent cells were

cultured in (a) the absence of UMR 106 cells; (b) the absence of 1,25(OH)rD.; (c) the

absence of dexamethasone; and (d) the absence of M-CSF, as shown in Tables 1

and 2. The coverslips were removed after 24 hours and seven days incubation

and characterised histochemically for the expression of TRAP. The cortical bone

slices were removed after 24 hours and 14 days incubation and the number of

resorption pits per bone slice was counted.

3.4.1. Characterisation of 24 hour cocultures

In the 24 hour cocultures of periprosthetic macrophages and UMR 106 cells,

scattered TRAP positive mononuclear and multinucleated cells were present

although either only a few (less than six pits) or no lacunar resorption pits were

seen (mean of 1.2 pits per bone slice). Similarly, in the 24k.our cocultures of OA

synovial macrophages and UMR 106 cells, occasional TRAP positive

mononuclear and multinucleated cells were present. Bone resorption was not

seen on four of the six bone slices, and the two bone slices on which resorption

pits were noted both had three small pits.

3.4.2. Periprosthetic macrophage-UMR 106 cocultures

In the seven and L4 day cocultures of periprosthetic macrophages and UMR 106

cells, in the presence of L,25(OH)'D" and dexamethasone, large TRAP positive

cells formed and extensive lacunar bone resorption was evident on all the bone

slices in all three specimens studied (Table 1). Lacunar bone resorption was not

seen when periprosthetic macrophages were cultured in the absence of UMR 106
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cells (i.e. only 1,25(OH)rDu and dexamethasone added) or in the absence of

7,25(OH).D" (i.e. only UMR 106 cells and dexamethasone added). Only occasional

TRAP positive multinucleated cells were evident in these cocultures. Omitting

dexamethasone from the cocultures (i.e. periprosthetic macrophages cocultured

with UMR 106 cells and 1,25(OH)rDr) had no effect on the numbers of resorption

pits compared with cocultures that had dexamethasone present. Although there

was no effect on bone resorption, an increase in the numbers of large TRAP

positive cells was noted when dexamethasone was not added to the cocultures

compared with cocultures that had dexamethasone added (Figure 7).

Table 1. Requirements for osteoclastic differentiation from periprosthetic

macrophages.

+++139.7 + 12.7++

0.8 t 0.6++

-/+3.4 x.1.7++

++1,45.5 + 17.5

Treatments

UMR cells 1,25(OH),D. Dex M-CSF

+ + +

TRAP
activity

Bone
resorption

Results

Bone resorption results are expressed as the mean numhr of resorption pits per bone slice + SEM

(n=9). Each treatment was studied in triplicate for each specimen.

-/+ = none or few TRAP positive cells present

** = >20 large individual and clusters of small TRAP positive cells per coverslip

*** = >30 large individual and clusters of small TRAP positive cells per coverslip
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Figure 7. Seven day cocultures of arthroplasty derived macrophages and UMR 106

cells incubated in the presence of 1,25(OH)'D" showing clusters of large TRAP
positive cells in the presence (A) and absence (B) of dexamaethasone (xaO).



Table 2. Requirements for osteoclastic differentiation from OA synovial

macrophages.

+39.3 + 4.b+++

NDND

+

+++

-/+3.3 + 3.3++

++130.7 !24.1++++

+26.7 + 5.8+++

TRAP
activity

Bone
resorption

M-CSFDex1,,25(OH),D3UMR cells

ResultsTreatments

Bone resorption results are expressed as the mean number of resorption pits per bone slice + SEM

(n=6). Each treatment was studied in triplicate for each specimen.

ND = not determined

-/+ = none or few TRAP positive cells present

+ = approx. 5 large individual and clusters of small TRAP positive cells per coverslip

** = >20 large individual and clusters of small TRAP positive cells per coverslip

3.4.3. OA svnovial macroohase-UMR 106 cocultures

In the seven day cocultures of OA synovial macrophages and UMR 106 cells, in

the presence of 1,25(OH)2D, and dexamethasone, that is the absence of M-CSF,

occasional TRAP positive mononuclear and multinucleated cells were seen. In

the 14 day cocultures, resorption pits were seen on all of the bone slices (range of

12 to 42 pits per slice). FIowever, in the presence of 25 ng/mI M-CSF, the numbers

of TRAP positive cells in the seven day cocultures were substantially increased

and extensive lacunar bone resorption was seen after 1,4 days coculture (Table 2).

In the absence of UMR 106 cells, occasional TRAP positive mononuclear and

multinucleated cells were seen in the seven day cultures and a small number of
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resorption pits were seen on the bone slices after L4 days culture (less than L0 pits

per slice). The absence of dexamethasone in the cocultures (i.e. OA synovial

macrophages cocultured with UMR 706 cells, L,25(OH)rD3 and M-CSF)

substantially reduced but did not abolish osteoclast formation and bone

resorption compared with cocultures that had dexamethasone present.

The few small isolated resorption pits that formed in the absence of UMR 106

cells in the 24 hour and 74 day cultures were most probably produced þ
osteoclasts associated with bone particles embedded in the pseudomembrane.

This is supported by the finding of scattered TRAP positive multinucleated cells

in the 24hour and 14 day cultures. A small amount of lacunar bone resorption by

osteoclasts isolated from periprosthetic tissues has previously been reported

(Athanasou et al 1992). The OA synovium also typically contains fragments of

degenerative cartilage and bone from the eroded articular surface. In the cultures

of OA synovial cells, occasional TRAP positive multinucleated cells were seen

and a small number of resorption pits formed in both t}i.e 24 hour and L4 day

cultures.

3.5. Discussion

The results of these studies suggest that there are cells present in the

macrophage-rich periprosthetic tissues surrounding a loose implant which are

capable of differentiating into osteoclastic bone resorbing cells. Large TRAP and

VNR positive cells appeared in cocultures of periprosthetic macrophages and

UMR 106 cells after seven days, and extensive lacunar bone resorption was seen

after seven days but was greatest in the 74 day cocultures.

Cultures of periprosthetic macrophages required the presence of osteoblastic cells

and L,25(OH)'D, for osteoclast differentiation, but did not require the addition of

exogenous M-CSF. This is in contrast to cultures of OA synovial macrophages

where the addition of exogenous M-CSF was found to greatly enhance osteoclast

differentiation. Recent similal studies investigating osteoclast differentiation þ
cultures of human monocytes and RA synovial macrophages have also found
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that M-CSF is an essential factor for osteoclast formation and bone resorption

(Fujikawa et al I996a; Fujikawa et al 7996b). One possible explanation for this is

that any M-CSF required for periprosthetic macrophage-osteoclast differentiation

is produced endogenousiy by cells present in the periprosthetic tissues. M-CSF is

produced by a large number of cell types including fibroblasts, bone marrow

stromal cells, osteoblasts, and activated monocytes/macrophages (Rambaldi et al

1987; Oster et aL7987; Fibbe et al 1988; Takahashi et al 1991.; Roth and Stanley 7992;

Kaneki et al 1994). Prosthesis wear particles present in arthroplasty tissue are

known to stimulate macrophages and fibroblasts to release a number of potent

bone resorbing mediators, however, the levels of M-CSF produced by these cells

after exposure to wear particles have not been determined.

In addition to the presence of bone stromal cells, 1.,11(OH).D. was the only other

factor required for osteoclast formation from periprosthetic macrophages.

1,25(OH)rD, is likely to be present in increased amounts at the bone-implant

interface. Activated inflammatory foreign body macrophages are known to

convert the comparatively inactive form of vitamin D3,25 hydroxyvitamin Dy to

its most biologically active form, 1.,21(OH).D, (Rigby 1988). As well as enhancing

monocyte proliferation, which has been attributed to stimulated M-CSF release,

7,25(OH).D, has also been found to enhance monocyte/macrophage maturation

and fusion (Abe et al 1983).

Dexamethasone was not found to be required for osteoclast differentiation from

periprosthetic macrophages. Dexamethasone enhanced osteoclast differentiation

in the OA synovial macrophage cocultures and has been shown to enhance

osteoclast differentiation from human monocytes in aitro.(Fujikawa et aI I996a),

although its mechanism of action is still unclear. Udagawa et al (1995) have

shown that dexamethasone promotes IL-6 induced osteoclastogenesis by

upregulating IL-6 receptor expression in murine stromal cells. Other studies have

shown that dexamethasone inhibits the release of certain bone resorbing

mediators, including IL-6, TNF and PGE, (reviewed in Russell 7993). Both

dexamethasone and 1,25(OH)'D, have been shown to increase levels of M-CSF

released from monocytes and osteoblastic cells (Kaneki et aI 7994; Rubin et al

1997). Whilst dexamethasone enhanced osteoclast formation and bone resorption
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from OA synovial macrophages, the presence of dexamethasone was not found

to have an inhibitory or stimulatory effect on osteoclast formation and bone

resorption from periprosthetic macrophages. Thus, all the future experiments

using periprosthetic macrophage-UMR 106 cell cocultures were carried out in the

absence of dexamethasone.

In summary, these findings indicate that one cellular mechanism whereby bone

resorption and implant loosening may occur is by osteoclastic differentiation of

mononuclear phagocyte osteoclast precursor cells present in periprosthetic tissue

surrounding loose implant components. The requirements for this to occur were

similar but not the same as those required for osteoclast differentiation from

human monocytes (Fujikawa et al I996a) and OA and RA synovial macrophages

(Fujikawa et aI 1996b). The addition of exogenous M-CSF was not required for

periprosthetic macrophage-osteoclast differentiation. These findings have

important implications for periprosthetic bone resorption and aseptic loosening.

In the context of the prolific foreign body macrophage response to wear particles

at the bone-implant interface, macrophage-osteoclast differentiation may

represent an important cellular mechanism whereby bone resorption leads to

prosthesis loosening.
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3.6.I.Introduction

Several mediators implicated in bone resorption, such as IL-1B, TNFcr, IL-6 and

PGE2, have been identified in periprosthetic tissue (Goldring et al l-983; Kim et al

1994; Chiba et al 1994; Horikoshi et al 1994). These mediators have been

implicated in the inflammatory response to wear particles and the osteolysis of

aseptic loosening. In aiao and in aitro studies have shown that these mediators

are released from wear particle stimulated macrophages (Jiranek et al 1993;

Haynes etaI7993; Glant etal1993), and it is thought that they induce osteoclastic

bone resorption through their effects on osteoblasts (Thomson et al 1986;

Thomson et al1987; Horowitz et aI1994).

Recent in uitro studies have also shown that these mediators promote osteoclast

formation from marrow precursors. Both IL-1 and TNF have been shown to

induce osteoclast-like cell formation in human bone marrow cultures

(Pfeilschifter et al 1989). IL-L and TNF stimulate the release of prostaglandins and

IL-6 by osteoblasts, and it is thought these cytokines may induce osteoclast

formation by stímulating the release of IL-6 and another gp130 mediated

cytokine, IL-11,, from osteoblasts (Romas et al 1996; Kim et al 1997). The

importance of M-CSF in osteoclast formation has been demonstrated in aitro

using both human and murine models (Tanaka et al1993; Fujikawa et al 7996a;

Sarma and Flanagan 7996) and in uiao using the op/op mouse (Yoshida et al

1990; Felix et al 1990). M-CSF was found to be essential for osteoclast precursor

proliferation and differentiation, and the finding in the study above that M-CSF

is important for osteoclast formation from OA synovial macrophages supports

this. However, the humoral factors required for human osteoclast differentiation

by periprosthetic macrophages have not been characterised.

The hypothesis for this study was that cell mediators implicated in periprosthetic

bone resorption promote the differentiation of periprosthetic macrophages into

osteoclastic cells capable of lacunar bone resorption. Thus, the aims of this study

were firstly to determine whether mediators implicated in periprosthetic bone

resorption are released by activated macrophages and fibroblasts isolated from
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arthroplasty tissue during osteoclast formation and bone resorption, and

secondly to determine the effect of antibodies directed against these mediators on

periprosthetic macrophage-osteoclast differentiation and bone resorption.

macroohases-.....--..æ
The aim of this study was to determine whether cell mediators implicated in

periprosthetic bone resorption are released by cells isolated from arthroplasty

tissue during osteoclast formation and bone resorption.

3.6.2.1.. Methods

To measure the ievels of mediators released, supernatants were collected during

media changes from five periprosthetic macrophage-UMR 106 cell cocultures

incubated in the presence of 1,25(OH)rDr. Supernatants were collected from days

7, 4, 7 and 10. At days 1, 4 and 7, supernatants were collected from wells

containing bone slices and coverslips. At day 10, only supernatants from we1ls

containing bone slices were available. The supernatants were centrifuged to

remove wear particles and cell debris, and stored at -20"C until ready for testing.

Levels of human IL-IP, TNFcr, M-CSF and IL-6 were measured by enzyme linked

immunoassays (ELISAs) purchased from R&D Systems, UK. Human and rat

PGE2 were measured using an ELISA purchased from Amersham International,

UK.

3.6.2.2. Results

Extensive lacunar bone resorption was seen on the bone slices cocultured with

UMR L06 cells in the presence of 1,25(OH)'D, for L4 days. The mean number of

resorption pits ranged from 39.3 to 243.3 pits per bone slice.
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Table 3. Release of mediators from cells isolated from periprosthetic tissue during

osteoclast formation and bone resorption.

9.5

(range 0-21)

411..8

(range 92-

1000)

129.7

(range 115-

15s)

1..2

(range 0-5.0)

Day 10##

9.8

(range 0-25)

61.6.7

(range 76-

1600)

21.6.6

(range 98-

s10)

1.8

(range 0-4.2)

Day L#

Day 4#

Day 7#

769.5

(range 20-

640)

3954.4

(range 580-

80oo)

1.51..4

(range 60-

400)

12.6

(range 3.0-63)

24.0

(range 3.6-64)

647.5

(range 550-

e00)

32.0

(range 0-76)

3.9

(range 0-8.0)

PGE2

(Ps/mr)

IL-6

@e/rr.t)

M-CSF

(Pglml)

IL-1b

(Pslmt)

TNFa

(pslml)

Incubation

period

(days)

Periprosthetic macrophages were isolated from tissue specirnens from patients ADM2, ADM5-

ADMS (Appendix L). Results are expressed as the mean level of mediator release.

d corresponds to n=10, dd corresponds to n=5

- = flot detectable
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Increased levels of IL-18 were released by isolated arthroplasty cells after four days

coculture although these levels were small. No detectable levels of TNFû, were

measured in any of the supernatants. TNFa is an early phase cytokine with

maximal release after four hours stimulation. It is possible that increased levels

of TNFcr were present in the supernatants but that these levels were not detected

after 24 hours or longer incubations.

Levels of M-CSF in the supernatants were substantially increased after four and

seven days coculture (Table 3). In addition to activated macrophages and

fibroblasts, it is possible that osteoclasts formed in the cocultures nl.ay be

contributing to the levels of soluble M-CSF present at the later time point as

these cells have been shown to release M-CSF in aitro andin uiuo. Substantiai

levels of IL-6 were also detected in the supernatants after four days coculture.

Although still present, levels of IL-6 were reduced in the supernatants after this

time point. Simiiarly, increased levels of PGE, were detected in the supernatants

after four days coculture. These levels decreased to very small amounts in the

supernatants from the seven and ten day cocultures.

3.6.2.3. Discussion

The results of this study have shown that mediators which have been implicated

in human and murine osteoclast formation and bone resorption, namely M-CSF,

IL-6 and PGE', are released by adherent cells isolated from periprosthetic tissue

surrounding loose implant components. Detectable levels of IL-18 were also

released by isolated arthroplasty cells after four days coculture although these

levels were small.

It has been shown recently that the addition of exogenous M-CSF is an essential

requirement for osteoclast differentiation from human monocyte-UMR 106

cocultures (Fujikawa et aI1996a). The results of the above study show that M-CSF

required for osteoclast differentiation from human periprosthetic macrophage-

UMR 106 cocultures is released endogenously by cells isolated from arthroplasty

tissue. Other mediators such as IL-6 and PGE' were also released during the early

stages of osteoclast differentiation. IL-6 is known to stimulate the development of
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osteoclast progenitor cells, and in combination with soiuble IL-6R can increase

osteoclast formation and induce osteoclastic bone resorption in cocultures of

murine marrow cells and primary osteoblasts (Tamura et al 1993) and human

bone marrow cultures (Kurihara et ai 7990). Conflicting results have been

reported about the effect of PGE, on osteoclast formation. In murine marrow

cultures (Collins and Chambers 1991) and mouse spleen-primary osteoblastic

cocultures (Akatsu et al 7989), osteoclast formation was stimulated by

prostaglandins and also reduced by inhibitors of prostaglandin synthesis

indicating that endogenous prostaglandins present may be important. SimiIarly,

PGE2 was found to stimulate osteoclast formation in human marrow cultures

(Fianagan et al 1995). Recently, it has been shown that the effect of prostaglandins

on osteoclast formation in murine monocyte-stromal cell cocultures was

dependent on the nature of the stromal cell used (Quinn et aI L997). Using celi

lines rather than primary osteoblastic cells, it was found that prostaglandins both

inhibited and stimulated osteoclast formation. This finding confirms the

importance of bone stromal cells in prostaglandin mediated bone resorption.

A large variation in the levels of mediator release was seen between different

tissue specimens. Some of this variation could be attributed to errors in

measurement techniques, and differences in surface area between bone slices and

coverslips. Most of this variation, however, was attributed to differences in the

cellular inflammatory response evident between tissue specimens. IL-6 release,

in particular, was consistently higher in cocultures in which a large number of

pits formed after 14 days incubation. The pattern of mediator release during the

irrcubation period, however, was similar for all five tissue specimens studied.

There are several limitations to this study. Apart from the PGE, immunoassay

which detects PGE2 from both human and rodent cells, the immunoassays for

measurement of the other factors are specific for human cytokine detection, and

will not measure rodent cytokines released by the UMR 106 cells. This can be an

advantage, however, as the aim of this study was to determine which mediators

implicated in osteoclast formation and bone resorption are released from cells

isolated from arthroplasty tissue. Thus, the increased levels of M-CSF and IL-6

detected in this study were human in origin and therefore derived from cell
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types present in the periprosthetic tissue, most likely macrophages and stromal

cells. The release of M-CSF and PGE, from human osteoblastic cells during

periprosthetic macrophage-osteoclast differentiation was determined in a later

study described in Chapter 6 of this thesis. ELISAs will also only detect the release

of soluble cytokines. Recent studies have shown that it is the membrane-bound

form of M-CSF which may be important for osteoclast formation, despite the fact

that this form of the cytokine only represents a small proportion of the total

amount present (Sun et al 1997). It was not possible to measure membrane-

bound M-CSF during the course of this study.
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differentiation and bone resorption

3.6.3.7.Introduction

It was shown in the previous study that bone resorbing mediators are released by

activated macrophages and fibroblasts isolated from periprosthetic arthroplasty

tissue from around loosened implants. The second part of this study was to

determine which of these mediators released by activated cells in the

periprosthetic tissues affect osteoclast formation and bone resorption in this

coculture system. Specific antibodies to human IL-1ß, TNFo, M-CSF and IL-6

were used to determine the effect of these cytokines on the number of resorption

pits formed. Many of these cytokines are known to stimulate bone resorption

through a mechanism involving PGE2 production. The role of PGE2 was

examined by the addition of indomethacin, a prostaglandin inhibitor. The

addition of either cytokine antibody or inhibitor will block both soluble and

membrane-bound mediators present.

In the final part of this study, the effects of these mediators on osteoclast

precursor proliferation and maturation, differentiation, and mature osteoclast

function were determined by adding the cytokine antibodies at specific time

points during the coculture period.

3.6.3.2. Methods

Adherent cells were isolated from tissue specimens obtained from patients

undergoing revision arthroplasty surgery. Positive and negative controls

consisted of periprosthetic macrophages cultured in the presence and absence of

UMR 106 cells respectively. All the cultures had 1,25(OH)rD, added throughout

the incubation period. Specific polyclonal antibodies to IL-L, TNF, M-CSF and IL-6

were purchased from R&D Systems, Abingdon, UK. Indomethacin was

purchased from Sigma, UK (Cat. no. 17375). Either cytokine antibody or

indomethacin was added to the cocultures at the beginning of each experiment

and every media change. The coverslips and bone slices were removed from the

cultures after seven days and L4 days incubation respectively. The coverslips were
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characterised separately for the expression of TRAP and VNR. The bone slices

were assessed quantitatively for resorption pit formation.

3.6.3.3. Preliminary experiments

Preliminary experiments were undertaken examining a range of antibody and

inhibitor concentrations. The concentration which neutralised levels of

mediators absolutely and which reduced bone resorption most effectively was

determined. The preliminary experiments were carried out on human bone

slices only and bone resorption was the only marker of osteoclast formation

assessed.

Adherent cells were isolated from three patients (ADM9 acetab., ADM9 fem.,

ADM10, ADM11; Appendix 1) undergoing revision arthroplasty surgery for

Experiments 1-4 respectively. To determine the effects of IL-1B, TNFo, M-CSF and

IL-6, concentrations of antibody directed against either human IL-1P (anti IL-1p),

human TNFc¿ (anti TNFcr), human M-CSF (anti M-CSF), or human IL-6 (anti IL-

6) ranging from one to 20ug/ml were added at the beginning of each experiment

and every media change. To determine the effect of PGE, concentrations of

indomethacin (Indo) ranging from L0-sM to 10{M were added.

Supernatants were collected at the first media change (Day 4), centrifuged to

remove cell debris, and stored at -20"C until ready for mediator level testing.

Levels of mediators were measured using commercially available ELISA kits

(Amersham International, UK, and R&D Systems, UK).

The results of the preliminary experiments are shown in Figure 9.

Concentrations of Sug/ml or greater of anti IL-1B neutralised the presence of

human IL-18 to undetectable levels compared with a mean of 5.65pg/ml IL-1B in

the untreated control. No detectable levels of TNFcr were measured in either the

four day untreated controls or wells which had anti TNFcx, antibody added. The

addition of either anti IL-1-p or anti TNFcr appeared to have no effect on
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osteoclastic bone resorption, although the addition of Spg/rnl anti IL-1B resulted

in a partial reduction ín the number of resorption pits formed.

A concentration of 1Oug/ml or greater of anti M-CSF neutralised the presence of

human M-CSF to undetectable levels. After the addition of Sug/mI of anti M-

CSF, the mean level of M-CSF in the four day cocultures was 2Opg/ml compared

with a mean oÍ166.3pg/mIfor the untreated control. The addition of anti M-CSF

caused a dose dependent reduction in osteoclastic bone resorption (Figure 9). A

concentration of 1Oug/ml of antibody resulted in the greatest reduction in

resorption pit formation.

A concentration of L0ug/m1 or greater of anti IL-6 substantially reduced the

presence of human IL-6 in the four day cocultures. After the addition of 1Oug/ml

of anti IL-6, the mean level of IL-6 in the four day cocultures was 3.2p9/ml

compared with a mean of 13.6pg/ml after the addition of Suglml of anti IL-6, and

6ï25pg/ml for the untreated control. The addition of anti IL-6 substantially

reduced osteoclastic bone resorption in a dose dependent manner (Figure 9). A

concentration of 1Oug/ml of antibody resulted in the greatest reduction in

resorption pit formation.

A concentration of L0 6M or greater of indomethacin substantially reduced the

presence of PGE, in the four day cocultures. After the addition of 10-6M Indo, the

mean level of PGE, in the four day cocultures was 33pg/ml compared with a

mean of 350pg/m1 for the untreated control. The addition of indomethacin

appeared to induce a slight increase in osteoclastic bone resorption in a dose

dependent manner (Figure 9).
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3.6.3.4.L. Introduction

Using the results from these preliminary experiments, the role of each mediator

in periprosthetic macrophage-osteoclast differentiation and bone resorption was

confirmed in a further five patients. The concentrations of antibodies and

inhibitor chosen were based on the above experiments which determined the

amount of antibody or inhibitor necessary to neutralise endogenous mediator

present and the concentration which reduced bone resorption most effectively.

3.6.3.4.2. Methods

Adherent cells were isolated from tissue obtained from five patients (ADML2,

ADM13, ADML0, ADM14, ADM6; Appendix L) undergoing revision arthroplasty

surgery. The following concentrations of antibodies were added at the beginning

of each experiment and every media change; Spglml anti IL-1b,Spg/ml anti

TNFa, 10 and Spglml anti M-CSF, and 10pg/ml anti IL-6. Indomethacin at a

concentration of 10-6M was added to determine the importance of PGE'.

3.6.3.4.3. Results

After seven days coculture of periprosthetic macrophages and UMR 1,06 cells, in

the presence of 1,25(OH)2D' numerous large TRAP and VNR positive cells were

seen on the control coverslips. Extensive lacunar bone resorption was seen on

the control bone slices after L4 days coculture. The mean number of resorption

pits ranged from 63.7 to 318.3 pits per bone slice. In the absence of UMR 106 cells,

only occasional TRAP and VNR positive cells were seen on the coverslips after

seven days incubation, and few if any resorption pits formed on the bone slices

after 14 days incubation. The mean number of resorption pits ranged from 0.3 to

3 pits per bone slice.

The presence of antibodies to either IL-18 or TNFcr did not appear to inhibit

osteoclast formation, às determined by TRAP and VNR expression, or

significantly reduce lacunar bone resorption in this ln aitro coculture system

(p=0.75e and p=9.708 respectively). In contrast, the addition of anti M-CSF
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antibody caused a dose dependent inhibition of osteoclast formation and lacunar

bone resorption. At a concentration of 10 Fg/ml, anti M-CSF substantially

reduced the numbers of TRAP and VNR positive cells present in the seven day

cocultures (Figure 10) and significantly reduced (p=Q.6007) but did not abolish

resorption pit formation. Anti IL-6 was less effective at reducing osteoclast

formation and bone resorption compared with the addition of anti M-CSF but at a

concentration of 1.0pg/rnl, anti IL-6 substantially reduced the numbers of TRAP

and VNR positive ceils present in the seven day cocultures and significantiy

reduced (p=0.0019) but did not abolish resorption pit formation. The addition of

l-0-6M indomethacin to the coculture system did not appear to affect TRAP and

VNR expression, and caused a slight but not significant increase in lacunar bone

resorption (p=0.419). Effects on lacunar bone resorption by the addition of

antibody or inhibitor for each individual experiment are shown in Table 4. The

results were finally combined and expressed as the mean number of resorption

pits per bone slice for all five experiments + SEM (Figure 11).
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Figure L0. Seven day cocultures of arthroplasty derived macrophages and UMR 106

cells incubated in the presence of 1,25(OH)rD, showing (A) TRAP positive cells in
control cocultures (x40); and (B) TRAP positive cells in cocultures incubated in the
presence of L0pglml anti M-CSF (xaO).
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osteociast function

The earlier time course experiments examining periprosthetic macrophage-

osteoclast differentiation (Chapter 3.3.) showed that proliferation and maturation

of osteoclast precursors occurred mainly in the first four days of the coculture

period. After four days incubation, osteoclast-like cells were seen in the

periprosthetic macrophage-UMR 106 cocultures and a small number of

resorption pits had formed. This result correlates well with previous studies

using murine marrow cells and murine monocytes which have shown that

osteoclast formation proceeds in two phases, an initial phase of proliferation of

osteoclast precursors, and a second phase in which these cells differentiate into

osteoclasts. In the murine system, osteoclast proliferation occurs during the first

four days of incubation (Tanaka et aI1993; Quinn et al 7994).

By adding antibodies to M-CSF and IL-6 at specific time points during the

coculture period it was possible to identify whether these factors were

predominantly infiuencing osteoclast precursor proliferation and maturation,

differentiation and/or mature osteoclast activity. Additional wells were set up in

Experiments 3 and 5 whereby anti M-CSF (lOpg/ml) or anti IL-6 (10¡rg/ml) were

added to the cocultures for the first time at day four of the incubation period.

Numbers of TRAP positive cells and the extent of resorption pit formation were

compared firstly to cocultures which had no antibody treatment (positive

control), and secondly to cocultures which had anti M-CSF or anti IL-6 added at

the beginning of the experiment (Day 0) and every media change.

The effects of antibodies to M-CSF and IL-6 on TRAP activity and lacunar bone

resorption are shown in Figures 12 and 13. No effect on the numbers of TRAP

positive cells and no significant reduction in lacunar bone resorption was seen

when the cytokine antibodies were added for the first time on Day 4 of the

incubation period compared with the untreated positive control (p=0.254 and

p=0.548 respectively). This was in contrast to a substantial reduction in the

numbers of TRAP positive cells and a significant reduction in lacunar bone

resorption when either anti M-CSF or anti IL-6 were present from the beginning
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Figure 12. Seven day cocultures of arthroplasty derived macrophages and UMR 106 cells incubated in the presence of 1,25(OH)'D, showing
(A) TRAP positive cells in control cocultures (x40); (B) TRAP positive cells in cocultures incubated in the presence of 10pg/ml anti M-CSF
from the beginning of the experiment (x40); and (C) TRAP positive cells in cocultures incubated in the presence of 10¡tg/ml anti M-CSF from
Day 4 of the incubation period (x O).
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bone resorption in arthroplasty derived macrophage-UMR 106 cell
cocultures alter 1.4 days incubation.
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SEM (n=6). Statistical analyses were performed using a two factor
with replication ANOVA test.
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of the incubation period compared with the untreated positive control (p=0.003

and p=Q.Q13 respectivety). This result suggests that both M-CSF and IL-6 act early

in osteoclast development.

The effects of anti M-CSF and anti IL-6 on lacunar bone resorption when added in

combination were also determined in Experiment 5. Additional wells were set up

whereby both anti M-CSF (lOpg/ml) and anti IL-6 (1Opg/ml) were added to the

cocultures throughout the incubation period. No difference in the inhibition of

bone resorption was found when antibodies to M-CSF and IL-6 were added alone

(mean inhibition of 44.6% and 45.6"/o respectively) or in combination (mean

inhibition of 43.3"/.). This result suggests that there are other factors present

which are important for osteoclast formation. Factors such as IL-3 and IL-11 were

not examined in this study.

3.6.3.7. Discussion

Both IL-18 and TNFo are known to be potent bone resorbing agents in air:o and

in aitro, and have been shown in previous studies to promote osteoclast

formation from human precursors (Gowen and Mundy 1986; Bertolini et al 1986;

Tashjian et al1987; Pfeilschifter et al 1989). In this current study, detectable levels

of IL-18 were released by isolated arthroplasty cells after four days incubation I n

aitro. These levels were small, however, and the addition of a specific antibody

to IL-18 had no effect on osteoclast formation or bone resorption. Detectable

levels of TNFcr were not measured in the supernatants, and the addition of a

specific antibody to TNFcr had no effect on osteoclast formation or bone

resorption. It must be remembered that the cytokine antibodies used in this study

will only block human cytokines present endogenously. However, it is unlikely

that the rat UMR 106 cells will release substantial amounts of IL-1P and TNFcr, as

these cytokines are predominantly released by monocytes/macroPhages.

Although IL-18 and TNFo( may promote osteoclast formation in combination

with mediators such as M-CSF, the results of this current study suggest that these
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cytokines are not essential for periprosthetic macrophage-osteoclast

differentiation and bone resorption.

Increased levels of M-CSF, IL-6 and PGE, were found to be released by adherent

cells isolated from periprosthetic tissue from around loose implants. Of these

mediators released, M-CSF and IL-6 were shown to play important roles in the

early stages of osteoclast formation from periprosthetic macrophages. Both M-

CSF and IL-6 have been shown in previous studies to promote osteoclast

formation from human and murine precursors. FIowever, the mechanisms of

action of these cytokines are still unclear. M-CSF has been shown to be an

essential factor for the proliferation and differentiation of osteoclast precursors

(Kodama et aI799I; Takahashi et al 199I; Tanaka et aI1993; Fujikawa et al 7996a;

Sarma and Flanagan L996), and also enhances survival of mature human

osteoclasts thereby increasing bone resorption (Sarma et aI 7997). IL-6 has been

shown to stimulate the development of osteoclast progenitor cells, increase

recruitment of osteoclast precursors and promote murine osteoclast

differentiation in uitro (Kurihara et al 1990; Tamura et al1993). In aiao, IL-6 has

been linked to a number of bone diseases including rheumatoid arthritis, Paget's

disease, oestrogen deficiency and multiple myeloma (Klein et al1991'; Jilka et al

7992; Roodman et al7992; Kotake et al1996). Previous studies have shown that

increased leveis of IL-6 aÍe released by wear particle stimulated

monocytes/macrophages, and osteoblastic cells indirectly stimulated by wear

particle conditioned media (Haynes et al 1993; Haynes et al 1997). Whilst the

importance of M-CSF in osteoclast formation is now widely recognised, the

results of this study suggest that substantial amounts oÍ IL-6 are released from

cells present in arthroplasty tissue and that this cytokine may also play a major

role in osteoclast formation and bone resorption at the bone-implant interface.

M-CSF and IL-6 were found to act at the same stages of osteoclast formation from

mononuclear precursors present in arthroplasty periprosthetic tissues, and were

not found to act synergistically. Although the antibodies used in this study were

specific for human cytokines only, rodent M-CSF produced by the UMR 106 cells

is known not to interact with the human M-CSF receptor (Roussel et al 1988).

Thus, any M-CSF produced by the UMR 106 cells will not affect osteoclast

formation in this in aitro coculture system. Rodent IL-6, however, is capable of
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stimulating human cells, and osteoblastic cells have been shown to release large

amounts of IL-6 after stimulation (Ohta et aI 1994). The levels of IL-6 produced by

the rodent UMR 106 cells in this system were not determined. Thus, any effect by

IL-6 released from the stromal cells was not taken into account, and the role of IL-

6 in this coculture system may have been underestimated.

The addition of indomethacin was used to determine the effects of endogenous

prostaglandins on periprosthetic macrophage-osteoclast differentiation. Elevated

levels of PGE, were released by isolated arthroplasty cells after four days

coculture. Inhibition of both human and rat PGE2 levels by Indomethacin

resulted in a slight increase in bone resorption suggesting that endogenous PGE2

as well as other prostaglandins present, may act to inhibit bone resorption in this

coculture system. This result was not unexpected as previous studies have

shown that PGE, inhibits osteoclast formation in murine monocyte-UMR 1'06

cell cocultures (Quinn et aI 1997). Quinn et al (1997) found that this inhibitory

effect was dependent on the nature of the stromal cell supporting osteoclast

differentiation as PGE2 was shown to stimulate osteoclast formation in murine

monocyte-ST2 cell cocultures. This work strongly suggests that PGE, mediates its

effects on osteoclast formation through the stromal cell comPonent of these

cultures despite the fact that PGE, is known to inhibit directly, and transiently,

mature osteoclast activity. The results of this current study support the previous

findings with UMR 106 cell cocultures that small levels of PGE2 present

endogenousiy inhibit osteoclast formation. Flowever, the contrary findings

reported depending on the stromal cell line used make it difficult to relate these

in aitro findings to the in uiao situation. These effects of PGE, are further

examined in Chapter 6 of this thesis when human bone stromal cells derived

from trabecular bone explants are used to support periprosthetic macrophage-

osteoclast differentiation.

It was not surprising that anti M-CSF inhibited bone resorption given the

previous results for OA synovial macrophage-osteoclast differentiation (Chapter

3.4), and earlier work which demonstrated the importance of M-CSF in human

osteoclast differentiation (Fujikawa et al \996a; Sarma and Flanagan 7996).

Flowever, the addition of anti M-CSF did not totally abolish lacunar bone
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resorption. Although, it is known that rodent M-CSF does not interact with the

human M-CSF receptor, UMR 106 cells are still an essential requirement for

human macrophage-osteoclast differentiation. This is confirmed by other studies

which have found that M-CSF stimulates osteoclast formation only in the

presence of osteoblasts (Fujikawa et al1996a) and that in aiao administration of

rhM-CSF to op/op mice only partially restores the animal's ability to form

osteoclasts (Felix et al 1990). These findings suggest that there is another factor(s)

produced by the bone stromal cells which is essential for osteoclast formation.

Recent work by others have shown that cell-cell contact is required between the

stromal cells and osteoclast precursors indicating that it is a membrane-bound

factor which is important (Jimi et al 1996). The aim of this study was not to

determine the identity of this factor. Rather the aim of this study was to

determine which mediators released by activated cells in the periprosthetic

tissues affect osteoclast formation and bone resorption in this coculture system. It

was found that mediators implicated in osteoclast formation and osteoclastic

bone resorption, namely M-CSF, IL-6 and PGE.,, are released from cells isolated

from arthroplasty periprosthetic tissues from around loosened implants. Of these

mediators present, M-CSF and IL-6 weïe found to be important in aitro for the

proliferation and differentiation of precursor cells into osteoclastic bone

resorbing cells. These results suggest that these mediators may be important for

the formation of new osteoclasts at sites of pathological bone resorption.
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4.1 Introduction

Numerous cytokines including IL-IB, TNFo, M-CSF and IL-6 are known to

influence the bone resorbing activity of osteoclasts and their formation from

haematopoietic and mononuclear phagocyte precursors. There is evidence that

several of these cytokines may play a role in development of osteolysis associated

with aseptic loosening of total joint arthroplasties. The effects of cytokines on

cells are mediated by specific cell surface receptors. The distribution of these

receptors and changes in their number and activity provide an important

mechanism for regulating responses to cytokines.

The aim of this study was to determine the cytokine receptor profile of

macrophages and foreign body giant cells (FBGCs) in periprosthetic revision

arthroplasty tissue, and mature osteoclasts derived from giant cell tumours of

bone.

4.2. Methods

4.2.1. Clinical details

Human periprosthetic arthroplasty tissue was obtained from two patients

undergoing revision total joint arthroplasty surgery. Histologically, both

specimens contained biomaterial wear debris, and large numbers of macrophages

and FBGCs were present.

Tissue specimens of giant cell tumours of bone were obtained from two patients.

The multinucleated giant cells present in these tissues have all the characteristics

of osteoclasts and are commonly used in studies of osteoclasts ln vitro. They

possess abundant calcitonin receptors, respond to calcitonin with a rise in cyclic

adenosine monophosphate, they are positive for tartrate-resistant acid

phosphatase, have an antigenic phenotype identical to that of osteoclasts, and are

capable of lacunar bone resorption (Horton et al 1985; Chambers et al 1985b;

Goldring et al 1986; Athanasou et al L988; Grano et al t994; Athanasou 1996).
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4.2.2. Monoclonal antibodies

The monoclonal antibodies (McAbs) used in this study are iisted in Appendix 2,

and were derived from the Cytokine Panel of McAbs analysed in the 6th

International Workshop on Human Leukocyte Differentiation Antigens. The

identity of tissue macrophages, FBGCs and osteoclasts was established using the

anti-CD68 antibody, EBM/LI, which is present on all three cell types, and a

monoclonal antibody to the vitronectin receptor, 23C6, an osteoclast-associated

marker.

4.2.3. Immunohistochemical staining method

The specimens were obtained fresh and snap-frozen in liquid nitrogen. With the

use of a cryostat, serial frozen 6pm sections were collected onto multiwell glass

slides (Cat. no. PH019, Hendley, Essex, UK), fixed in cold (-20"C) acetone for 20

minutes and air dried at room temperature. Imprints of osteoclasts were

prepared by pressing a freshly cut piece of tissue from a giant cell tumour of bone

onto multiweli glass slides. The imprints were air dried then fixed for 20 minutes

in cold acetone. An indirect immunoperoxidase method was used for

monoclonal antibody staining (Gatter et al 1984) as follows:

1. Acetone-fixed frozen sections and imprints stored at -20"C were labelled and

allowed to reach room temperature.

2. Mouse anti human McAbs were diluted 1:10 in PBS containing 2% bovine

serum albumin (PBS+2% BSA), and 90pl added to each appropriate section or

imprint. Negative controls consisted of no primary antibody (PBS+2% BSA

alone). The slides were incubated in a moist environment overnight at 4"C.

The slides were gently rinsed with PBS from a wash bottle followed by two

washes in PBS each for 5 minutes.

3. To block endogenous peroxidase activity, the slides were gently shaken for 30

minutes in an ethanol/0.6% hydrogen Peroxide solution.

4. The slides were removed and rinsed in PBS for a further 10 minutes.

5. The biotinylated secondary antibody (peroxidase conjugated rabbit anti mouse;

Cat. no. P0260, Dako Ltd, UK) was diluted 1:50 in PBS+2% BSA,90pl applied to
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each section and imprint, and the siides incubated in a moist environment

for 30 minutes at room temperature.

6. The slides were rinsed in PBS for 10 minutes.

7. The biotinylated tertiary antibody (peroxidase conjugated swine anti rabbit Ig;

Cat. no. P0277, Dako Ltd, UK) was diluted 1:100 in PBS+2'/. BSA, 90pl applied

to each section and imprint, and the slides incubated in a moist environment

for 30 minutes at room temperature.

8. The slides were rinsed in PBS for 10 minutes.

9. A solution of 0.5 rng/mI of DAB (Cat. no. D-5637, Sigma, UK) containing

0.05% hydrogen peroxide was applied to each section and imprint, and the

slides incubated for 3 minutes.

10. The sections were washed thoroughly in running tap water, counterstained

with haematoxylin (Gill's No.3; diluted 1 in 3 with distilled water),

dehydrated through graded alcohols, brought to xylene, and finally mounted

with DPX medium and examined by light microscoPy.

4.3. Results

The revision arthroplasty specimens contained abundant polyethylene wear

debris in association with tissue macrophages and foreign body giant cells. These

cells stained strongly with the anti-macrophage CD68 antibody (Figure 14). The

GCT of bone imprints contained large numbers of osteoclasts identifiable by their

size and multinuclearity. Small mononuclear cells were also present. Both the

osteoclasts and mononuclear cells in the imprints showed strong cytoplasmic

staining and membrane staining to CD68 and the vitronectin receptor antibody

(Figure 14).

The pattern of staining by the cytokine receptor McAbs on both inflammatory

macrophages and FBGCs was almost identical to that of osteoclasts. A summary

of the staining pattern is shown in Table 5. Macrophages, FBGCs and osteoclasts

reacted with antibodies directed against IL-1R type L,IL-2Ro and y, IL-4R, IL-6R,

gp130, TNFR, GM-CSF and SCFR. All of these antibodies reacted with the

macrophage, FBGC and osteoclast cell membrane but the more strongly staining

antibodies (anti IL-1R type1., anti IL-2R, anti IL-4 R, anti IL-6R and TNFR) also
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showed some cytoplasmic staining (Figure 15). Blood vessels in the revision

arthroplasty tissues showed strong staining for antibodies directed against SCFR

and IL-7R (Figure 15). Macrophages, FBGCs and osteoclasts did not react with

antibodies directed against IL-3Ro and IL-8R.
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Table 5. Cytokine receptor profile of macrophages and FBGCs in periprosthetic

revision arthroplasty tissue, and mature osteoclasts.
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IL-2Ry
IL-3Ro
IL-4R
IL-4R
IL-6R
IL-6R
IL-6R
IL-6R
IL-7R
IL-8R

TNFR/55KD
TNFR/75kD

gp130
gp130

9p130
gp130

9p130
M-CSFR

SCFR
SCFR
SCFR
SCFR
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GM-CSF-R
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c-45
c-46
c-3
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D
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C
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A

IsotypeReactivitymAb
code

+ = strong positive staining

w = weak staining

w- = very weak to almost no staining

- = no staining

þv+) = cells lining blood vessels stained positive
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4.4. Discussion

The findings in this study show that a number of cytokine receptors are present

on macrophages, FBGCs in revision tissue, and osteoclasts with a strong

correlation between cytokine receptor antigen expression on macrophages,

FBGCs and osteoclasts. It is widely accepted that FBGCs are formed by the fusion

of mature macrophages. FBGCs are considered to be distinct from osteoclasts

despite a number of common features, including their probable origin from bone

marrow precursors. The strong correlation between cytokine receptor antigen

expression on macrophages, FBGCs and osteoclasts possibly reflects the common

lineage of these ceils.

The presence of IL-1 and TNF receptors on macrophages in revision tissue and

osteociasts is consistent with the hypothesis that these cytokines are important in

periprosthetic bone resorption and implant loosening. Both IL-1 and TNF are

potent inducers of bone resorption in calvarial organ cultures (Bertolini et al

1986; Gowen and Mundy 7986; Tashjian etal7987). In addition, IL-1- and TNF also

stimulate osteoclast formation in long-term human marrow cultures

(Pfeilshifter et al 1989). Thus, IL-1 and TNF appear to stimulate osteoclastic

activity and osteoclast formation. The mechanism by which these cytokines act is

complex, however, as these and other factors have multiple and overlapping

effects. Both IL-1 and TNF act in an autocrine manner on macrophages to

stimulate their own production, as well as the synthesis and secretion of other

cell mediators such as IL-6 and PGEr. Although osteoclasts were shown to possess

receptors for IL-L and TNF, there is strong evidence that these cytokines act

through osteoblasts or bone marrow-derived stromal cells rather than on

osteoclasts directly (Thomson et al 1986; Thomson et al 1987). However, IL-L has

been shown to be important for osteoclast survival (Jimi et al 1995).

Strong expression of IL-6 receptors on macrophages, FBGCs in revision tissue and

osteoclasts was shown in this study. Previous studies have shown IL-6 receptors

on monocytes/macrophages (Munck-Petersen et al 1-990), and giant cells isolated

from osteoclastomas (Ohsaki et al 1992). IL-6 has been shown to have a direct

effect on osteoclasts lr aitro (Ohsaki el aI1992), and IL-6 also acts to increase the
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recruitment, proliferation and differentiation of osteoclast progenitors from

haematopoeitic precursors (Kurihara et al 1990; Roodman et al 7992; Tamura et al

1993). Recent studies have shown that the effect of IL-6 on osteoclast formation

appears to be mediated via osteoblasts or bone marrow stromal cells (Udagawa et

al 1995; Tamura et al 1993), and expression of IL-6 receptors on osteoblasts has

been demonstrated. In contrast to IL-1 and TNF, which are produced primarily by

monocytes/macrophages, IL-6 is produced primarily by osteoblasts and bone

marrow stromal cells (Ishimi et al 1990). IL-6, IL-1, and TNF have all been

implicated in the osteolysis of several bone diseases including Paget's disease,

osteoporosis, multiple myeloma and rheumatoid arthritis (Pacifici et al 7989;

Arend and Dayer 1990; Jilka et aI1992; Manolagas 1995; Roodman et aI \992). IL-1

and TNF are known to stimulate the synthesis and secretion of IL-6 and this

mechanism of action has been proposed for the osteolysis associated with these

diseases. IL-6 is known to exert its activity through a cell surface receptor which

consists of two components, a membrane-bound IL-6 receptor and gp130. When

the IL-6 receptor is occupied, the ligand receptor compiex binds to gp130 then

transduces the IL-6 signals (Taga et al 1989). Strong expression of gp130 was

shown on macrophages and FBGCs in the revision arthroplasty tissues, and on

osteoclasts in this study. In addition to IL-6, other cytokines such as IL-1-1,

leukaemia inhibitory factor and oncostatin M utilise gp1-30 as a signal transducer

(Kishimoto et al 1992). IL-11., in particular, has recently been shown to be

important factor in osteoclast formation although receptor expression of this

cytokine was not determined in this study (Girasole et al1994).

Other receptors for cytokines which influence osteoclast formation from

mononuclear osteoclast precursors such as M-CSF and SCF were also present on

macrophages and FBGCs in revision tissue, and osteoclasts in this study. Of these,

M-CSF has been shown to be an essential cofactor for the proliferation of

osteoclast progenitors and differentiation into mature osteoclasts from

mononuclear precursors. Studies of the genetically defective osteopetrotic mouse

(op/op) have shown that its defective osteoclastic bone resorption was due to a

mutation in the M-CSF gene and an inability to produce functional M-CSF

(Yoshida et al L990; Felix et al 1990). In uitro studies using long-term mouse

marrow culture systems (Kodama etaI1991; Tanaka etalL993) and more recently
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using human culture systems (Fujikawa et al 1996a; Sarma et al 1996) have

confirmed the importance of M-CSF in osteoclast formation. M-CSF has also

been shown to enhance osteoclast survival (Fuller et aI L993; Jimi et al 1995), and

receptors for M-CSF have recently been shown on osteoclasts (Kodama et aI799l;

Weir et al 1993; Yang et al 1996). The expression of M-CSF receptors on

macrophages in revision tissue and osteoclasts in our study confirms that these

cells are potential targets of M-CSF. SCF in combination with other

haematopoietic growth factors also probably plays a role in the regulation of

osteoclast progenitor formation, although unlike M-CSF, SCF does not affect

osteoclast formation individually (Demulder et aI1992).

Weak staining for GM-CSF receptors on macrophages, FBGCs in revision tissue

and osteoclasts was shown in this study. The role of GM-CSF in osteoclast

formation is unclear. GM-CSF has been reported to be both a stimulator and

inhibitor of osteoclast differentiation (Takahashi et al 1991; Shinar et a! 1990;

Suda et al 1995). GM-CSF has been shown to stimulate IL-1 production and

induce HLA-DR expression on monocytes (Xu et al l-989) and has recently been

shown to be released from monocytes after wear particle stimulation (Horowitz

and Purdon 1995). This latter response may be due to increased levels of IL-l,IL-6

and TNF as these cytokines are known to stimulate GM-CSF production' GM-

CSF acts by binding to the GM-CSF receptor and then forms a complex with a

distinct molecule, Kltstg7, for signal transduction. Other cytokines including IL-3

and IL-5 also utilis e KIf97 as a signal transducer. The absence of IL-3 receptor

expression in this study may reflect the fact that IL-3 acts primarily on early

progenitor cells.

Strong expression of the c{, and Y comPonents of the IL-2 receptor on

macrophages, FBGCs and osteoclasts was also shown in this study. IL-2 primarily

causes the expansion and proliferation of the lymphocyte population but also acts

on macrophages to enhance their biological activities. The IL-2 receptor consists

of an crBy complex and the IL-2 receptor l chain is also used by the cytokines IL-4,

IL-7 and IL-9 as part of their respective receptor complexes. The expression of IL-4

receptors on macrophages in revision tissue and osteoclasts is of interest as IL-4
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has been shown to inhibit osteoclast formation from both marrow and

mononuclear phagocyte precursors (Shioi et al 1991,; Lacey et al 1995). This

inhibitory effect may be directed against the differentiation of mononuclear

precursors to mature osteoclasts or inhibition of proliferation of osteoclast

precursors (Jansen et al 1990). Strong expression of these receptors on blood

vessels in revision arthroplasty tissue was found in this study. No expression of

IL-7 receptors on macrophages and FBGCs in revision arthroplasty tissue was

found, although osteoclasts were found to express IL-7 receptors.

In summary, macrophages and FBGCs in periprosthetic revision arthroplasty

tissue were found to express receptor antigens for cytokines implicated in

osteoclastic bone resorption including IL-1, TNF and IL-6, and cytokines known to

be involved in osteoclast recruitment, proliferation and differentiation from

osteoclast precursors including IL-L, TNF, IL-6, M-CSF and SCF. These receptor

antigens were also found to be present on osteoclasts. These findings suggest that

these cells may be targets for cytokines implicated in osteoclast formation and

osteoclastic bone resorption associated with aseptic loosening. The widespread

distribution of these receptors may account for the diversity of the biological

activities of these cytokines, although many of the cytokines exert their effects

through common signal molecules such as gp130, the IL-2 receptor y chain and

KF{97,
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Resorotion ln Vitro

5.1. Introduction

In the previous experiments, a large variation in the mean number of resorption

pits counted per bone slice was seen between different tissue specimens despite

the fact that the concentration of cells added remained the same throughout the

experiments. It is known that the intensity of the macrophage resPonse to

particulate wear debris and the extent of periprosthetic osteolysis varies greatly

between patients. Arthroplasty periprosthetic tissue contains a mixture of cell

types, inciuding macrophages and stromal cells, and a number of wear particles

of varying sizes generated from different materials. Thus, although wear particles

are clearly important in the recruitment of foreign body macrophages to the site

of inflammation, it is difficult to determine from the previous experiments

(Chapter 3) whether prosthesis wear particles significantly influence osteoclast

differentiation and bone resorption.

To determine the effects of prosthesis wear particles on macrophage-osteoclast

differentiation and bone resorption, a human monocyte-osteoblast-like cell

coculture system was used. Adherent mononuclear phagocytes (monocytes)

isolated from peripheral blood have been used to study cellular responses to wear

particles in aitro (Bennett et aI 1991.; Shanbhag et al 1995; Blaine et aI 1996; Rogers

et al 1gg7), and the indirect effects of these particles through wear particle

conditioned media on other cell types, such as osteoblastic and fibroblastic cells

(Ohta et a11994, Horowitz and Purdon 1995; Yao et al 1995; Haynes et al \997).

One main advantage is that the effects of individual wear particles of a controlled

size and number can be determined using monocytes from normal healthy

donors without the conflicting problems of pre-exposure to wear particles and/ot

various drug treatments that are associated with human arthroplasty tissues.

Human monocytes can be isolated in large numbers from peripheral blood with

greater than 95% purity (Rogers et al T997). Although minor differences between

monocytes and tissue macrophages in their phagocytic capability and their ability

to release the mediators, IL-1 and PGE' in relation to wear particles (Glant and

Jacobs 1994; Howie eI aI1996), and the levels of lysosomal enzyme released (Cline
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7970) have been reported, these cells like macrophages avidly phagocytose wear

particies.

Recently, it has been shown that a sub-population of cells isolated from human

peripheral blood are capable of differentiating into large multinucleated cells

exhibiting all the specific phenotypic characteristics of osteoclasts, including that

of lacunar bone resorption (Fujikawa et al1996a). Contact with bone stromal cells,

and the presence of 1,25(OH)'D, and exogenous M-CSF were all found to be

essential for human monocyte-osteoclast differentiation. Using this in uitro

coculture system, the effect on macrophage-osteoclast differentiation and bone

resorption of particle phagocytosis and wear particles similar to those found at the

bone-implant interface was determined.

As mediator release has been shown to be stimulated by wear particles

phagocytosis, the hypothesis for this study was that prosthesis wear particles

would similarly stimulate the differentiation of human peripheral blood

monocytes into osteoclastic cells, and increase resorption of cortical bone in aitro.

Thus, the aims were firstly to set-up and characterise the cellular and humoral

requirements for osteoclast formation in this in aitro coculture system; secondly

to determine whether these cells could phagocytose particles, a distinct

macrophage function, and still undergo osteoclast differentiation and retain the

ability to resorb bone; and finally to determine the effects of different Prosthesis

wear particles on osteoclast differentiation and bone resorption. Direct effects of

prosthesis wear particies on human monocyte-osteoclast differentiation and bone

resorption, and indirect effects of wear particle-stimulated human monocyte

conditioned media on osteoclast differentiation and bone resorption were

determined.
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coculture

Human mononuclear cells were isolated from the peripheral blood of healthy

volunteers using Ficoil-Paque sedimentation. Each 10 mls of blood collected was

diluted 1:1 with cr,MEM only, layered over 8 mls of Ficoll-Paque (Cat. no. 17-0840-

02, Pharmacia Biotech, UK), and centrifuged at 6309 for L5 minutes. The white

layer of cells at the interface was removed, washed tw.o times in øMEM only, and

finally resuspended in 2 mls aMEM+FCS media. The concentration of cells was

determined by counting the number of cells in a haemocytometer after lysis of

red blood cells using a5"/" (v/v) acetic acid solution'

human bone slices

A concentration of 5x10s cells/100p1 of the cell suspension was added to 7mm

wells of a 96 well tissue culture plate. These wells contained either glass

coverslips or prewetted cortical bone slices. Half the coverslips and bone slices

were seeded 24 hours earlier with the stromal cells, rat osteoblast-like UMR-106

cell line, at a concentration o12x10a cells/ml. After 1-2 hours incubation at 37"C

ín5'/" CO,the bone slices and coverslips were removed from the wells, washed

vigorously in crMEM to remove the non-adherent cells, and placed in larger

L6mm wells containing 1ml of crMEM+1O%FCS media. These cultures were

incubated for up to 21 days in the presence of L0-7M 1,25(OH)2D3, L0 8M

dexamethasone and 25 ng/mI M-CSF, with the culture medium changed and

factors added every 3-4 days.

The incubation periods required for human monocyte-osteoclast differentiation

were considerably longer than those required for periprosthetic macrophage-

osteoclast differentiation. Preliminary experiments found that only a mean of

18.7 resorption pits per bone slice (n=3) was seen on cortical bone slices after 1'4

days coculture under appropriate conditions for osteoclast formation. The

number of resorption pits had greatly increased, however, in the 21 duy

cocultures (mean of 179.7 pits per bone slice; n=3). The reason for this is
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unknown but may reflect the fact that periprosthetic cells may be further down

the differentiation pathway than human monocytes.

human monocvtes

To determine the cellular and humoral requirements for osteoclast formation,

human monocytes were isolated from the peripheral blood of three healthy

volunteers, as described above. The isolated adherent cells were cultured on

coverslips and human bone slices in (a) the absence of UMR 106 cells; þ) the

absence of L,25(OH)'D.; (c) the absence of dexamethasone; and (d) the absence of

M-CSF, as shown in Table 6. The coverslips were removed from the cultures

after 24 hours and 14 days incubation and characterised histochemically for the

expression of TRAP, and immunohistochemically for VNR expression and

expression of the macrophage associated antigens, CD11b and CD14. The cortical

bone slices were removed from the cultures after 24 hours and21' days incubation

and the number of resorption pits per bone slice was counted. Each treatment

was studied in triplicate for each blood donor.

5.3.1. Results

In the 2llnour cocultures on glass coverslips, the isolated cells were positive for

the macrophage markers, CD11b and CDI4, and entirely negative for the

osteoclast markers, TRAP and VNR (Figure 16). No lacunar resorption pits were

seen after the cells were cocultured on bone slices. However, in the 1'4 day and 21

day cocultures of human monocytes and UMR L06 cells, in the presence of

1,,25(OH).D' dexamethasone, and exogenous M-CSF, numerous large TRAP and

VNR positive cells formed on coverslips (Figure 17) and extensive lacunar bone

resorption was evident on all the nine bone slices studied (Figure 18).

When dexamethasone was omitted from the cultures, it was noted that

numerous cells, both mononuclear and multinucleated, with abundant foamy

cytoplasm were visible through gaps in the covering UMR 106 cell layer. These

cells only faintly expressed TRAP and VNR. Flowever, it was noted that a few

multinucleated cells (approx. L0 cells per coverslip) in the 14 day cocultures
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Figure 16. Human monocyte-UMR 106 cell cocultures after 24 hours incubation
showing (A) numerous CDLLb positive mononuclear cells (x100); and (B) numerous
CD14 positive mononuclear cells (x100). These cells were found to be entirely
negative for the osteoclast markers, VNR expression (C) (x100) and TRAP activity
p) (xa0). Counterstained with haematoxylin.



Figure L7. Human monocyte-UMR L06 cell cocultures after L4 days incubation in
the presence of 1,25(OH)rDr, dexamethasone and M-CSF showing (A) numerous
CD11b positive mononuclear cells (x100); and (B) numerous CDL4 positive
mononuclear cells (x100). Large multinucleated cells positive for VNR expression
(C) (x100) and TRAP activity (D) (xa0) were also present in the cocultures.
Counterstained with haematoxylin.



Flgure 18. Human monocytes and UMR 106 cells cocultured lor 21 days_in the
prãsence of 10-?M 1,25(OH)2D3, 10-8M dexamethasone and 2Sng/ml M-CSF on

iluman bone slices. The cells have been removed to reveal evidence of lacunar
bone resorption.
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Figure 19. Human monocyte-UMR L06 cell cocultures after 14 days incubation. (A)
Cocultures incubated in the presence of 1,25(OH)'D", dexamethasone and M-CSF
showing large VNR positive cells (x200). (B) Numerous VNR negative
multinucleated cells were visible through gaps in the covering UMR 106layer when
dexamethasone was omitted from the cocultures. Afew strongly VNR positive cells
were also present (x200). (C) Cultures incubated in the absence of UMR 106 cells
showing small and large VNR negative mononuclear cells (x200). Counterstained
with haematoxylin.
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Figure 19a. Human monocyte-UMR L06 cell cocultures after 1,4 days incubation. (A)
Cocultures incubated in the presence of 1,25(OH)rDr, dexamethasone and M-CSF
showing numerous CD1,4 positive mononuclear cells (x200). (B) Few CD14 positive
cells were present when M-CSF was omitted from the cocultures (x200). (C)
Cultures incubated in the absence of UMR 106 cells showing small and large CD14
positive mononuclear cells (x200). Counterstained with haematoxylin.



showed strong staining for the osteoclast markers, TRAP activity and VNR

expression (Figure 19). In the 21 day cocultures, the omission of dexamethasone

greatly reduced but did not completely abolish the formation of resorption pits

(Table 6).

Tabie 6. Cellular and humoral requirements for osteoclast differentiation from

human monocytes.

00+0+++

00t0+++

00+0+++

+25.9 ¡ 6.8+++

++246.8 + 443++++

Res ts

Bone

resorption

VNR

activity

M-CSFDex1,25(OH),D3UMR cells

Treatments

Bone resorption results are expressed as the mean numhr of resorption pits per bone slice + SEM

(n=9). Each treatment was studied in triplicate for each donor.

0 = no VNR positive cells present

+ = approx. 10 large VNR positive cells per coverslip

** = >50 large VNR positive cells per coverslip
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TRAP and VNR positive cells and lacunar bone resorption were not seen when

human monocytes were cultured in the absence of 1,25(OH)'D, (only UMR 1-06

cells, dexamethasone and M-CSF added) or in the absence of M-CSF (only UMR

L06 cells, L,25(OH)rD, and dexamethasone added). When UMR 106 cells were

omitted from the cultures, large mononuclear and multinucleated cells which

were faintly TRAP and VNR positive were seen after 1.4 days culture although no

resorption pits formed on any of the bone slices. These cells were

morphologically similar to those formed in cocultures when dexamethasone was

omitted with abundant foamy cytoplasm (Figure L9).

Numerous CDLLb and CDL4 positive mononuclear cells were seen in all the L4

day cultures which had exogenous M-CSF added with the numbers of positively

stained cells increased compared to the 24 lno:ur cultures. The cells appeared to

have acquired a macrophage-like morphology with plump cytoplasm. They also

showed more membrane than cytoplasmic staining. In the L4 day cultures, the

numbers of CDLLb and CDI-4 positive cells were greater in the cocultures with

UMR 106 cells present than in cultures of human monocytes alone with the

exception of those cocultures which did not have M-CSF added (Figure 19a). In

the absence of M-CSF (only UMR 106 cells, L,25(OH)2D, and dexamethasone

added), very few CDLLb and CD14 positive mononuclear cells were seen in the L4

day cocultures.

5.3.2. Discussion

These results confirm the work of Fujikawa et al (I996a) and show that osteoclast

precursors are present in the monocyte fraction of human peripheral blood and

that these precursors express a monocyte/macrophage phenotype. These

precursors were found to be entirely negative for the osteoclast associated

markers, TRAP and VNR expression and lacunar bone resorption. Flowever,

long term lø aitro culture involving contact with UMR 106 cells, and the

presence of L,25(OH)rD, and exogenous M-CSF resulted in osteoclast formation

and extensive lacunar bone resorption.
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The addition of dexamethasone was not found to be an essential requirement for

osteoclast differentiation, although the presence of dexamethasone substantially

enhanced the number of resorption pits formed. This increase in bone resorption

correlated well with the numbers of strongly staining TRAP and VNR positive

osteoclast-like cells which formed. In the absence of dexamethasone, only a few

osteoclast-like cells strongly positive for TRAP and VNR expression formed after

long term culture reflecting the reduction in bone resorption seen. The

formation of large numbers of macrophage and macrophage polykaryons in the

cultures when dexamethasone was omitted suggests that dexamethasone may

play a role in determining the differentiation pathway taken. Macrophages,

macrophage polykaryons and osteoclasts all form from a common Precursor

although the hormonai influences which determine the pathway chosen are as

yet unknown. Dexamethasone has been shown to promote osteogenic

differentiation in undifferentiated bone cell populations, and is an essential

requirement for in aitro matrix nodule formation and mineralisation by human

marrow-derived stromal cells (Beresford et aI 1994; Cheng et al 1994). The results

of this study suggest that dexamethasone may also promote osteoclast

differentiation. This finding may have important implications for the

pathophysiology of osteoporosis. The therapeutic use of glucocorticoids followed

by the development of osteoporosis, and an association between glucocorticoid

excess and osteoporosis in Cushing's syndrome have been well documented

(Reid 1989). Although it has been postulated that the anti-anabolic actions of

glucocorticoids contribute to osteoporosis, the effects of dexamethasone shown in

this study suggest that it may also selectively stimulate osteoclast differentiation

from a relatively undifferentiated mononuclear phagocyte cell population. This

may also explain the lack of effect of dexamethasone in the cocultures of

periprosthetic macrophages and UMR 106 cells. Cells isolated from arthroplasty

periprosthetic tissue with a macrophage morphology were found to be weakly

positive for TRAP and VNR expression which suggests that these cells may be

already be taking the osteoclastic differentiation pathway.

It is not surprising that faint TRAP and VNR staining was found on the

macrophage and macrophage polykaryon-like cells after long term culture. Both

monocytes and tissue macrophages are known to become weakly positive for
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TRAP after several days in culture (Hattersley and Chambers 1989b; Modderman

et al 1991), and expression of receptors for vitronectin is likely to be necessary for

cellular adhesion, particularly cell-glass interactions. The faint expression of

these markers could easily be distinguished from the strong membrane and

cytoplasmic staining of osteoclast-like cells, however.

Both 1,25(OH)rD. and exogenous M-CSF were found to be essential requirements

for in aitro human monocyte-osteoclast differentiation and bone resorption.

1,25(OH)2D3 is known to promote monocyte-macrophage proliferation,

maturation and also polykaryon formation (Abe et aL7983), hence the presence of

1,25(OH)rD, may explain why macrophage polykaryons formed after long term

culture in the absence of UMR 106 cells. The effect of M-CSF was also significant.

Substantially fewer CDL1b and CD14 cells were present in the 1'4 day cocultures

when M-CSF was omitted. Whilst M-CSF has been shown to be essential for

osteoclast formation, its mechanism of action is still unclear. M-CSF is a potent

stimulator of monocyte/macrophage proliferation and differentiation, and

promotes osteoclast survival (Kodama et al 199L; Takahashi et aI 1991'; Tanaka et

al1993; Fuller et al7993; Jimi et al 1995). Receptors for M-CSF have been found

on both mature osteoclasts and osteoclast precursors (Kodama et al 1991,; Weir et

al 1993; Yang et al 1996). It is known that approximately 5o/" of

monocytes/macrophages are capable of proliferation (van Furth 1989). These ceils

are morphologically indistinguishable from mature monocytes and macrophages

and it has been proposed that it is this fraction of relatively immature monocytes

which may be capable of undergoing osteoclast differentiation (Athanasou 7996).

The findings from this current study suggest that M-CSF is acting directly on

these mononuclear osteoclast precursors in the cocultures to stimulate

proliferation and/or promote the survival of these cells during long term

culture.

In summary, the results of this study have shown that a sub-population of

circulating human peripheral blood monocytes exhibiting the phenotypic

features of mononuclear phagocytes is capable of differentiating into osteoclastic

bone resorbing cells. Contact with bone stromal cells, in this case UMR 106 cells,

and the presence of 1,25(OH)rD3 and exogenous M-CSF were all essential
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requirements for osteoclast differentiation and bone resorption. The presence of

dexamethasone, whilst not essential, greatly enhanced the amount of lacunar

bone resorption seen.

resorotion--..'-
5.4.1..Introduction

The second aim of this study was to determine whether particle phagocytosis

affects osteoclast differentiation and bone resorption. To determine the effect of

particle phagocytosis on osteoclast formation and bone resorption, latex beads,

1pm in diameter, were added to human monocytes and the cells were cultured

under conditions which result in the formation of osteoclasts and bone

resorption. Latex particles consist of spherical polystyrene beads which are

considered to be inert, non-toxic and non-inflammatory to macrophages unless

used in very high concentrations (Murray and Rushton 7990). The beads are

readily phagocytosed and can easily be visualised within the cells after Giemsa

staining using iight microscopy.

5.4.2. Methods

FIuman monocytes were isolated from the peripheral blood of two healthy

donors, as described above. The isolated adherent cells were cocultured with

UMR 106 cells on coverslips and human bone slices in the Presence of

10 7M1,25(OH)2D3, 10-8M dexamethasone and 2Snglml M-CSF. A single dose of

1.Qpm latex beads (Cat. no. LB-11, Sigma, UK) at a concentration of LxL07 particles

per ml was added to the cocultures at the beginning of the incubation period.

Cocultures with no latex particles added were included as positive controls. The

coverslips were removed afr.er 24 hours and L4 days incubation and characterised

histochemically for the expression of TRAP, and immunohistochemically for

VNR expression and expression of the macrophage-associated antigens, CDlLb

and CD14. The cortical bone slices were removed after 24 hours and 21 days

incubation and the number of resorption pits per bone slice was counted. Each

treatment was studied in triplicate for each blood donor.
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Figure 20. 24 hour and 14 day cocultures of human monocyte and UMR 106 cell
incubated in the presence of 1,25(OH),D., dexamethasone and M-CSF showing (A)
CD14 positive mononuclear cells in control 24 hour cocultures (x400); (B) CD14
positive mononuclear cells containing latex particles after 24 hours coculture (x400);
(C) large TRAP positive cells in control 14 day cocultures (x100); and (D) a large
TRAP positive cell in 14 day cocultures after exposure to latex beads (x100).



The 24 hour cocultures were examined closely under light microscopy to

determine whether all the cells stained positively for the macrophage-associated

antigens, CD11b and CDL4, had phagocytosed latex particles or whether there was

a sub-population which had not. Similarly, the L4 day cocultures were examined

to determine whether the large VNR and TRAP positive cells present contained

visible latex particles.

5.4.3. Results

Giemsa staining of the 24 hour cocultures showed that the latex beads were

read.ily phagocytosed and that all the cells appeared full with an excess of particles

present. The latex particle-containing cells were shown to express the macrophage

markers, CD11b and CD14, and were TRAP and VNR negative (Figure 20). No

evidence of lacunar bone resorption was seen after 24 hours coculture.

After 14 d,ays incubation, numerous large TRAP and VNR positive cells formed

in the presence of UMR 106 cells, 1,25(OH)2D' dexamethasone and M-CSF- After

21 days incubation, lacunar bone resorption was seen on all the cortical bone

slices. The addition of 1.0pm latex beads did not significantly inhibit osteoclast

formation as determined by TRAP and VNR expression (Figure 20), or the

number of resorption pits formed. The mean number of resorption pits per bone

slice was 195.7 + 26.1, for the untreated positive control compared with 205.6 ¡ 24.7

for the cocultures which had latex beads added (meantSEM; n=6).

5.4.4. Discussion

The results of this study show that particle phagocytosis by human monocytes

does not abrogate the ability of these cells to undergo osteoclast differentiation. It

has been shown previously that latex particle phagocytosis by macrophages

stimulates PGE, release and bone resorption (Murray and Rushton 1990)-

However, prosthesis wear particles, including PMMA and polyethylene particles,

were shown to stimulate a significantly greater increase in PGE, release and bone

resorption than latex particles. Although phagocytosis of latex beads did not

increase human monocyte-osteoclast differentiation in this current study,
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phagocytosis of prosthesis wear particles which are known to be more

stimulatory to macrophages, may increase osteoclast formation.

differentiation and bone resorption

5.5.1. Introduction

The hypothesis for this study was that prosthesis wear particles stimulate the

differentiation of human peripheral blood monocytes into osteoclastic cells, and

increase resorption of cortical bone in uitro. Direct effects of prosthesis wear

particles on osteoclast formation and resultant bone resorption, and indirect

effects of wear particle-stimulated human monocyte conditioned media on

osteoclast formation and bone resorption were determined. This effect should be

distinguished from that of the release of factors which stimulate mature

osteoclastic activity by macrophages which have phagocytosed wear particles.

A number of particle-associated factors are believed to determine the intensity of

the macrophage response in the arthroplasty pseudomembrane and the extent of

periprosthetic osteolysis (Willert and Semlitsch 1977; Mirra et al 1982; Howie

7990). These include the chemical composition of the implant comPonent, the

size, shape and surface area of the wear particles as well as the number of

particles present. The implant materials most commonly used in hip and knee

replacements are metals such as titanium alloy (TiAlV), commercially Pure

titanium (cpTi), cobalt-chrome alloy (CoCr), and stainless steel (316L SS), or

ceramics either articulating against themselves or a polymer, ultra high

molecular weight polyethylene (UHMWPE). Although a wide range of particle

sizes have been found in tissues adjacent to loose implants, the majority of

particles are less than one micron in size (Howie 1990; Kossovsky et al 1992;

Margevicius et al 1994; Shanbhag et al 1994). Phagocytosis of these smaller

particles which have a large surface area and are susceptible to intracellular

corrosion has been associated with macrophage activation and the release of

factors that promote inflammation and bone resorption (Haynes et al t996).
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There are problems in interpreting the results of different studies because of

differences in materials and methods of preparation of the materials used for

testing. Earlier work in this laboratory led to the development of a reproducible

method for the production and characterisation of metal particles of known size,

shape and concentration (Rogers et al 1993). Particular attention was given to

producing metal particles that closely resembled particles found around human

prostheses. Particles that were 0.5-3.0pm in diameter were isolated by differential

sedimentation, and the distribution of particle sizes determined with the use of a

Coulter Multisizer. Chemical composition was assessed by atomic absorption

spectrophotometry, and electron microscopy was used to characterise particle

shape. The particles generated were found to be irregular in shape, and in the size

range of 0.5-3.0pm diameter. TiAlV, cpTi, CoCr and 316L SS particles were

produced and all were found to have the same chemical composition as their

respective original alioy. These particies were used in the following experiments

at clinically relevant concentrations. Metal levels in tissue retrieved during

revision surgery for aseptic loosening have been measured with an average of

818 pg per gram of tissue (Agins et al 1988; Lombardi et al 1989; Huo et aI1992).

Assuming a particle size of one micron, this corresponds to an average 4x108

particles per gram of tissue of TiAlV.

5.5.2. Methods

Human peripheral blood monocytes were isolated from healthy volunteer

donors by Ficoll-Paque sedimentation and adherence, as described previously.

The isolated adherent cells were cocultured with UMR 106 cells on coverslips and

human bone slices in the presence of 10tM 7,25(OH)2D3, 10-8M dexamethasone

and 25ng/m1 M-CSF. The effects of the following prosthesis wear particles, CoCr,

316L SS, TiAIV and cpTi particles were determined. Four concentrations of the

particles, 4xI07, Ixl07,2.5x106 and 6.25x10s particles per ml, were added to the

cocultures as a single dose at the beginning of the incubation period. Cocultures

with no wear particles added were included as positive controls.

The coverslips were removed after 1,4 days incubation and characterised

immunohistochemically for VNR and either CDL1b or CD14 expression. For

comparison of cell numbers, two additional coverslips were included consisting
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of cocultures without wear particles added. These were removed after 24 hours

incubation. These coverslips were assessed for the numbers of CD11b and CD14

positive monocytes present at the beginning of the incubation period. The cortical

bone slices were removed after 2L days incubation and the number of resorption

pits per bone slice was counted. Each treatment was studied in triplicate for each

blood donor.

To measure cytotoxicity, supernatants were collected during the first media

change, centrifuged to remove wear particles and cell debris, and stored at -20"C

until ready for testing. Release of the cytoplasmic enzyme lactate dehydrogenase

(LDH), a marker of celi damage, was measured using a commercially available

Cytotox 96 kit (Cat no. G1780, Promega, Madison, WI). Each supernatant was

tested in duplicate.

5.5.3. Results

All four types of wear particles were readily phagocytosed by the monocytes

(Figure 2L). After four days coculture, cell toxicity after exPosure to the different

particle preparations was found. Both CoCr and 3I6L SS particles at

concentrations of 4x107 and 1x107 particles per ml caused an increase in LDH

release compared with the unexposed control (Figure 22). This result was not

unexpected as the toxic effects of CoCr and 316L SS particles of a phagocytosable

size both in aiao and in rsitro are well known (Haynes et aI 1993; Howie and

Vernon-Roberts 7988; Rae 1981). However, TiAIV and cpTi were also shown to

cause cell toxicity after four days coculture although to a lesser degree and only at

the highest concentration tested (4xL0? particles per ml).

A reduction in the numbers of CD11b or CDI-4 positive cells present in the 14 day

cocultures after exposure to prosthesis wear particles was also observed (Figure

23). This reduction in macrophage cell numbers was dose dependent. No

positively staining cells were seen after exposure to 4xI07 particles per ml of CoCr

and 316L SS particles. Very few CD1Lb or CD14 positive cells were seen after

exposure to 1x107 particles per ml of CoCr and 3L6L SS particles. Larger numbers

of positive cells were present after exposure to 2.5x1-06 particles per ml of CoCr and

316L SS particles and although the numbers of positive cells were substantially
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greater after exposure to 6.25x10s particles per ml of CoCr and 316L SS particles,

the macrophage cell numbers were not as great as the control cocultures.

Numbers of CD11b or CD14 positive cells, whilst present, were also reduced after

exposure to concentrations of 4x707 particles per ml of TiAIV and cpTi particles.

Substantially greater numbers of positive cells were seen after exposure to 1x107

and 2.5x106 particles per ml. Concentrations of 6.25x'1.0s particles per ml of TiAIV

and cpTi particles had no obvious effect on the numbers of positively stained cells

present compared to the controi cocultures.

Exposure to all four wear particle preparations caused a dose dependent reduction

in the numbers of VNR positive cells present in the 14 day cocultures (Figure 24),

and a dose dependent reduction in the bone resorption produced by these ceils

(Figure 25). At a concentration of 4x107 particles per ml, both CoCr and 316L SS

particles totally abolished osteoclast formation and resultant resorption Pit

formation. Very few VNR positive cells were seen in the 14 day cocultures after

exposure to 1x107 particles per ml of CoCr particles compared to the control

cocultures. The number of resorption pits formed was significantly reduced after

exposure to l-x107 particles per ml of CoCr particles (p=0.007). Similarly, very few

VNR positive cells were seen on the 14 day coverslips after exPosure to the same

concentration of 316L SS particles, and lacunar bone resorption was significantly

reduced (p=O.0OOt). The number of VNR positive cells present and the number of

resorption pits formed after exposure to the lower concentrations of CoCr and

316L SS particles (i.e. 2.5x106 and 6.25x10s particles per ml) were increased

compared to the higher concentrations. The numbers of VNR positive cells and

resultant bone resorption, however, was not as great as the control cocultures. At

a concentration of 4x707 particles per ml, TiAIV particles substantialiy reduced but

did not abolish osteoclast formation, and significantly reduced resorption Pit

formation (p=0.0001). Exposure to 4x107 particles per ml of cpTi particles also

reduced the numbers of VNR positive cells present and significantly reduced the

number of resorption pits formed (P=O.OOS) but this reduction was not as great as

that caused by CoCr,376L SS and TiAIV particles. Exposure to l-x107 particles per

ml of TiAIV and cpTi particles resulted in approximately half the number of

VNR positive cells compared to the unexposed controls. Resorption Pit

formation was also reduced. Substantially greater numbers of VNR positive cells
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Figure 21. Photomicrographs of human monocytes after 3 days culture in the
presence of 1,,25(OH)2D3, dexamethasone and M-CSF. (A) Human monocytes
cultured with 1x107 particles /rrrIof 316L SS particles (x200); (B) Human monocytes
cultured with 1x107 particles/ml of cpTi particles (x200). Unstained.
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Figure 22. Tlne effect of metal prosthesis wear Particles on cell
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days incubation.

The results are expressed as the mean Percentage increase in LDH
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Figure 23.14 day cocultures of human monocytes and UMR 106 cells incubated in
the presence of 1,25(OH)2D., dexamethasone and M-CSF showing (A) CD14 expres-
sion in cocultures exposed Io 4x707 particles/mlof TiAIV particles (x200); (B) CD14
expression in cocultures exposed to 2.5x106 particles/ml of TiAIV particles (x200);
(C) CD14 expression in cocultures exposed to 4x107 particles/ml of CoCr
particles (x200); (B) CD14 expression in cocultures exposed to 2.5x106 particles/ml
of CoCr particles (x200). Counterstained with haematoxylin.
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Figure 24.1,4 day cocultures of human monocytes and UMR 106 cells incubated in
the presence of 1,25(OH)2D", dexamethasone and M-CSF showing (A) VNR
expression in cocultures exposed to 4x107 particles/ml of TiAIV particles (x200); (B)

VNR expression in cocultures exposed to 2.5x106 particles/*l of TiAIV particles
(x100); (C) VNR expression in cocultures exposed to 4x107 particles/ml of CoCr
particles (x100); (B) VNR expression in cocultures exposed to 2.5x106 particles /ml of
CoCr particles (x100). Counterstained with haematoxylin.
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were seen after exposure to 2.5x106 particles per ml. Exposure to concentrations of

6.25x70s particles per ml of TiAIV and cpTi particles did not have an obvious

effect on the numbers of VNR positively stained cells present compared to the

control cocultures. Extensive resorption pit formation was seen after exposure to

the lower concentrations of TiAIV and cpTi particles and no significant

differences between these cocultures and the unexposed controls were found

(p=0.292 and p=Q. 15L respectively).

5.5.4. Discussion

The results of this study have not supported the primary hypothesis that

prosthesis wear particles stimulate the differentiation of human peripheral blood

monocytes into osteoclastic cells, and increase resorption of cortical bone in aitro.

Rather prosthesis wear particles were shown to directly inhibit osteoclast

formation resulting in a decrease in lacunar bone resorption.

The fact that no VNR positive osteoclastic cells formed in culture after exposure

to high concentrations of CoCr and 316L SS particles is most likely due to the toxic

nature of these particles. Cell toxicity afftr exposure to CoCr and 316L SS particles

of a phagocytosable size has previously been shown both in uitro and in oiao

(Haynes et al 1993; Howie and Vernon-Roberts 1988; Rae 1981). In the current

study, high concentrations of these particles were shown to be toxic to the cells

after four days coculture, and very few macrophages were present after 14 days

coculture.

Previous studies have shown that TiAIV and cpTi particles are relatively well

tolerated by monocytes/macrophages after short term culture in uitro (Haynes et

al1993). Flowever, longer culture periods of four days in this study showed that

exposure to 4x107 particles per ml of TiAIV and cpTi particles caused cell toxicity

although the levels of LDH release were not as great as those measured after

exposure to CoCr and 3L6L SS particles. Lower concentrations of TiAIV and cpTì

particles were not toxic to the cells. A reduction in the numbers of macrophages

present and the number of VNR positive cells formed in the L4 day cocultures

after exposure to high concentrations of TiAIV and cpTi particles was also seen.

After exposure to lower non-toxic concentrations, however, osteoclast formation
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and bone resorption was reduced despite the presence of large numbers of CD11b

or CD14 positive cells in the 14 day cocultures. As well as long term cell damage,

reduced adhesion, impaired motility or an inability of the monocytes to

proliferate after exposure to these wear particles may result in the reduction in

osteoclast formation seen.

Previous studies examining the effect of wear particles on mouse monocyte-

osteoclast differentiation have shown an increase in osteoclast formation and

bone resorption after exposure to polymethylmethacrylate (PMMA) wear particles

(Sabokbar et al7997). Differences in the dose, size and type of particies used may

account for the different results. The results of this current study have shown

that the chemical composition of the particles is particularly important. Latex

beads had no effect on osteoclast formation and bone resorption whereas metallic

wear particles of a similar concentration and size caused a reduction in osteoclast

formation and bone resorption. Differences were seen between the different

metal particles which was partly dependent on the toxicity of each particle type.

Larger non-phagocytosable particles which are not as suscePtible to corrosion,

particularly intracellular corrosion (Haynes et aI 1996), may induce a different

cellular response. In addition, polyethylene particles which are relatively non-

toxic but highly inflammatory in aiao may stimulate an increase in osteoclast

formation and bone resorption in aitro.

differentiation and bone resorption

5.6.7.Introduction

The results of the previous study have shown that metal prosthesis wear

particles can directly inhibit osteoclast formation and thereby lacunar bone

resorption. In the final part of this study, the effect of wear particle-stimulated

human monocyte conditioned media on osteoclast formation was determined.

Wear particles have been shown to induce mediator release from

monocytes/macrophages both in oitro and in aiao. M-CSF has been shown to be

released by activated macrophages (Rambaldi et al 1987; Oster el al1987; Kaneki et

al 1994). Therefore, it was hypothesised that prosthesis wear particles may
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increase osteoclast formation and bone resorption indirectly via the release of

mediators that promote monocyte-osteoclast differentiation.

TiAIV at a concentration of 4xI07 particles per ml was chosen as the wear particle

and optimal concentration to determine any indirect particle effects. Previous I n

uitro studies have shown a large increase in bone resorbing mediator release by

human monocytes and rodent macrophages after exposure to TiAIV particles at

this concentration (Haynes et al 1993; Rogers et aI 1997). The levels of IL-1, TNF,

IL-6 and PGE2 released from human monocytes after exposure to TiAIV particles

were shown to be significantly greater than the levels released from human

monocytes after exposure to the same concentration of cpTi particles (Rogers et al

1997). The ability of TiAIV particle-stimulated monocytes to release M-CSF and

thereby stimulate osteoclast formation was determined by incubating the

cocultures in the absence of M-CSF.

5.6.2. Methods

Wear particle-stimulated human monocyte conditioned media was PrePared 48

hours prior to the start of the experiment as follows. F{uman peripheral blood

monocytes were isolated from a healthy volunteer donor by Ficoll-Paque

sedimentation. A suspension of 4x106 cells per ml was pipetted into wells oÍ a 24

well plate and the monocytes allowed to adhere at 37"C in an humidified

atmosphere. After one hour, the non-adherent cells were removed by gentle

washing and a concentration of 4xI07 particles per ml of TiAIV particles in

oMEM+1O%FCS was added to half of the wells. The remaining wells had no

particles added. The cells were cultured for 48 hours at 37"C ín 5"/. COr. After 48

hours, the supernatants were removed, centrifuged, and the supernatants filtered

through 0.22pm filters (Cat. no. SLGP R25 LS, Millipore UK Ltd, UK) to remove

cell debris and particles. The resultant supernatants were aliquoted and stored at

-20"C until use.

To determine the effects of the conditioned media on osteoclast formation,

human peripheral blood monocytes were isolated from a healthy volunteer

donor by Ficoll-Paque sedimentation and adherence, as described previously. The

isolated adherent cells were cocultured with UMR 106 cells on coverslips and
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human bone slices in the presence of l}'?ilr/r7,25(OH)2D3, and 10-8M

dexamethasone. Half of the wells had 25nglml M-CSF added. Conditioned media

from TiAlV-stimulated monocytes (CM TiAtV) and conditioned media from

non-stimulated cells (CM 0) were added to the cocultures, in the presence and

absence of M-CSF , at a 1 in 5 dilution from the beginning of the incubation period

and every subsequent media change until Day 14. Cocultures, in the presence and

absence of M-CSF, with no conditioned media added were included as positive

and negative controls respectively.

The coverslips were removed after 14 days incubation and characterised

immunohistochemically for VNR and CD14 expression. For comparison of cell

numbers, two additional coverslips were included consisting of cocultures

without conditioned media added. These were removed after 24 hours

incubation. These coversiips were assessed for the numbers of CD14 positive

monocytes present at the beginning of the incubation period. The cortical bone

slices were removed after 21. days incubation and the number of resorption pits

per bone slice was counted. Each treatment was studied in triplicate.

To determine if particle-stimulated conditioned media stimulates M-CSF,

supernatants from cocultures incubated in the absence of M-CSF were collected at

the first media change (Day 4), centrifuged to remove cell debris, and stored at -

20"C. Levels of M-CSF were measured using a commercially available ELISA kit

(R&D Systems, Abingdon, UK).

5.6.3. Results

Numerous CDL4 positive mononuclear cells were seen in all the 14 day cultures

that had exogenous M-CSF added with the numbers of cells present substantially

increased compared to the 24 hour cultures. No difference in the number of CDL4

positive cells present in the 14 day cocultures was found between cocultures that

had M-CSF added and cocultures that had M-CSF and conditioned media added,

either CM TiAIV or CM 0. Numerous VNR positive cells were also present in all

the 1,4 day cocultures that had exogenous M-CSF added. The addition of

conditioned media, either CM TiAIV or CM 0, did not appear to have an effect on

the numbers of VNR cells present. However, the addition of TiAIV particle-
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Figure 27,14 day cocultures of human monocytes and UMR 106 cells incubated in
the presence of 1.,25(OH)2D3, dexamethasone but in the absence of M-CSF. (A) CDL4
expression in control cocultures (x100); (B) CD14 expression in cocultures incubated
in the presence of TiAIV particle stimulated conditioned media (x100); and (C) CD14
expression in cocultures incubated in non stimulated conditioned media (x100).

Counterstained with haematoxylin.



stimulated conditioned media did cause a reduction in the number of resorption

pits formed (Figure 26). Bone resorption was reduced by 60.3% when TiAIV

conditioned media was added. The addition of non-stimulated conditioned

media had no effect on the number of resorption pits formed.

In the absence of M-CSF, very few CD1,4 positive mononuclear cells were seen in

the control 74 day cocultures. Flowever, the addition of TiAlV-stimulated

conditioned media during the incubation period resulted in a substantial

increase in the numbers of CDL4 cells present (Figure 27). This increase in CD14

positive cells was not seen when non-stimulated conditioned media was added

to the cocultures. Despite the presence of increased numbers of CD14 positive

cells, no VNR positive cells and no bone resorption was seen when TiAiV-

stimulated conditioned media was added to the cocultures in the absence of

exogenous M-CSF (Figure 26). Similarly, no VNR positive ceils and no bone

resorption was seen when non-stimulated conditioned media was added in the

absence of exogenous M-CSF.

Levels of M-CSF in the supernatants incubated in the absence of exogenous M-

CSF were measured after four days coculture. The presence of M-CSF was not

detected in the control cocultures but was detected in the four day supernatants

from CM TiAtV treated and CM 0 treated cocultures. The levels of M-CSF were

66.5+7.8 and LL+15.6 pg/mI respectively (meantSD, n=2).

5.6.4. Discussion

The results of this preliminary study have not supported the hypothesis that

prosthesis wear particles increase osteociast formation and bone resorption

indirectly via the release of mediators that promote monocyte-osteoclast

differentiation. In contrast, the addition of TiAlV-stimulated conditioned media,

in the presence of M-CSF, caused a reduction in osteoclastic bone resorption

which was not seen when non-stimulated conditioned media was added to the

cocultures. TiAIV particles are known to induce the release of a number of

potent bone resorbing mediators from human monocytes (Rogers et aI1997). One

possible explanation is that PGE2 or another mediator released by the activated
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monocytes has an inhibitory effect on osteoclast formation and bone resorption

in the human monocyte-UMR 106 cocultures.

In the absence of M-CSF, increased levels of soluble M-CSF were detected in the

supernatants of four duy cocultures incubated in the Presence of TiAIV

stimulated conditioned media. Increased numbers of CDL4 positive macrophages

were also seen after 74 days coculture in the presence of TiAIV stimulated

conditioned media. This effect was not seen when non-stimulated conditioned

media was added. These results suggest that TiAIV particles may stimulate

human monocytes to release M-CSF thereby promoting proliferation and/or

survival of osteociast precursor cells. Despite this increase in macrophage

numbers, however, TiAIV stimulated conditioned media in the absence of

exogenous M-CSF did not induce osteoclast formation and bone resorption'

These results are preliminary but suggest that whilst TiAIV particles may

stimulate monocytes to release factors important for osteoclast formation such as

M-CSF, other factors which inhibit osteoclast formation in this coculture system

may also be released.

5.7. Summarv

In summary, the results of these studies have shown that metal wear particles of

phagocytosable sizes directly inhibit osteoclast formation from human monocytes

resulting in a decrease in lacunar bone resorption in aitro. This inhibition was

shown to be partly due to the toxic nature of these particles. TiAIV wear particles

were also shown to stimulate M-CSF release from human monocytes and

indirectly stimulated monocyte proliferation and long term survival. Flowever,

this increase in M-CSF release was not sufficient to stimulate osteoclast formation

and bone resorption in long term human monocyte-UMR 106 cell cocultures.
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6.1. Introduction

The previous studies in this thesis have shown that osteoblastic cells are an

essential requirement for osteociast differentiation from both periprosthetic

macrophages and human peripheral blood monocytes. The use of a cell line for

these in aitro studies has certain advantages in that it is a homogeneous

population which offers consistency and ease of use. Flowever, these cannot be

described as normal cells in that they are immortalised cell lines which have

been halted at a certain stage of differentiation. Thus, the effects of these stromal

cells at different stages of their differentiation from early progenitor to fuily

differentiated osteoblasts can not determined. The UMR 106 cell line was

originally established from a rat osteosarcoma and the cells have an osteoblast-

like phenotype (Partridge et aI 1993). This cell line has been used in a large

number of studies on osteoclast formation, and is one of only a few cell lines

capable of supporting osteoclast differentiation and bone resorption. Using UMR

106 cell cocultures, the importance of I,25(OH)2D3, M-CSF and IL-6 in

macrophage-osteoclast differentiation has be determined (Chapter 3). The

mechanism of action of M-CSF in human monocyte-osteoclast differentiation

has also been investigated (Chapter 5).

It is difficult, however, to be certain of the effect of PGE, on osteoclast formation

and bone resorption in periprosthetic tissues surrounding loose implant

components using thís itt aitro coculture technique which employs UMR 106

cells. Quinn et al (L997) showed that the effects of PGE, on murine monocyte-

osteoclast differentiation are highly dependent on the type of supporting stromal

cell present in the cocultures. Whilst PGE2 has been shown to have an inhibitory

effect in murine monocyte-UMR 106 cell cocultures, the effect of PGEt on human

macrophage-osteoclast differentiation cocultured with human bone stromal cells

is not known. This is particularly important in the context of periprosthetic bone

resorption where macrophages and osteoblasts are present in the same location.

In addition, PGE, is known to be released from wear particle-stimulated

macrophages, and increased levels have been found at the bone-implant interface
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of failed prostheses (Goldring et al 1983). PGE, is also known to inhibit directly,

and transiently, mature osteoclast motility and bone resorption (Chambers et al

1935) but is also known to be a potent stimulator of bone resorption in organ

cultures (Klein and Raisz 1970). PGE2 has been reported to stimulate osteoclast

differentiation in murine marrow cultures and murine spleen haematopoietic

cell and bone stromal cell cocultures (Akatsu et al 7989; Collins and Chambers

7991), and has also been reported to both stimulate and inhibit osteoclast

differentiation in long term human marrow cultures (Chenu et al 1990;

Flannagan et al 1995).

In order to develop an in aitro system of human macrophage-osteoclast

differentiation which more closely parallels what occurs in aiao, a human

macrophage-human osteoblastic cell coculture system of osteoclast formation

was devised. Specifically, it was determined whether human bone-derived

stromal cells are capable of supporting osteoclast differentiation from

mononuclear precursors isolated from periprosthetic tissue surrounding loose

impiants. The cellular and humoral conditions required for this to occur in aitro

were investigated. In addition, the effect of PGE2 on macrophage-osteoclast

differentiation and bone resorption was also determined. The Presence of

endogenous levels of PGE, and M-CSF in periprosthetic macrophage-bone

stromal cell cocultures was measured, and the effect on periprosthetic

macrophage-osteoclast differentiation of PGE, added at various time points

during the coculture period was also determined.

6.2. Methods

Fluman trabecular bone was obtained at the time of preparation of the site for

insertion of the femoral prosthesis in patients undergoing primary total hip

replacement surgery for OA. The medullary bone was collected from the region

of the greater trochanter, a site which is remote from the joint surface and grossly

and microscopically consists of normal bone. Clinical details of the patients (HB1-

HB6) from whom bone was collected are shown in Appendix 3.
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The bone fragments were cut into small pieces and washed vigorously in sterile

PBS to remove blood, fat and marrow. Equal amounts of bone were transferred

into 25cmt tissue culture flasks containing 5 mls of media. The media used was

Dulbecco's Modification of Eagle's Minimal Essential Medium (DMEM; Cat. no.

D-6546, Sigma, UK) supplemented with 10% heat treated FCS (Cat no. 10106-169,

Gibco, UK), 100u/ml Penicillin and 100pg/ml Streptomycin sulphate (Cat no.

15740-774. Gibco, UK), 2mM L-glutamine (Cat no. 25030-024, Glbco, UK), 100pM L-

ascorbic acid 2-phosphate (Asc-2-P; Cat. no. 01.3-12061. Wako Pure Chemical

Industries Ltd, Japan),2T" Hepes buffer (Cat. no. H-0887, Sigma, UK), and l-08M

dexamethasone (Cat. no. D-4902, Sigma, UK) (DMEM standard media). The

cultures were incubated at 37"C tn 5/o CO, with media changed after seven days,

and. every 3-4 days thereafter. The cultures were grown to confluence (4-6 weeks),

and were then passaged for experimentation.

To passage the cells, the cell layer was washed twice with DMEM followed by

collagenase treatment (25TJ /ml in DMEM only; type VII, Cat. no. C-0773, Sigma,

UK) for two hours at37"C in 5% COr. The cells were then washed twice in sterile

PBS and incubated for approximately 2 minutes in trypsin to detach and separate

the cells. The cell suspension was passed through a 1-00pm cell strainer to

remove clumps of matrix, and centrifuged at 1500 rpm for 5 minutes to pellet the

cells. The supernatant was removed and the pellet resuspended in DMEM

standard media. A concentration of 2x10a cells/1,00p1 was added to 7mm wells of

a 96 well Multiwell plate. These wells contained either glass coverslips or Pre-

wetted human cortical bone slices. The human bone stromal cells were incubated

at 37"C in 5/. CO, for 24 hours. After 24 hours, the media was changed and the

cells were incubated in crMEM+I}% FCS media. These bone-derived cells were

denoted as passage 1 (P1). The majority of cells used in the following experiments

were PL cells although occasionally PZ cells were used and this was noted in the

text. Explant cultures of human trabecular bone give rise to a number of cell types

including osteoblastic, fibroblastic and adipocytic cells (Gallagher et al 1982;

Beresford et al 1983a; Beresford et al 1983b). The presence of fibroblast-Iike

stromal cells that are capable of rapid proliferation in these cultures means that

primary cultured cells of low passage number must be used (Chavassieux et al

1ee0).
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With the last three bone cultures passaged (HB4-HB6), 2x1.04 cells/ml were also

added to 16mm wells of two 24 we\I plates for characterisation of these bone-

derived stromal cells for the osteoblast phenotype. The cells were cultured in

DMEM standard media lor 12 days with media changes twice a week and then the

cells were characterised for alkaline phosphatase expression and their ability to

mineralise. The cultured cells were characterised histochemically for the

expression of alkaline phosphatase using a commercially available kit (Cat no. 86-

R, Alkaline Phosphatase kit, Sigma, UK). A von Kossa reaction for mineral was

used to demonstrate the presence of insoluble phosphate and carbonate in the

cultures which signifies the presence of calcium and mineralisation (Bancroft

and Stevens 1977).

cocultures on coverslips and bone slices

Adherent cells were isolated from tissue specimens obtained from patients

undergoing revision arthroplasty surgery, as described previously. A

concentration of 1x10s cells/ml of the cell suspension was added to the 7mm

wells which contained the coverslips and bone slices seeded 48 hours earlier with

human bone-derived stromal cells. The cells were allowed to adhere for one

hour at 37"C in 5% COr, before the coverslips and bone slices were removed from

the wells, washed vigorously in øMEM to remove the non-adherent cells, and

placed in larger L6mm wells containing Lml of aMEM+1O% FCS media.
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Deriorosthetic m acroohases

Adherent cells were isolated from tissue specimens obtained from six patients

undergoing revision arthroplasty surgery (ADM4-ADM6, ADM16-ADM18;

Appendix 1). These isolated cells were cocultured with human bone-derived

stromal cells from six different patients (H82, HB4-HB6 all PL and HB1, F{B3 P2;

Appendix 3) in the presence and absence of 10-7M 1,25(OH)rD3 and L0 8M

dexamethasone. Cultures were also included which consisted of coverslips and

bone slices that had periprosthetic macrophages but no bone stromal cells added,

and coverslips and bone slices that had bone stromal cells but no periprosthetic

macrophages added. The coverslips were removed after ten days incubation and

characterised histochemically for the expression of TRAP, and

immunohistochemically for VNR expression and expression of the macrophage-

associated antigens, CD11b and CDL4. The cortical bone slices were removed after

14 days incubation and bone resorption was measured as the number of

resorption pits per bone slice. Each treatment was studied in triplicate for each

tissue specimen. Additional control coverslips and bone slices were also included

which consisted of cocultures of periprosthetic macrophage and human bone

stromal cells. These were removed after 24 hours incubation and the coverslips

were assessed for CD11b , CDI4, TRAP and VNR expression. The bone slices were

assessed for resorption pit formation.

cell coculture

To measure the levels of mediators released, supernatants were collected during

media changes from four periprosthetic macrophage-bone stromal cell cocultures

incubated in the absence of L,25(OH)'D, and dexamethasone. Supernatants were

collected from days L, 4,7 and 1L. The supernatants were centrifuged to remove

wear particles and cell debris, and stored at -20"C until ready for testing. Levels of

human M-CSF and PGE2 were measured by enzyrne linked immunoassays

(ELISAs) purchased from R&D Systems, UK and Amersham International, UK.
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Adherent celis were isolated from tissue specimens obtained from six patients

undergoing revision arthroplasty sufgery (ADMS, ADl;47, ADM8, ADMLS,

ADML9, ADM20; Appendix L). These cells were cocultured with human bone-

derived stromal cells from six different patients (H81, FJ.BZ, HB4-HB6 all PL and

iHB3P2; Appendix 3), in the presence and absence of L08M dexamethasone. The

effect of PGE, was determined by the addition of various concentrations of PGE,

ranging from 10-8 to 10-6M at the beginning of each experiment and every media

change. PGE' (Cat. no. 5640, Sigma, UK) was dissolved in absolute ethanol and

the 102M stock stored in aliquots at -20'C until use. The coverslips were removed

after ten days incubation and characterised for the expression of TRAP and VNR

activity. The cortical bone slices were removed after 14 days incubation and bone

resorption was measured as the number of resorption pits per bone slice. Each

treatment was studied in triplicate for each tissue specimen.

Additional wells were also set up whereby 10-6M PGE, was added to the

cocultures, in the absence of dexamethasone, for the first time either at day four

or day seven of the incubation period. The extent of resorption pit formation was

compared firstly to cocultures which had no PGE2 added (control), and secondly

to cocultures which had PGE, added at the beginning of the experiment (Day 0)

and every media change.

6.3. Results

ohenotvoe

-

The passaged cells from all three bone cultures studied were shown to express the

characteristics of osteoblasts. They were positive for alkaline phosphatase activity

and were capable of mineralisation as evidenced by von Kossa staining (Figure

28).
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Figure 28. Cultures of human bone derived stromal cells (P1) showing (A) alkaline
phosphatase activity (x40; counterstained with haematoxylin); and (B) von Kossa
reaction for mineralisation after the addition of 10mM phosphate (x40; counterstained
with toluidine blue).



Deriorosthetic macroph a ges

After 24 hours incubation, numerous adherent cells in the periprosthetic

macrophage-human bone stromal cell cocultures on glass coverslips were found

to express strongly the macrophage cell surface antigens, CD11b and CD14. These

24 hour cultures were largely negative for TRAP and VNR positive

multinucleated cells although scattered TRAP and VNR positive mononuclear

cells were present in most preparations (Figure 29). In three of the six

arthroplasty tissue specimens, a few TRAP and VNR positive multinucleated

cells were also noted (<5 cells per coverslip). Very few resorption pits were seen

on the bone slices after 24 hours coculture. The mean number of total resorption

pits in each experiment (n=6 experiments; 3 bone slices Per exPeriment) ranged

from 0 to 72 pits per bone slice.

In the ten day cocultures of periprosthetic macrophages and human bone stromal

cells on glass coverslips, in the absence of I,2S(OH)rD, and dexamethasone,

numerous large TRAP positive cells and clusters of smaller TRAP positive

mononuclear cells weïe seen (Figure 29). Numerous large VNR positive

multinucleated cells were also present (>30 per coverslip). After 14 days coculture

on bone slices, extensive lacunar bone resorption was evident on all the bone

slices studied. All six human bone derived stromal cell preparations were found

to support osteoclast formation and bone resorption.

It was found that L,25(OH)2D3 was not an essential requirement for osteociast

formation and bone resorption in periprosthetic macrophages-human bone

stromal cell cocultures. Although accurate quantitation of the number of TRAP

positive cells was not possible, there appeared to be slightly fewer TRAP cells in

the ten day cocultures incubated in the presence of 1,25(OH)'D, than in those

cocultures incubated in the absence of 1,25(OH)rD, (Figure 30). The addition of

L,25(OH)2D, had no effect on the numbers of resorption pits formed after 14 days

incubation (Figure 31). It was also found that dexamethasone was not an essential

requirement for osteoclast formation and bone resorption in periprosthetic

macrophage-human bone stromal cell cocultures. As for 1,25(OH)2D3, the

presence of dexamethasone was associated with a decrease in the number of
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Figure 29.24hour and ten day cocultures of arthroplasty derived macrophages and
human bone stromal cells showing (A) scattered VNR positive mononuclear cells
(x100) and (B) scattered TRAP positive mononuclear cells (x O) after 24 hours
coculture; (C) large VNR positive multinucleated cells (x100) and large TRAP posi-
tive cells as well as clusters of TRAP positive mononuclear cells (x40) after ten days
coculture. Counterstained with haematoxylin.
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Figure 30. Ten day cocultures of arthroplasty derived macrophages and humanbone
stromal cells showing (A) TRAP activity in the presence of both 1,25(OH)'D, and
dexamethasone (xaO); (B) TRAP activity in the presence of L,25(OH)rDu but in the
absence of dexamethasone (xa0); (C) TRAP activity in the absence of L,25(OH)rD,
but in the presence of dexamethasone (x40); (D) TRAP activity in the absence of
both L,25(OH)rD3 and dexamethasone (xaO).
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Figure 31. Cellular and hormonal requirements for osteoclast
differentiation and bone resorption in arthroplasty derived
macrophage-human bone stromal cell cocultures after 14 days
incubation.

The results are expressed as the mean number of resorption pits per
bone slice + SEM. Human bone stromal cells (hobs) from six different
patients were studied in triplicate (n=18). Statistical analyses were
performed using a two factor with replication ANOVA test.
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TRAP positive cells present in the ten day cocultures (Figure 30). However/ a

reduction in the number of resorption pits formed after \4 days coculture was not

seen (Figure 3L).

Less bone resorption was seen when human bone stromal cells were used to

support macrophage-osteoclast differentiation compared with UMR 106 cells.

The mean number of resorption pits (mean+SEM) was 76.1 +17.7 pits per bone

slice for the six experiments using human bone stromal cells and 1.86.9 + 39.9 pits

per bone slice for the UMR 106 coculture controls in the same experiments. This

may reflect the heterogenous nature of the human bone stromal cell population

derived from trabecular bone fragments unlike UMR 106 cells which are all of

osteoblastic phenotype. These human cells consist of a mixed population of

osteoblastic, fibroblastic and adipocytic cells at different stages of differentiation.

In the control cultures where prosthetic macrophages were incubated for ten days

on glass coverslips in the absence of human bone stromal cells, scattered TRAP

and VNR positive mononuclear cells were seen. In three of the six experiments,

a few TRAP and VNR positive multinucleated cells were also seen. As described

earlier (section 3.4.3.), these multinucleated cells are most likely derived from

pieces of bone which are attached to or embedded in the arthroplasty

pseudomembrane. Extensive lacunar bone resorption was not seen on the bone

slices after L4 days incubation (Figure 31). The mean number of total resorption

pits for each experiment (n=6 experiments; 3 bone slices per experiment) ranged

from 0 to 16 pits per bone slice.

In the absence of periprosthetic macrophages, the bone stromal cell cultures were

completely negative for TRAP and VNR activity and no lacunar resorption pits

formed. Alkaline phosphatase activity was found.

cell coculture

Levels of M-CSF in the supernatants were substantially increased after four and

seven days coculture (Table 7). The levels of M-CSF measured in the

periprosthetic macrophage-human bone stromal cell cocultures were twice those
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measured in the periprosthetic macropl-rage-UMR 106 cell cocultures (see section

3.6.2.). This result would suggest that both the cells isolated from arthroplasty

tissue and the human bone stromal cells are important sources of M-CSF in these

cocultures. Strikingly high levels of PGE, were detected in the supernatants after

24 hours and four days incubation of periprosthetic macrophage-human bone

stromal cell cocultures (Table 7). Although still present, the levels of PGE, were

greatly decreased in the supernatants from the seven and ten day cocultures. The

levels of PGE, in the 24 lno:ur and four day periprosthetic macrophage-human

bone stromal cell supernatants were sixty and sixteen times higher respectively

than those measured in the corresponding periprosthetic macrophage-UMR 106

cell supernatants. As the PGE2 immunoassay measures both human and rodent

PGE,, this result suggests that human bone derived stromal ceils are capabie of

producing substantial amounts of PGE, after stimulation. This is in contrast to

PGE2 release from the UMR 106 stromal cells.

Table 7. Release of mediators during periprosthetic macrophage-human bone

stromal cell coculture.

26.9

(range 17.6-35)

185.0

(range 55-340)

2780.0

(range 450-

s000)

1500.0

(range 625-

2s00)

PGE2

(Pslmt)

ND445.0

(range 230-

660)

313.3

(range 185-

400)

77.8

(range 43-125)

M-CSF

(Pslml)

Day 11Day 7Day 4Day 1Incubation

period (Days)

Periprosthetic macrophages were isolated from tissue specimens from patients ADMS-ADM7,

ADM15 (Appendix 1).

Results are expressed as the mean level of mediator release'

ND=not determined
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macroDhase-human bone stromal cell cocultures

In the ten days cocuitures of periprosthetic macrophages and human bone

stromal cells incubated in the absence of dexamethasone, numerous large TRAP

and VNR positive cells were seen on the coverslips. After 14 days incubation,

extensive lacunar bone resorption was seen on the bone slices cocultured with

human bone stromal ceils, in the absence of dexamethasone. The mean number

of total resorption pits for each experiment (n=6 experiments; 3 bone slices per

experiment) ranged from 46.7 to 187.0 pits per bone slice. In the absence of

human bone stromal cells, occasional TRAP and VNR positive cells were seen

on the coverslips after ten days incubation but few if any resorption pits formed

after 74 days incubation. The mean number of total resorption pits for each

experiment (n=6 experiments; 3 bone slices per experiment) ranged from 0 to 6.7

pits per bone slice.

The addition of exogenous PGE, caused a significant dose dependent increase in

lacunar bone resorption (Figure 32). At concentrations of 10-6M and L0-7M, the

number of resorption pits formed after 14 days incubation were approximately

three and two times greater than the untreated control (p=O.OOtZ and P=0.0008

respectively). 10{M PGE2, the lowest concentration studied, had no effect on

resorption pit formation (p=Q.413). Cocultures on bone slices incubated in the

presence of 10-6M PGE2 showed a significant increase in bone resorption

compared to controls as assessed by counting pit numbers. This amount of bone

resorption is likety to have been underestimated, however, as it was noted that,

whereas lacunar bone resorption on control bone slices appeared as single pits or

clusters of small pits, with generally five individual pits per cluster, the bone

resorption seen on bone slices incubated in the presence of L0-6M PGE, was

characterised by the presence of large areas of lacunar resorption with often

greater than 20 pits in each resorption area. Moreover, each individual pit in

these resorption areas was often extensive and convoluted (Figure 33). Although

a significant increase in bone resorption was seen when the cocultures were

incubated in the presence of L0-6M PGE2, no increase in osteoclast formation was
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seen. The numbers of TRAP and VNR positive cells in the ten day cocultures

appeared to be similar to the numbers present in the untreated controls.

The addition of 10-6M PGE, for the first time at Day 4 of the incubation period

caused a significant increase in bone resorption compared to controls which did

not have 10-6M PGE2 added (p=O.Off) (Figure 32). No significant difference in the

amount of bone resorption seen after 14 days incubation was found between

cocultures which had 10 6M PGE2 added at Day 4 and those which had 10 6M PGE2

added from the beginning of the experiments (p=O.SSZ). A slight but not

significant increase in bone resorption compared to the controls was also seen

when 10-óM PGE' was added for the first time at Day 7 of the incubation period

(p=0.323). This increase was not as great as the increase seen when 10 6M PGE, was

added at earlier time points (i.e. Day 0 or Day 4). This was most probably due to

the fact that untii Day 7 resorption pit formation by osteoclastic cells was at a

reduced level in the absence of exogenous PGEr.

When L0-6M PGE2 was also added to the cocultures, dexamethasone induced a

marked increase in lacunar bone resorption (Figure 34). The number of pits

formed after L4 days incubation in the presence of l-OóM PGE2 was more than two

times greater when dexamethasone was added than when dexamethasone was

omitted (p=O.OOOt). Dexamethasone alone did not stimulate bone resorption. The

mean number of resorption pits was 125.3 pits per bone slice for the

dexamethasone treated cocultures compared to 84.9 pits per bone slice for the

untreated controls (p=0.086). An increase in the numbers of TRAP and VNR

positive cells was not seen when PGE2 and dexamethasone were added to the

cocultures.

100



300

250

200

Mean number of
resorption pits 150

per bone slice

100

50

0
x
c)o
+
(t,
-oo
-cI

F-o
EoEE
(It

(o
Io

F

$l
uJ
CI
fL
+

\to
Eoõþ
(tt

(o
Io

$l
LrJ

CIÈ
+

(o
Io

F

N
uJ
o
fL
+

t-
Io

N
uJ
CI
fL
+

@
Io

N
]U
o
fL
+

o
L

co
C)

+hobs -Dex

Figure 32. Effects of PGE2 on lacunar bone resorption in arthroplasty
derived macrophage-human bone stromal cell cocultures after L4 days
incubation.

The results are expressed as the mean number of resorption pits per
bone slice + SEM. Human bone stromal cells from six different patients
were studied in triplicate (n=L8). Statistical analyses were performed
using a two factor with replication ANOVA test.
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Figure 93. (A) Foufteen day coculture of arthroplasty derived macrophages and

hgran bone stromal cells incubated in the presence of 10-6M PGE2 on human bone

slices. (B) Fourteen day coculture of arthroplasty derived macrophages and human

bone siromal cells incubated in the absence of exogenous PGE, on human bone

slices. The cells have been removed to reveal evidence of lacunar bone resorption.
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Figure 34. Effects of dexamethasone on lacunar bone resorption in
arthroplasty derived macrophage-human bone stromal cell
cocultures after'J,4 days incubation.

The results are expressed as the mean number of resorption pits per
bone slice + SEM. Human bone stromal cells from six different
patients were studied in triplicate (n=18). Statistical analyses were
performed using a two factor with replication ANOVA test.
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6.4. Discussion

The results of this study have shown that human bone derived stromal cells are

capable of supporting osteoclast formation from cells present in the

periprosthetic tissues surrounding a loose implant. Adherent cells isolated from

the arthroplasty tissue largeiy expressed a macrophage phenotyPe. Flowever, after

long term cocuiture with human bone stromal cells, numerous large osteoclastic

TRAP and VNR positive ceils appeared on the coverslips, and extensive lacunar

bone resorption was seen on all the bone slices. Fluman bone stromal cells

derived from six different patients were all found to support human osteoclast

formation. It was also found that the requirements for osteoclast formation in

periprosthetic macrophage-human bone stromal cell cocultures were markedly

different to those required for osteoclast formation when periprosthetic

macrophages were cocultured with UMR 106 cells. Notably, the addition of

1,25(OH)rD, was not found to be essential for human macrophage-osteoclast

differentiation.

1,25(OH)rD" has been consistently shown to be essential for osteoclast formation

in in aitro coculture systems. In a study by Collins and Chambers et al (\992),

however, it was shown that PGE, could substitute fot L,25(OH)'D, in murine

marrow-osteoclast differentiation. Measurement of PGE2 levels in the

periprosthetic macrophage-human bone stromal cell coculture supernatants

demonstrated that high levels of PGE2 were released in the first four days of

coculture. Thus, human bone stromal cells may be capable of releasing sufficient

levels of PGE, to promote osteoclast differentiation in this coculture system' This

was not found in the UMR 106 cell cocultures, and hence these cocultures

required the presence of L,25(OH)rDr. This explanation for the finding that

1,25(OH)rD, is not required for macrophage-osteoclast differentiation is supported

by the findings of one experiment where the effect of indomethacin on

periprosthetic macrophage-osteoclast differentiation was determined. In the 14

day cocultures of periprosthetic macrophages and human bone stromal cells

incubated in the presence of LO{M indomethacin, resorption pit formation was

substantially reduced compared to the untreated controls. The mean numbers of

resorption pits per bone slice were 10.5 and 120.7 pits per bone slice respectively

(n=3). This inhibitory effect of indomethacin needs to be confirmed in further

ì.!
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experiments. Substantial levels of M-CSF were also found to be released

endogenously by cells isoiated from arthroplasty tissue and by human bone

derived stromal cells. These levels appeared to be sufficient to support osteociast

precursor proliferation, maturation and differentiation into osteoclastic bone

resorbing cells.

The addition of PGE2 exogenously was found to strongly stimulate osteoclastic

bone resorption in this coculture system but did not appear to affect osteoclast

precursor proliferation and differentiation. One explanation is that there was

sufficient PGE, released by the human bone stromal cells in the first four days for

the addition of exogenous PGE, to have no effect. The levels of PGE, detected in

the coculture supernatants at day seven, however, were substantially reduced.

Thus, the addition of exogenous PGE, now had an effect. As osteoclasts were

already formed by this stage, this effect was only seen on bone resorption. PGE2

increased bone resorption in a dose dependent manner and this effect was

enhanced synergisticaliy by the presence of dexamethasone. The synergistic effect

of dexamethasone and PGE, on osteoclastic bone resorption was significant.

Dexamethasone alone has been shown to stimulate M-CSF release and inhibit

the release of bone resorbing mediators, including TNFcr, IL-6 and PGE2 (Russell

7993). In combination with cytokines such as IL-18 and TNFcr, however,

dexamethasone has been found to enhance the bone resorbing effects of these

cytokines (Haynesworth 1997). The mechanism of action of dexamethasone in

periprosthetic macrophage-osteoclast differentiation after coculture with human

bone stromal cells remains unknown.

In summary, the results of this study have shown that human bone derived

stromal cells are capable of supporting osteoclast formation from cells present in

the macrophage-rich periprosthetic tissues surrounding a loose implant. This

human macrophage-human osteoblastic cell coculture system shows striking

differences in the requirements for osteoclast formation and should prove useful

in analysing more accurately cellular and humoral influences on human

osteoclast formation. M-CSF, which has been shown in previous studies to be

essential for osteoclast precursor proliferation and differentiation, was found to
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be released from cells isolated from periprosthetic tissue and human bone

stromal cells. Substantial amounts of PGE, were also found to be released early by

the human bone-derived stromal cells in coculture. These mediators may have

profound effects on the formation of new osteoclasts from mononuclear

osteoclast precursors as well as affecting mature osteoclastic activity at sites of

pathological bone resorption associated with aseptic loosening of total joint

replacements.

..,)
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(PVNS) Tissue

7.1. Introduction

Multinucleated giant cells similar to those seen in giant cell tumours of bone (see

Chapter 4) have been found in a wide variety of giant cell lesions of bone and

extraskeletal soft tissues. The giant cells from these various lesions have all been

shown to be capable of lacunar bone resorption, a characteristic feature of

osteoclasts. In skeletal giant cell containing lesions such as giant cell tumour of

bone and giant cell reparative granuloma of jaw, the giant cells exhibit all the

defining characteristics of the osteoclast phenotype (Flanagan and Chambers 1985;

Joyner et aI 1992). In contrast, giant cells derived from extraskeletai giant cell

lesions, such as breast carcinoma with giant cells, pilar tumour of scalp, and giant

cell tumour of tendon sheath, do not exhibit the antigenic phenotype of

osteoclasts and are unresponsive to calcitonin (Athanasou et al1989; Athanasou

et al 1991; Athanasou and Quinn 1992).

Pigmented villonodular synovitis (PVNS) is a diffuse villous or nodular

tumour-like synovial lesion that affects joints, tendons and bursae (Iaffe et al

1941,; Flandry and Hughston 1987). In about one third of cases PVNS behaves

aggressively, causing para-articular osteolysis with the formation of multiple

cysts in bone. Histologically, PVNS is characterised by the proliferation of

synovial lining cells and a heavy diffuse subintimal infiltrate of mononuclear

cells, largely macrophages, amongst which are scattered muitinucleated gíant

cells. Ultrastructural studies of both vilious and nodular forms of PVNS have

shown the presence of synovial type A macrophage-like cells and synovial type B

fibroblast-cells (Alguacil-Gartia et al1978). The multinucleated cells show similar

features to the type A mononuclear cells, suggesting that they are formed by

fusion of type A cells.

During the course of my research, a case of PVNS presented at the hospital and

tissue was made available for investigation. The aim of this study was to

determine whether the giant cells present in PVNS exPress the phenotypic

to4



characteristics of osteoclasts or macrophage polykaryons in an attempt to

determine the nature of this potentially osteolytic synovial lesion.

7.2. Methods

7.2.1.. Clinical details

Tissue was obtained fresh from an eighteen year old girl undergoing a

synovectomy for spontaneous haemarthrosis of the knee. Prior to surgery, a MRI

examination showed changes typical of PVNS with thickened synovial fronds

and abundant haemosiderin. There was no radiological evidence of bone

involvement. During surgery it was also noted that there was no evidence of

bone involvement or damage to the articular surface, ligaments or menisci.

7.2.2. Isolation and culture of cells

A sample of the PVNS synovial tissue was washed thoroughly with sterile PBS

before being cut into small pieces and digested in crMEM containing Trng/mI

collagenase type 1 (Cat no. C-0130, Sigma, UK) for 30 minutes at 37"C, and 5 mls

of trypsin (Cat no. T-4424, Sigma, UK) for t hour. The digested tissue was then

filtered with a 100pm cell strainer, and the filtrate centrifuged at 1500rpm for 5

minutes. After two washes in crMEM only, the pellet was resuspended in

crMEM+1O%FCS media. The cell suspension was finally counted in a

haemocytometer after lysis of the red blood cells using a 5% (v/v) acetic acid

solution.

The cell suspension at a concentration of l-x10s cells/100p1 was added to 7mm

wells of a96 well tissue culture plate containing either pre-wetted dentine slices,

human cortical bone slices or 6mm glass coverslips. The cell suspension was

allowed to adhere for t hour at37"C in 5% CO2before being washed in crMEM

media and transferred to fresh wells containing ocMEM+FCS. Half the cultures

were incubated for 24 hours and the remaining half for 7 days. The media was

removed and fresh media added after 3 days to t}r.e 7 day cultures.
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Specimens of PVNS synovial tissue were snap-frozen in liquid nitrogen and

stored at -20"C for cryostat sectioning. In addition, imprints were made directly

from small samples of pigmented synovial tissue. Glass coverslips containing 24

hour and 7 duy cultures were also fixed in cold acetone for

immunohistochemistry.

The above preparations were stained histochemically for TRAP, and

immunohistochemically for the presence of macrophage (CD11b and CD14) and

osteoclast (VNR) associated antigens with the monoclonal antibodies MO 1, 10G

3.3 and 23C6 respectively.

Cells isolated from PVNS synovial tissue and cultured on glass coverslips for 3

days were also assessed for the presence of CT receptors by autoradiography using
12sl-labelled salmon CT ligand binding. The coverslips were incubated for 2 hours

at 37"C in 5% CO, in oMEM+FCS containing 0.125pCi 1251-tulpon CT (Cat. no.

IM250, Amersham International, UK). The labelted CT was left to bind, then the

cells were washed with sterile PBS, fixed in 2% glutaraldehyde-10% formalin

solution for 10 minutes, and air dried. Non-specific binding was assessed in the

presence of an excess amount of unlabelled CT (300mM). The coverslips were

then processed for autoradiography.

To assess the functional ability of cultured cells to carry out lacunar bone

resorption, cells isoiated from the PVNS synovial tissue and cultured on the

dentine slices were fixed in glutaraldehyde, and critical point dried before being

sputtered with gold. Dentine slices were used as these surfaces were smooth and

devoid of any naturally occurring pits. The slices were examined using SEM for

osteoclast-like cells associated with lacunar resorption pits. The remaining

human cortical bone slices had the cells removed from the bone surface and the

number of resorption pits per bone slice counted to assess accurately the extent of

lacunar resorption by these culfured cells.
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7.3. Results

7.3.1. Histology of PVNS tissue

Grossly, the synovial membrane and capsule were tan/brown in colour and

showed focal areas of nodular thickening. Histologically, villous hypertrophy,

thickening of the synovial membrane and intimal hyperplasia was seen. A

prolific subintimal macrophage and giant cell infiltrate was noted with many

cells containing phagocytosed haemosiderin or lipid. Scattered lymphocytes and

very occasional plasma cells were also noted.

7.3.2. Expression of osteoclast markers by multinucleated cells in PVNS

Giant cells in frozen sections of the PVNS tissue and imprint preparations were

strongly TRAP positive and showed positive staining for VNR. The giant cells

were negative for CDLLb and CD14 in frozen sections, but a small number in

imprint preparations weakly expressed these antigens. These imprint

preparations contained over one hundred giant cells of which fewer than five,

mostly giant cells with fewer than three nuclei, showed positive staining for

CD1,Lb and CD14. In contrast, mononuclear cells were positive for CDLlb and

CD14 but negative for VNR in frozen sections. As previously noted, synovial

lining cells in the hyperplastic intima were found to express VNR.

Giant cells isolated from PVNS tissue and cultured on glass coverslips lor 24

hours were similarly found to be TRAP and VNR positive and negative for

CDLLb and CDL4 (Figure 37).In addition, cultured giant cells expressed numerous

CT receptors when assessed for their ability to bind ttsl-labelled CT by

autoradiography (Figure 37). A few giant cells, however, were found to be

negative for CT receptors.

In the SEM bone resorption assay, there was functional evidence of bone

resorption with giant cells lying directly over or beside resorption pits on dentine

slices (Figure 38). Extensive lacunar resorption was also seen on cortical bone

slices where the cultured cells had been removed. All twelve bone slices on

which cells had been cultured for 24 hours and 7 days showed evidence of

lacunar resorption. The average number of lacunar bone resorption pits seen

after cells were cultured for 24 hours on the six bone slices on which cells had
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Figure 37.24 hour cultures of PVNS cells on glass coverslips showing (A) CD14
positive mononucleated cells and CD14 negative multinucleated cells (x200); (B)

VNR positive mononuclear and multinucleated cells (x200); (C) TRAP positive
multinucleated cells (x100); and (D)binding of l2sl labelled calcitonin (x100).



Figure 38. PVNS giant cell (arrowed) overlying a lacunar resorption pit (P) on the
dentine surface



been removed was 43 (range 35 - 59), and on the same number of bone slices after

7 days the average number of lacunar bone resorption pits was I49 (range 124 -

173).

T.4.Discussion

PVNS is an enlarging, locally aggressive synovial tumour which commonly

causes erosion of bone adjacent to the joint synovium and is characterised by the

presence of numerous macrophages and giant cells. In the PVNS case studied,

the macrophages and giant cells were confined to the synovium and there was

no evidence of osteolysis. Despite this, the giant cells isoiated from the specimen

were shown to express all the phenotypic characteristics of osteoclasts. Unlike

macrophage polykaryons, PVNS giant cells were strongly positive for VNR and

negative for CD1Lb and CD14. The PVNS giant cells also expressed CT receptors,

as previousiy noted by Gravellese et aI (1993), and were capable of extensive

lacunar bone resorption.

A prominent feature of both skeletal and extraskeletal giant cell-containing

lesions is the presence of a heavy macrophage infiltrate. As well as containing

numerous macrophages which are capable of fusing to form macrophage

polykaryons, these lesions also contain a number which are primed and activated

for osteoclast differentiation. This may explain why a variable number of the

giant cells in these lesions express the antigenic phenotype of macrophage

polykaryons rather than osteoclasts (Athanasou et al 1989; Athanasou et al 1991;

Athanasou and Quinn \992).Itcould also account for the marked variation in

the amount of lacunar bone resorption by giant cells isolated from different

extraskeletal giant cell containing lesions. In a similar previous study, giant cells

isolated from giant cell tumour of tendon sheath, a lesion which closely

resembles joint PVNS histologically, formed fewer than 10 resorption pits over

seven days culture on cortical bone slices (Athanasou et al 1991).In the PVNS

case studied, over 100 pits formed. This marked difference in lacunar resorption

may be accounted for by a difference in the number of primed mononuclear

osteoclast precursors present in these two morphologically similar extraskeletal

giant cell containing lesions.

108



The origin and nature of both the diffuse and localised forms of joint PVNS is

controversial. It is not certain whether PVNS represents a true neoplasm of

synoviai tissue or an exuberant proliferative response of the synovium, possibly

related to trauma or inflammation. Cytogenetic studies and flow cytometry have

shown evidence of clonality in PVNS tissues, suggesting that PVNS may

represent a true synovial neoplasm (Bridge et al 1990; Ray et al 1991). A similar

controversy surrounds the nature of giant cell tumour of bone which has also

been found to exhibit consistent chromosomal abnormalities (Choong et al 1995).

PVNS, giant cell tumour of bone and giant cell reparative granuloma of the jaw

are distinguished from other skeletal and extraskeletal giant cell lesions by the

fact that the giant cells express the phenotype of osteoclasts rather than

macrophage polykaryons. These three lesions also exhibit a similar pattern of

osteolysis, behaving inherently as locally aggressive tumours with tumour

growth or expansion being accompanied by bone destruction. On the basis that

the giant cells are osteoclastic in nature, calcitonin administration has been used

successfully to treat the growth of giant cell reparative granulomas of the jaw

(Harris 1993), and potentially a similar approach could be used to control the

osteolysis of PVNS.
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8. Summarv

The majority of studies described in this thesis have examined macrophages in

human periprosthetic tissues surrounding loose prostheses and osteoclast

differentiation and pathological bone resorption associated with aseptic loosening

of total joint replacements.

The results presented suggest that one cellular mechanism whereby bone

resorption and implant loosening may occur is by osteoclastic differentiation

from mononuclear phagocyte precursor cells present in periprosthetic tissue. The

requirements for this to occur in aitro were found to be dependent on the

osteoblast-like cells used to support osteoclast formation. Both the osteoblast-like

rat cell line, UMR 106, and human bone-derived stromal cells were found to

support osteoclast formation from periprosthetic cells.

It was found that mediators implicated in osteoclast formation and osteoclastic

bone resorption, namely M-CSF, IL-6 and PGE2, are released from cells isolated

from periprosthetic tissues retrieved from around loose implants. Both M-CSF

and IL-6 were found to be important for the proliferation and differentiation of

precuïsor cells into osteoclastic bone resorbing cells. Receptors for these cytokines

were found to be present on periprosthetic cells. In cocultures of periprosthetic

cells and human osteoblastic cells, PGE2 appeared to stimulate osteoclast

formation and osteoclastic bone resorbing activity.

The results of these studies suggested that not only do the mediators contribute to

osteoclastic activity, but they are also important for the formation of new

osteoclasts at sites of pathological bone resorption. In the context of the prolific

foreign body response to wear particles at the bone-implant interface, osteoclast

differentiation may represent an important cellular mechanism whereby bone

resorption leads to prosthesis loosening.

Future studies should involve the use of the in uitro models of osteoclast

formation examined in this thesis to characterise further the mechanism of

osteoclast formation from mononuclear precursor cells. Using fluorescence-
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activated cell sorting, the role of different cell types in periprosthetic tissue in

mediator release and the promotion of osteoclast formation in aitro can be

determined. Specific antibodies and inhibitors can be used to determine the

importance of mediators such as M-CSF, IL-6 and PGE2 in osteoclast formation

from human periprosthetic cells cocultured with human bone-derived stromal

cells. In addition, the human peripheral blood monocyte-human bone stromal

cell coculture system should be further developed and used to study the effects of

conditioned media from wear particle-stimulated monocytes on osteoclast

formation.
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APPENDIX L. Clinical details of patients from whom revision arthroplasty specimens were
obtained.

Clinicat details of patients from whom OA synovium specimens were obtained

F
F

82
62

oA1
oA2

SexAge (years)Case number

femoral membr¿me20cemented
UHMWPE, SS

M69ADM 20

acetabular
membrane

9cemented
UHMWPE, cpTi,

CoCr

M67ADM 19

acetabular
membrane

4uncemented,
UHMWPE, TiAIV

F62ADM 1-8

acetabular
membrane

5cemented
UHMWPE, COCT,

TiAIV

F26ADM 17

acetabular
membrane

15cemented
UHMWPE, COCT

F80ADM 16

femoral membrane8cemented,
UHMWPE, SS

M64ADM 15

acetabular
membrane

12cemented,
UHMWPE, COCT

F77ADM 14

femoral membrane5uncemented,
UHMWPE, CoCr,

TiAIV

F50ADM 13

acetabular
membrane

6cemented
UHMWPE, SS

F72ADM 12

femoral membraneJuncemented,
UHMWPE, COCT

F52ADM 11

femoral membrane11cemented
UHMWPE, SS

M88ADM 10

acetabular and
femoral membrane

9cemented
UHMWPE, SS

F80ADM 9

femoral membrane13cemented
UHMWPE, SS

M78ADM 8

capsule10cemented
UHMWPE, SS

F76AD}ifT

femoral membrane6cemented,
UHMWPE, ?

M79ADM 6

acetabular
membrane

18cemented
UHMWPE, SS

F81ADM 5

femoral membrane7cemented,
UHMWPE, SS

M60ADM 4

acetabular
membrane

5cemented,
UHMWPE, SS

M68ADM 3

femoral membrane9cemented
UHMWPE, SS

F67ADM 2

femoral membrane8cemented
UHMWPE, SS

M76ADM 1

Duration
of implant

Type of retrieved
tissue

ars

Implant materialsAg"
(years)

SexCase
numhr
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APPENDIX 2. Cytokine Receptor McAbs used for immunohistochemical staining

G1

G2a
M
M
G1

G2b

G1

G1
G1

G1
G1

G2a

G

M

G1
G1

G1
G1
G1
G2a
G1

G1

G1

G1
G1
G1
G1
G1
M

G1
G1.

IL-1R Typel

IL-2Rcr
IL-2Rct
IL-2Rcr
IL-2Rct,
IL-2Ry

IL-3Rcr

IL-4R
IL-4R

IL-6R
IL-6R
IL-6R
IL-6R

IL-7R

IL-8R

TNFR/55kD
TNFR/75kD

gp130
gp130
gp130

9p130
9p130

M-CSFR

SCFR

SCFR
SCFR
SCFR
SCFR
SCFR
SCFR

GM-CSF-R
GM-CSF-R

Armitage

Nelson
Horejsi
Horejsi

Sugamura
Sugamura

Lopez

Agthoven
Armitage

w
w

{
ij

denes
denes

Brochier
Brochier

Agthoven

Wijdenes

Lesslauer
Lesslauer

Clement/Wijdenes
Clement/Wijdenes
Clement/Wijdenes
Clement/Wijdenes

Brochier

Buhring
Nakamura
Nakamura
Nakamura

Morita
Morita

Agthoven

Agthoven

hIL-1R-M1

7G786
MEM-145
MEM-140

H-31
TUGh4

9F5

s456C9
hIL-4R-M57

B-N12
B-F19

M5
M195

R34.34

B-C20

htr9
utrl

B-R9
B-T72
B-T9
B-S8

B1

7-71^3

571'5

NU-C4(IT
L15

NU-SCF1
MTKl
MTK2
17F11.

SCO6

SCO4

c-79

c-25
c-53
c-54
c-90
c-89

c-67

c-4
c-81

c-74
c-75
c-63
c-88

c-5

c-77

c-94
c-95

c-L3
c-16
c-18
c-24
c-34

cD115#

c-29
c-45
c-46
c-48
c-68
c-69
c-72

c-3
c-57

IsotypeReactivityDonorClonenameMcAb codel

tThe monoclonal antibodies (McAbs) used were derived from the Cytokine Panel of McAbs analysed in the 6th
Intemational Workshop on Human Leukocyte Differentiation Antigens'
#An antibody specific for the human CSF-1 receptor (M-CSFR) was purchased from Cambridge Bioscience, UK (Cat
no. 13-2800).
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APPENDIX 3. Clinical details of patients from whom human trabecular bone was obtained'

F84HB6
M56HB5
F72HB4
M59HB3
M54T1B 2

M36HB1
SexAge (years)Case number

114



BIBLIOGRAPHY

Abe E, Miyaura C, Tanaka H, Shiina Y, Kuribayashi T, Suda S, Nishii Y, Deluca
HF, Suda T (1933) Ialpha,21-dihydroxyvitamin D, promotes fusion of mouse
alveolar macrophages both by a direct mechanism and by a spleen cell-mediated
indirect mechanism. Proc Nat Acad Sci 80:5583-5587.

Agins H], Alcock NW, Bansal M, Eduardo AS, Wilson PD Jr, Pellicci PM,
Bullough PG (19SS) Metallic wear in failed titanium-alloy total hip replacements:
a histological and quantitative analysis. J Bone J Surg 70-A:347-356.

Akatsu T, Takahashi N, Debari K, Morita I, Murota S, Nagata N, Takatani O, Suda
T (1939) Prostaglandins promote osteoclast-like cell formation by a mechanism
involving cyclic adenosine 3', 5' monophosphate in mouse bone marlow
cultures. J Bone Miner Res 4:29-35.

Akatsu T, Takahashi N, Udagawa N, Imamura K, Yamaguchi A, Sato K, Nagata
N, Suda T (1991) Role of prostaglandins in interleukin-1-induced bone resorption
in mice in vitro. J Bone Min Res 6:1'83-190.

Alguacil-Garcia A, Unni KK, Goellner jR (7978) Giant cell tumour of tendon
shõath and pigmented villonodular synovitis: an ultrastructural study. Am J Clin
Pathol 69:6-77.

Allen MJ, Myer BJ, Millett PJ, Rushton N (1997) The effects of particulate cobalt,
chromium and cobalt-chromium alloy on human osteoblast-like cells in vitro. J

Bone J Surg 79-B:475-482.

Apte SS (1990) Expression of the cell proliferation-associated nuclear antigen
reãctive with the Ki-67 monoclonal antibody by cells of the skeletal system in
humans and other species. Bone Miner 70:37-50.

Arend WP, Dayer ]M (1990) Cytokines and cytokine inhibitors or antagonists in
rheumatoid arthritis. Arthritis Rheum 33:305-315.

Aspenberg P, Herbertsson P (1996) Periprosthetic bone resorption. Particles versus
movement. J Bone J Surg 78-8:641-646.

Athanasou NA (1996) Cellular biology of bone-resorbing cells. J Bone J Sutg 78-
A:1096-1112.

Athanasou NA, Quinn J (1990) Immunophenotypic differences between
osteoclasts and macrophage polykaryons: immunohistological distinction and
implications for osteoclast ontogeny and function. J Clin Path 43:997-1'003.

Athanasou NA, Quinn I $992) Bone resorption by macrophage polykaryons of a
pilar tumour of the scalp. Cancer 70:469-475.

Athanasou NA, Quinn J, Bulstrode CJK (1992) Resorption of bone by
inflammatory cells derived from the joint capsule of hip arthroplasties. ] Bone J

Stt,rg74-B: 57-62.

115



Atlranasou NA, Quinn J, Ferguson D, McGee JO'D (7991) Bone resorption by
macrophage polykaryons of a giant cell tumour of tendon sheath. Br ] Cancer
63:527-533.

Athanasou NA, Quinn j, McGee IO (1987) Leucocyte common antigen is present
on osteoclasts. J Pathol 753:12L-I26.

Athanasou NA, Quinn J, McGee lO (19S8) Immunocytochemical analysis of the
human osteociast: phenotypic relationship to other marrow-derived cells. Bone
and Miner 3:317-333.

Athanasou NA, Wells CA, Quinn J, Ferguson DJP, Heryet A, McGee JO'D (1989)

The origin and nature of stromal osteoclast-like multinucleated giant cells in
breast carcinoma: implications for tumour osteolysis and macrophage biology. Br

J Cancer 59:49L-498.

Bancroft JD, Stevens A eds. (7977) Theory and Practice of Histological Techniques
Churchill Livingstone, Edinburgh.

Bar-Shavit Z, Teitelbaum SL, Reitsma P, Hall A, Pegg LE, Trial J, Kahn AI (1983)

Induction of monocytic differentiation and bone resorption by L,25-
dihyroxyvitamin D' Proc Natl Acad Sci 80:5907-5911,.

Barth E, Sullivan T, Berg EW (1991) Particle size versus chemical composition of
biomaterials as determining factors in macrophage activation. Trans Orthop Res

Soc 16:1.87.

Bennett NE, Wang ]T, Manning CA, Goldring SR (1991) Activation of human
monocytes/macrophages and fibroblasts by metal particles; release of products
with bone resorbing activities. Trans Orthop Res Soc 1-6:1,88.

Beresford JN, Galiagher JA, Gowen M, McGuire MKB, Poser J, Russell RGG
(1983a) Human bone cells in culture. A novel system for the investigation of
bone cell metabolism. Clin Science 64:38-39.

Beresford JN, Joyner CJ, Devlin C, Triffitt JT (1994) The effects of dexamethasone
and I,2ï-dihydroxyvitamin D3 on osteogenic differentiation of human marrow
stromal cells in vitro. Arch Oral Biol 39:941-947.

Beresford JN, MacDonald B, Gowen M, Couch M, Gallagher ]4, Sharpe PT, Poser J
(1983b) Further characterization of a system for the culture of human bone cells.

Calcif Tissue Int 35:6374.

Bertolini DR, Nedwin GE, Bringman TS, Smith DD, Mundy GR (1986)

Stimulation of bone resorption and inhibition of bone formation in vitro by
human tumour necrosis factor. Nature 319:5L6-518.

Bertolini DR, Votta B, Hoffman S, Strassmann G (1994) Interleukin 6 production
in fetal rat long bone cultures is correlated with PGE2 release and does not
correlate with the extent of bone resorption. Cytokine 6:368-375.

116



Blaine TA, Rosier RN, Puzas JE, Looney RI, Reynolds PR, Reynolds SD, O'Keefe

RI (1996) Increased levels of tumor necrosis factor-o and interleukin-6 protein
and messenger RNA in human peripheral blood monocytes due to titanium
particles. J Bone J Surg 78-A:LI8L-1192.

Blair HC, Schlesinger PH, Ross FP, Teitelbaum SL (1993) Recent advances toward
understanding osteoclast physiology. Clin Orth op 29 4:7 -22.

Bridge ]4, Neff JR, Bhalla PS, Sanger WG, Murphy MD (1990) Cytogenetics
findings and biologic behaviour of giant cell tumours of bone. Cancer 65:2697-

2703.

Burger EH, Klein-Nulend J, VeldhuijzenJP (1992) Mechanical stress and
osteogenesis in vitro. J Bone Miner Res 7 (Suppl 2):5397-401'.

Canalis E, Centrella M, Burch W, McCarthy TL (1939) Insulin-like growth factor 1

mediates selective anabolic effects of parathyroid hormone in bone cultures. J

Clin Invest 83:60-67.

Chambers TJ Q979) Phagocytosis and trypsin-resistant glass adhesion by
osteoclasts in culture. J Pathol 127:55-60.

Chambers TJ (1980) The cellular basis of bone resorption. Clin Orthop 151':283-293.

Chambers TJ, Darby JA, Fuller K (19S5a) Mammalian collagenase predisposes
bone surfaces to osteoclastic resorption. Cell and Tissue Res 241':671'-675.

Chambers TJ, Fuller K, McSheehy PM], Pringle JAS (19S5b) The effects of calcium
regulating hormones on bone resorption by isolated human osteoclastoma cells. J

Pathol 745:297-305.

Chambers TJ, Horton MA (1984a) Failure of cells of the mononuclear phagocyte
series to resorb bone. Calcif Tissue Int 36:556-558.

Chambers TJ, Magnus CJ (1982) Calcitonin alters behaviour of isolated osteoclasts.
j Pathol 136:27-39.

Chambers TJ, McSheehy PMJ, Thomson BM, Fuller K (1985c) The effect of
calcium-regulating hormones and prostaglandins on bone resorption by
osteoclasts disaggregated from neonatal rabbit bones. Endocrinotogy 11'6:234-239.

Chambers T], Revell PA, Fuller K, Athanasou NA (1984b) Resorption of bone by
isolated rabbit osteoclasts. J Cell Science 66:383-399.

Chambers TJ, Thomson BM, Fuller K (198ac) Effect of substrate composition on
bone resorption by rabbit osteoclasts. J Cell Science 70:6t-7'l'.

Charnley I $970) The reaction of bone to self-curing acrylic cement. J Bone Joint
Surg 52-B:340-353.

ltl



Chavassieux PM, Chenu C, Valentin-Opran A, Merle B, Delmas PD, F{artmann
DJ, Saez S, Meunier Pj (1990) Influence of experimental conditions on osteoblast
activity in primary bone cell cultures. J Bone Miner Res 5:337-343.

Cheng S-L, Yang jW, Rifas L, Zinang S-F, AvioliLV (1994) Differentiation of
human bone marrow osteogenic stromal cells in vitro: Induction of the osteoblast
phenotype by dexamethasone. Endocrinology 134.277 -286.

Chenu C, Kurihara N, mundy GR, Roodman GD (1990) Prostaglandin E, inhibits
formation of osteoclast-like cells in long term human marrow cultures but is not

a mediator of the inhibitory effects of transforming growth factor B. j Bone Miner
Res 5:677-681.

Chiba J, Rubash HE, Kim KJ, Iwaki Y (1994) The characterisation of cytokines in
the interface tissue obtained from failed cementless total hip arthroplasty with
and without femoral osteolysis. Clin Orthop 300:304-312.

Choong PFN, Willen H, Nilbert M, Mertens F, Mandahl N, Carlen B (1995)

Pigmented villonodular synovitis: monoclonality and metastasis - a case for
neoplastic origin? Acta Orthop Scand 66:64-68.

Cline Ml (1970) Monocytes and macrophages: Differentiation and function. In
Formation and Destruction of Blood Cells. Greenwalt TJ and Jamieson GA (eds)

Lippincott, Philadelphia, 222.

Collins DA, Chambers TJ $991) Effect of prostaglandins Ey,E2, and Fro on
osteoclast formation in mouse bone marrow cultures. J Bone Miner Res 6:157-164.

Collins DA, Chambers TJ í992) Prostaglandin E, promotes osteoclast formation
in murine haematopoietic cultures through an action on haematopoietic cells. j
Bone Miner Res 7:555-561.

Delaisse JM, Eeckhout Y, Vaes G (1981) Bone-resorbing agents affect the
production and distribution of procollagenase as well as the activity of
collagenase in bone tissue. Endocrinology 123:264-276.

Demulder A, Suggs SV, Zsebo KM, ScarcezT, Roodman GD (1992) Effects of stem
cell factor on osteoclast-like cell formation in long-term human marrow cultures.

J Bone Miner Res 7:1337-1344.

Elford PR, Felix R, Cecchini M, Trechsel U, Fleisch H (1987) Murine osteoblast-
like cells and the osteogenic cell MC3T3-EL release a macroPhage colony-
stimulating activity in culture. Calcif Tissue Int 41:151-156.

Feldman RS, Krieger NS, Tashjian AH ]r (1980) Effects of parathyroid hormone
and calcitonin on osteoclast formation in vitro. Endocrinology 107:1137-1'1'43.

Felix R, Cecchini MG, Hofstetter W, Elford PR, Stutzer A, Fleisch H (1990)

Impairment of macrophage colony-stimulating factor production and lack of

118



resident bone marrow macrophage in the osteopetrotic op/op mouse. J Bone
Miner Res 5:781-789.

Fibbe WE, Van-Damme J, Billiau A, Duinkerken N, Lurvink E, Ralph P, Altrock
BW, Kaushansky K, Willemze R, Falkenburg IHF (1983) Human fibroblasts
produce granulocyte-CSF, macrophage-CSF and granulocyte-macrophage-CSF
following stimulation by interleukin-L and poly(rl).poly(rc). Blood 72:860-866.

Flanagan AM, Chambers TJ (1935) The multinucleate cells in giant cell
granulomas of the jaw are osteoclasts. Cancer 62:7139-71'45.

Flanagan AM, Stow MD, Kendall N, Brace W (1995) The role oÍ I,25-
dihydroxycholecalciferol and prostaglandin E2 in the regulation of human
osteoclastic bone resorption in aitro.Int J Exp Path76:37-42.

Flandry R, Hughston JC (L987) Current concepts review: pigmented villonodular
synovitis [abstract]. J Bone Joint Surg 69:942.

Fleisch H, Hofstetter W, Felix R, Cecchini M, Wetterwald A (1993) The role of
macrophage stimulating factor M-CSF in bone resorption. Osteoporosis Int (Suppl
1):S108-110.

Franzen A, Heinegard D (1985) Isolation and characterization of two sialoproteins
present only in bone calcified matrix. J Biochem 232:715-724.

Freidenstein AJ Q976) Precursor cells of mechanocytes. Int Rev Cytol 47:327-55.

Frost HM (1980) In: Fundamental and Clinical Bone Physiology. Urist MR, ed. ]B
Lippincott Company, Philadelphia.

Fujikawa Y, Quinn IMW, Sabokbar A, McGee JO'D, Athanasou NA (1996a) The

human osteoclast precursor circulates in the monocyte fraction. Endocrinology
737:4058-4060

Fujikawa Y, Sabokb ar A, Neale S, Athanasou NA (1996b) F{uman osteoclast
formation and bone resorption by monocytes and synovial macrophages in
rheumatoid arthritis. Ann Rheum Dis 55:8L6-822.

Fuller K, Owens ]M, Jagger CJ, Wilson A, Moss R, Chambers TJ $993)
Macrophage colony-stimulating factor stimulates survival and chemotactic
behaviour in isolated osteoclasts. J Exp Med L78:1733-1744.

Gallagher jA, Beresford JN, Gowen M, Poser J, Coulton LA, Kanis JA, Russell
RGG (1982) Human bone cell cultures-studies of streoid action. Calcif Tissue Int
34 (Suppl):33.

Garrett IR, Boyce BF, Oreffo ROC, Bonewald L, Poser J, Mundy GR (1990) Oxygen-
derived free radicals stimulate osteoclastic bone resorption in rodent bone in
vitro and in vivo. J Clin Invest 85:632-639.

119



Gattei V, Bernabei PA, Pinto A, Bezzini R, Ringressi A, Formigli L, Tanini A,
Attadia V, Brandi ML (7992) Phorbot ester induced osteoclast-like differentiation
of a novel human leukemic cell line (FLG 29.1). J Cell Biol 1'76:437-447.

Gatter KC, Falini B, Mason DY (1984) The use of monoclonal antibodies in
histopathological diagnosis. In: Recent Advances in Histop{1_ro1_ogy,.no. 12

Anth^ony PP, MacSwõett RNM, eds. Churchill Livingstone, Edinburgh, pp 35-67.

Gelb H, Schumacher HR, Cuckler ], Baker DG (1994) In vivo inflammatory
response to polymethylmethacryiate particulate debris: effect of size, morphology
and surface area. J Orthop Res 12:83-92.

Girasole G, Passeri G, Jilka RL, Manolagas SC (L994) Interleukin-11: a new
cytokine critical for osteoclast development. J Clin Invest 93:7576-7524.

Glant TT, Jacobs JJ, Molnar G, Shanbhag AS, Valyon M, Galante JO (1993) Bone

resorption activity of particulate-stimulated macrophages. J Bone Miner Res

8:1077-1079.

Glant TT, ]acob s II G99Ð Response of three murine macrophage popuiations to

particulate debris: bone resorption in organ cultures. J Orthop Ptes 12:720-737'

Goldring SR, Schiller AL, Roelke M, Rourke CM, O'Neill DA, Harris WH (1983)

The synóvial-like membrane at the bone-cement interface in loose totai hip
replaõements and its proposed role in bone lysis. J Bone J Surg 65-A:575-584'

Goldring SR, Schiller AL, Mankin HJ, Dayer J-M, Krane SM (1986)

charactõrization of cells from GCT of bone. Clin orthop 204:59-75

Goodman s, Aspenberg P, song Y, Knoblich G, Huie P, Regula D, Lidgren L
(1995a) Tissue it'tgro*th and differentiation in the bone-harvest chamber in the

presence of cobali-chromium-alloy and high-density-polyethylene particles. J

Bone J Surg 77-A:L025-1035.

Goodman SB, Fornasier VL, Kei j (1983) The effects of bulk versus particulate
ultra-high-molecular-weight polyethylene on bone. ] Arthroplasty 3 (Suppt):S41-

46.

Goodman SB, Huie P, Song Y, Louie D, Doshi A, Sibley R (1995b) Cellular profile
and cytokine production in tissnes surrounding revised cementless prostheses.

Trans Orthop Res Soc 20:744.

Gordon S (1936) Biology of the macrophage. J Cell Science 4 (Suppl):267-286'

Gothlin G, EricssonJL (1973) On the histogenesis of the cells in fracture callus.

Electron microscopic and autoradiographic observations in parabiotic rats and

studies on labeled monocytes. Virchows Arch Cell Pathol I2:3t8-329.

Gothlin G, Ericsson ]LE (L976) The osteoclast: review of ultrastructure, origin,
structure-function relationship. Clin Orthop 120:201,-23t.

120



Gowen M, Mundy GR (1986) Actions of recombinant interleukin-l, interleukin-2,
and interferon gamma on bone resorption in vitro. J Immunol136:2478-2482.

Grano M, Colucci S, De Bellis M, Zigrino P, Argentino L, Zarnbonin G, Serra M,
Scotlandi K, Teti A, Zambonin Zallone A (1.994) New model for bone resorption
study in vitro: Human osteoclast-like cells from giant cell tumors of bone. J Bone

Miner Res 9:L0l-3 -L020.

Gravellese EM, Darling IM, Gimcher LJ, Giowacki J, Want J-T, Harada Y (1993)

Multinucleated cells in pigmented villonodular synovitis express an osteoclast
phenotype. Arthritis Rheum 36 (suppl):S190.

Greenfield EM, Gornik SA, Horowitz MC, Donahue HJ, Shaw SM (1993)

Regulation of cytokine expression in osteoblasts by parathyroid hormone: rapid
stimulation of interleukin-6 and leukemia inhibitory factor mRNA. j Bone
Miner Res 8:1163-I17I.

Greenfield EM, Shaw SM, Gornik SA, Banks MA (1995) Adenyl cyclase and
interleukin 6 are downstream effectors of parathyroid hormone resulting in
stimulation of bone resorption. j Clin Invest 96:7238-7244.

Greis PE, Georgescu FII, Fu FH, Evans CH (1994) Particle-induced synthesis of
collagenase by synovial fibroblasts: an immunocytochemical study. J Orthop Res

12'286-293.

Ham AW, Cormack DH (1979) In: Histophysiology of cartilage, bone and joints. JB

Lippincott Company, Philadelphia.

Hamilton JA, Lingelbach SR, Partridge NC, Martin Tl (1984) Stimulation of
plasminogen activator release in osteoblast-like cells by bone resorbing
hormones. Biochem Biophys Res Commun 722:230-236.

Harris M (1993) Central giant cell granulomas of the jaw regress with calcitonin
therapy. Br J Oral Maxillofac Surg 3L:89-94.

Hattersley G, Chambers TJ (1989a) Calcitonin receptors as markers for osteoclastic
differentiation: correlation between generation of bone-resorptive cells and cells
that express calcitonin receptors in mouse bone marrow cultures. Endocrinology
1251.606-1612.

Hattersley G, Chambers TJ (1989b) Generation of osteoclastic function in mouse
bone marrow cultures: multinuclearity and tartrate-resistant acid phosphatase are

unreliable markers for osteoclastic differentiation. Endocrinology 124:1'689-1695.

Hattersley G, Dorey E, Horton MA, Chambers TJ (1988) Human macrophage
colony-stimulating factor inhibits bone resorption by osteoclasts disaggregated
from rat bone. J Cell Physiol 137:199-203.

Haynes DR, Hay S, Rogers SD, Ohta S, Howie DW, Graves SE (1997) Regulation of
bone cells by particle-activated mononuclear phagocytes. J Bone ] Surg 79-B:988-
994.

12l



Haynes DR, Rogers SD, Hay S, Pearcy MJ, Howie DW (7993) The differences in
toxicity and release of bone-resorbing mediators induced by titanium and cobalt-
chromium-alloy wear particles. J Bone ] Surg. 75-A:825-834.

Haynes DR, Rogers SD, Howie DW, Pearcy MJ, Vernon-Roberts B (1996) Drug
inhibition of the macrophage response to metal wear particles in vitro. Clin
Orthop 323:31,6-326.

Haynesworth SE (1997) Interleukin-1 modulates glucocortoid-induced osteogenic
differentiation and the expression of bone resorptive cytokines by human
mesenchymal stem cells. J Bone Miner Res L2 (Suppl 1):5433.

Heath JK, Atkinson SJ, Meikle MC, Reynolds JJ (19S4) Mouse osteoblasts
synthesize collagenase in response to bone resorbing agents. Biochem Biophys
Acta 802:151-154.

Holtrop ME (1975) The uitrastructure of bone. Ann Clin Lab Sci 5:264-277.

Holtrop ME, Raisz LG, Simmons HA (1974) The effects of parathyroid hormone,
colchicine, and calcitonin on the ultrastructure and the activity of osteoclasts in
organ culture. J Cell Biol 60:346-355.

Horikoshi M, Macaulay W, Booth RE, Crossett LS, Rubash HE (1994) Comparison
of interface membranes obtained from failed cemented and cementless hip and
knee prostheses. Clin Orthop 309:69-87.

Horowitz SM, Algan SA, Purdon MA (1996) Pharmacologic inhibition of
particulate-induced bone resorption. J Biomed Mater Res 31:91,-96.

Horowitz SM, Gonzales ]B (1996) Inflammatory response to implant particulates
in a macrophage/osteoblast coculture model. Calcif Tissue Int 59:392-396.

Horowitz SM, Gonzales ]B (1997) Effects of polyethylene on macrophages. J

Orthop Res L5:50-56.

Horowitz SM, Purdon MA (1995) Mechanisms of cellular recruitment in aseptic

loosening of prosthetic joint implants. Calcif Tissue Int 57:301--305.

Horowitz SM, Rapuano BP, Lane JM, Burstein AH (L994) The interaction of the

macrophage and ihe osteoblast in the pathophysiology of aseptic loosening of
joint replacements. Calcif Tissue Int 54:320-324.

Horton MA, Chambers Tj (1986) Human osteoclast-specific antigens are expressed

by osteoclasts in a wide range of non-human species. British J ExP Path 67:95-L04.

Horton MA, Lewis D, Mc Nulty K, Pringle JAS, Chambers TJ (1985) Monoclonal
antibodies for osteoclastomas (giant cell bone tumors): identification of osteoclast-
specific antigens. Cancer Res 45:5663-5669.

122



Howie DW (1990) Tissue response in relation to type of wear particles around
failed hip arthroplasties. J Arthroplasty 5:337-348.

Howie DW, Cornish BL, Vernon-Roberts B (1990) Resurfacing hip arthroplasty:
classification of loosening and the role of prosthesis wear particles. Clin Orthop
255:144-759.

Howie DW, Rogers SD, McGee MA, Haynes DR (L996) Biologic effects of cobalt
chrome in cell and animal models. Clin Orthop 3295:5217-5232.

Howie DW, Vernon-Roberts B (1988) Synovial macrophage resPonse to
aluminium oxide ceramic and cobalt-chrome wear particles. Clin Orthop 232:244-
254.

Hughes DE, Wright KR, Uy HL, Sasaki A, Yoneda T, Roodman GD, Mundy GR,
Boyce BF (1995) Bisphosphonates promote apoptosis in murine osteoclasts in
vitro and in vivo. J Bone Miner Res 10:1,478-1'487.

Huo MH, Salvati EA, Lieberman JR, Betts F, Mansal M (7992) Metallic debris in
femoral endosteolysis in faited cemented total hip arthroplasties. Ciin Orthop
276:757-768.

Ishimi Y, Miyaura C, Jin CH, Akatsu T, Abe E, Nakamura Y, Yamaguchi A,
Yoshiki S, Matsuda T, Hirano T, Kishimoto T, Suda T (1990) IL-6 is produced by
osteoblasts and induces bone resorption. j Immunol'l'45:3297-3303.

Jaffe HL, Lichtenstein L, Sutro CJ QgaL) Pigmented villonodular synovitis
bursitis and tenosynovitis. Arch Pathol 31:73I-765.

]ansen JH, Fibbe WE, Willemze R, Kluin-Nelemans lC (1990) Interleukin-4. A
regulatory protein. Blut 60:269-274.

Jilka RL, Hangoc G, Girasole G, Passeri G, Williams DC, Abrams JS, Boyce B,

Broxmeyer FI, Manolagas SC (1992) Increased osteoclast development after
estrogen loss: Mediation by interleukin-6. Science 257:88-91'.

Jilka RL, Passeri G, Girasole G, Cooper S, Abrams J, Broxmeyer FI, Manolagas SC

(1995) Estrogen loss causes an upregulation of several haematopoietic bone
marrow progenitors in the mouse: A mediating role of interleukin-6. Exp
Hematol 23:500-506.

Jimi E, Nakamura I, Amano H, Taguchi Y, Tsurukai T, Tamura M, Takahashi N,
Suda T (1996) Osteoclast function is activated by osteoblastic cells through a
mechanism involving cell-to-cell contact. Endocrinology 137:21.87-2190.

Jimi E, Shuto T, Koga T (1995) Macrophage colony-stimulating factor and
interleukin-L alpha maintain the survival of osteoclast-like cells. Endocrinology
L36:808-81L.

Jiranek WA, Machado M, ]asty M, jevsevar D, Wolfe Hj, Goldring SR, Goldberg
MJ, Harris WH (1993) Production of cytokines around loosened cemented

t23



acetabular components: analysis with immunohistochemical techniques and ln
situhybridization. J Bone j Surg 75-A:863-879.

Jones SJ, Boyde A (1,978) Scanning electron microscopy of bone cells in culture. In
Endocrinology of Calcium Metabolism. Copp DH, Talmage RV, eds. Excerpta
Medica, Amsterdarn, 97 -I04.

Jotereau FV, Le Douarin NM (1973) The developmental relationship between
osteocytes and osteoclasts: a study using the quail-chick nuclear marker in
endochondral ossification. Develop Biol 63:253-265.

]oyner Cj, Quinn J, Triffitt JT, Athanasou NA (7992) Phenotypic characterisation
of mononuclear and multinucleated cells of giant cell tumour of bone. Bone and

Miner 1,6:37-43.

Kahn AJ, Stewart CC, Teitelbaum SL (1978) Contact mediated bone resorption by
human monocytes in vitro. Science 199:988-990.

Kahn M, Simmons DJ $975) Investigation of cell lineage in bone using a

chimaera of chick and quail embryonic tissue. Nature 258:325-327.

Kameda T, Ishikawa H, Tsutsui T (1995) Detection and characterization of
apoptosis in osteoclasts in vitro. Biochem Biophys Res Commun 207:753-760.

Kameda T, Mano H, Yuasa T, Mori Y, Miyazawa K, Shiokawa M, Nakamaru Y,

Hiroi E, Hiura K, Kameda A, Yang NN, Hakeda Y, KumegawaM (7997) Estrogen

inhibits bone resorption by directly inducing apoptosis of the bone-resorbing
osteoclasts. J Exp Med 186:489-495.

Kaneki M, Inoue S, Hosoi T, Mizuno Y, Akedo Y, Ikegami A, Nakamura T,

Shiraki M, Ito FI, Suzu S, Motoyoshi K, Ouchi Y, Orimo H (1994) Effects of 1'a,25-

dihydroxyvitamin D, on macrophage colony-stimulating factor production and

proliferation of human monocytic cells. Blood 83:2285-2293.

Kim GS, Kim CH, Choi CS, Park JY, Lee K-U (1997) Involvement of different
second messengers in parathyroid hormone-and interleukin-L-induced
interleukin-6 añd interleukin-L1 production in human bone marrow stromal
cells. J Bone Miner Res 12:896-902.

Kim KJ, Chiba J, Rubash HE (1994) In vivo and in vitro analysis of membranes

from hip prostheses inserted without cement. J Bone J Surg 76-A:172-1'80.

Kishimoto T, Akira S, Taga T (1992) Interleukin 6 and its receptor: a paradigm for
cytokines. Science 258:593-597.

Klein B, Wijdenes J, Zlnangx-G, Jourdan M, Boiron J-M, Brochier J, Liautard J,

Merlin M, Clement C, Morel-Fournier B, Lu Z-Y, ll4annoni P, Sany ], Bataille R
(1991) Murine anti-interleukin-6 monoclonal antibody therapy for a patient with
plasma cell leukemia. Bloo d 78:1'L98-T204.

124



Klein DC, Raisz LG (1970) Prostaglandins: Stimulation of bone resorption in
tissue culture. Endocrinology 86:1436-1440.

Kodama H, Nose M, Niida S, Yamasaki A (1991) Essential role of macrophage
colony-stimulating factor in the osteoclast differentiation supported by stromai
cells. J Exp Med 173:7291-1294.

Konttinen YT, Kurvinen H, Takagi M, Michelsson JE, Eklund KK, Nordsletten L,
Buo L, Aasen AO, Santavirta S (1996) Interleukin-1 and collagenases around
loosening total hip prostheses. Clin Exp Rheumatol 1'4:255-262.

Kossovsky N, Liao K, Gelman A, Campbell PA, Amstutz FTC, Finerman GAM,
Nasser S, Thomas Bl $992) Photon correlation spectroscopy analysis of the
submicrometre particulate fraction in human synovial tissues recovered at
arthroplasty or revision. In: Particulate debris from medical implants:
mechanisms of formation and biological consequences. ASTM STP 1144. St John
KR, ed. American Society for Testing and Materials, Philadelphia, pp 68-72.

Kotake S, Sato K, Kim Kj, Takahashi N, Udagawa N, Nakamura I, Yamaguchi A,
Kishimoto T, Suda T, Kashiwazakí S (1996) lnterleukin-6 and soluble interleukin-
6 receptors in the synovial fluids from rheumatoid arthritis patients are
responsible for osteoclast-like cell formation. J Bone Miner Res L1: 88-95.

Kream BE, Jose M, Yanada S, Deluca HF (1977) A specific high-affinity binding
macromolecule lor l,Z1-dihydroxyvitamin D, in fetal bone. Science 797:7086-1088-

Kurihara N, Bertolini D, Suda T, Akiyama Y, Roodman GD (1990) Interleukin-6
stimulates osteoclast-like multinucleated cell formation in long-term human
marrow cultures by inducing IL-1 release. J Immunol1.44:4226-4230.

Kurihara N, Civin C, Roodman GD (199I) Osteotropic factor responsiveness of
highly purified populations of early and late precursors for human
multinucleated cells expressing the osteoclast phenotype. ] Bone Miner Ptes 6:257-
261.

Lacey DL, Erdmann JM, Teitelbaum SL, Tan HL, Ohara J, Shioi A (1995)

Interleukin 4, interferon-gamma, and prostaglandin E impact the osteoclastic cell-
forming potential of murine bone marrow macrophages. Endocrinology 1'36:2367-

2376.

Lee S-H, Brennan FR, Jacobs JJ, Urban RM, Ragasa DR, Glant TT (1997) Fluman
monocyte/macrophage response to cobalt-chromium corrosion products and
titanium particles in patients with total joint replacements. J Orthop Res 15:40-49.

Lombardi AV, Mallory TH, Vaughan BK, Drouillard P (1989) Aseptic loosening in
total hip arthroplasty secondary to osteolysis induced by wear debris from
titanium-alloy modular femoral heads. ] Bone ] Surg 71'-A:1337-1342.

Loutit JF, Peters J, Marshall MI (1981) Colony forming cells and haematopoietic
stem cells in osteoclastopoiesis. Metal Bone Dis Rel Res 3:131-133.

t25



Loutit JF, Townsend KMS (1982) Longevity of osteoclasts in radiation chimeras of
osteopetrotic beige and normal mice. Br J Exp Pathol 63:227-223.

Lowik CWGM, van der Pluijm G, Bloys H, Hoekman K, Bijvoet OLM, Aarden
LA, Papapoulos SE (1989) Paratyhroid hormone (PTH) and PTH-like protein (PLP)

stimulate interleukin-6 production by osteogenic cells: a possible role of
interleukin-6 in osteoclastogenesis. Biochem Biophys Res Commun 162: 1546-
1.552.

MacArthur W, Yaari AM, Shapiro IM (1980) Bone solubilization by mononuclear
cells. Lab Invest 42:450-456.

Malcolm AI (1938) The pathology of long-standing cemented total hip
repiacement in Charnley's cases. J Bone Joint Surg 70-8:153-156.

Malone ]D, Teitelbaum SL, Griffin GL, Senior RM, Kahn AJ (1982) Recruitment of
osteoclast precursors by purified bone matrix constituents. J Cell BioI92:227-230.

Maloney WJ, Smith RL (1995) Periprosthetic osteolysis in total hip arthroplasty:
the role of particulate wear debris. J Bone J Surg 77-A:1448-1'46I.

Manlapaz M, Maloney WI, Smith RL (1996) In vitro activation of human
fibroblasts by retrieved titanium alloy debris. J Orthop Res 14:465-472.

Manolagas SC (1995) Role of cytokines in bone resorption. Bone L7 (Suppl 2) 635-

675.

Margevicius KJ, Bauer TW, McMahon JT, Brown SA, Merritt K (1994) Isolation
and characterisation of debris in membranes around total joint prostheses. J Bone

J Surg 7 6- A:1664-1,675.

Marks SC, Popoff SN (1988) Bone cell biology: the regulation of development,
structure and function in the skeleton. Am ] Anat 183:1'-44.

Marks SC], Schneider GB (1932) Transformation of osteoclast phenotype in rats
cured of congenital osteopetrosis. J Morphol 17 4:1'41,-147 .

Marks SC, Seifert MF (1985) The lifespan of osteocalsts: experimental studies
using the giant granule cytoplasmic marker characteristic of beige mice. Bone 6:

451-455.

Marks SC ]r, Walker DG (L976) Mammalian osteopetrosis: a model for studying
cellular and humoral factors in bone resorption. In: The Biochemistry and
Physiology of Bone, G.H. Bourne, ed. Vol4. Academic Press, New York, pp 227-

301.

Martin TJ (1993) Flormones in the coupling of bone resorption and formation.
Osteoporosis Int Suppl'1.:SI2'J.-125.

Matayoshi A, Brown C, DiPersio JF, Haug ], Abu-Amer Y, Liapis H, Kuestner R,

Pacifici R (1996) Fluman blood-mobilized hematopoietic precursors differentiate

126



into osteoclasts in the absence of stromal cells. Proc Natl Acad Sci USA 93:1'0785-

10790.

McSheehy PMI, Chambers TI 0986) Osteoblastic cells mediate osteoclastic
responsiveness to parathyroid hormone. Endocrinology 1.78:824-828.

McSheehy PM, Chambers TJ $987) 1,2S-dihydroxyvitamin D, stimulates rat
osteoblastic cells to release a soluble factor that increases osteoclastic bone
resorption. J Clin Invest 80:425-429.

Merke J, Klaus G, Hugel U, Waldherr R, Ritz E (1986) No 1,25 dihydroxyvitamin
D, receptors on osteoclasts of calcium-deficient chicken despite demonstrable
receptors on circulating monocytes. J Clin Invest 77:312-314.

Miller SC, de Saint-GeorgeL, Bowman BM, Jee WSS (1989) Bone lining cells:
structure and function. Scanning Microsc 3:953-961.

Minkin C (7982) Bone acid phosphatase: tartrate-resistant acid phosphatase as a

marker of osteoclast function. Calcif Tissue Int 34:285-290.

Mirra ]M, Marder RA, Amstutz M (1982) The pathoiogy of failed total joint
arthroplasty. Clin Orthop 170:175-L83.

Modderman WE, Tuinenburg-Bol Raap AC, Nijweide PJ Q99l) Tartrate-resistant
acid phosphatase is not an exclusive marker for mouse osteoclasts in cell culture.
Bone 12:81,-87.

Munck-Petersen C, Davidsen O, Moestrup SK, Sonne O, Nykjaer A, Moller BK
(1990) Cellular targets and receptors for interleukin-6. II. Characterízalion of IL-6
binding and receptors in peripheral blood cells and macrophages. Eur J Clin
lnvest 20:377-384.

Mundy GR, Altman Aj, Gondek MD, Bandelin JG (1977) Direct resorption of bone
by human monocytes. Science 196:7109-11\7.

Mundy GR, Poser JW (1983) Chemotactic activity of the gamma-carboxyglutamic
acid containing protein in bone. Calcif Tissue Int 35:164-168.

Mundy GR, Varani ], Orr W, Gondek MD, Ward PA (1978) Resorbing bone is
chemotactic for monocytes. Nature 275:732-135.

Murray DW and Rushton N (1990) Macrophages stimulate bone resorption when
they phagocytose particles. J Bone j Surg 72-B:988-992.

Murray DW and Rushton N (1992) Mediators of bone resorption around
implants. Clin Orthop 281:295-304.

Nathan CF (1987) Secretory products of macrophages. J Clin Invest 79:319-326.

Nicholson GC, Moseley JM, Sexton PM, Martin TJ (1987) Chicken osteoclasts do
not possess calcitonin receptors. ] Bone Miner Res 2:53-62.

127



Nicholson GC, Moseley JM, Sexton PM, Mendelsohn FA, Martin Tj (1986)

Abundant calcitonin receptors in isolated rat osteoclasts. Biochemical and
autoradiographic characterization. J Clin Invest 78:355-360.

Ohlin A, Lerner UH (1993) Bone-resorbing activity of different periprosthetic
tissues in aseptic loosening of total hip arthroplasty. Bone Miner 20:67-78,

Ohsaki Y, Takahashi S, Scarcez T, Demulder A, Nishihara T, Williams R,

Roodman GD (1992) Evidence for an autocrine/paracrine role for interleukin-6 in
bone resorption by giant cells from giant cell tumors of bone. Endocrinology
731.:2229-2234.

Ohta S, Graves S, Rogers S, Haynes D,Hay S, Pearcy M, Howie D (1994) Osteoblasts
release IL-6 and PGE2in response to TiCl, and conditioned media from
macrophages exposed to TiAIV wear particles. Trans Orthop Res Soc 19:149.

Oster W, Lindemann A, Horn S, Mertelsmann R, Flerrmann F (1987) Tumor

necrosis factor (TNF)-a but not TNF-B induces secretion of colony-stimulating
factor for macrophages (CSF-1) by human monocytes. Blood 70:1700-1703.

Oursler MJ Q994) Osteociast synthesis and secretion and activation of iatent

transforming growth factor B. J Bone Miner Res 9:443-452.

Owen ME (1985) Lineage of osteogenic cells and their relationship to the stromal
system. In: Bone and Mineral Research, Vol 3. Peck WA, ed. Amsterdam, New
York, Oxford, Elsevier, pp 1-25.

Pacifici R, Rifas L, McCracken R, Vered I, McMurfty C, Avioli LV, Peck WA (1989)

Ovarian steroid treatment blocks a postmenopausal increase in bone monocyte
interleukin L release. Proc Natl Acad Sci USA 86:2398-2402.

Partridge NC, Alcorn D, Michelangeli VP, Ryan G, Martin Tl (1993) Morphologic
and biochemical characterization of four clonal osteogenic sarcoma cell lines of
rat origin. Cancer Res 43:4308-431,4.

Pazzaglia UE, Pringle JAS (1989) Bone resorption in aitro: macrophages and giant
cells from failed total hip replacement aersus osteoclasts. Biomaterials 1'0:286-288.

Pfeilschifter J, Chenu C, Bird A, Mundy GR and Roodman GD (1989) Interleukin-
l- and tumor necrosis factor stimulate the formation of human osteoclastlike cells
in vitro. J Bone Miner Res 4: 113-L18.

Popoff SN, Marks SC Jr (1995) The heterogeneity of the osteopetroses reflects the
diversity of cellular influences during skeletal development. Bone 17:437-445.

Quinn f, Joyner C, Triffitt JT, Athanasou NA (1992) Polymethylmethacrylate-
induced inflammatory macrophages resorb bone. J Bone ] Surg 74-B:652-658.

128



Quinn IMW, McGee JO'D, Athanasou NA (7994) Cellular and hormonal factors
influencing monocyte differentiation in osteoclastic bone-resorbing cells.
End o crino lo gy 13 4:2416 -2423 .

Quinn JMW, Sabokbar A, Denne M, de Vernejoul MC, McGee JO'D, Athanasou
NA (1997) Inhibitory and stimulatory effects of prostaglandins on osteoclast
differentiation. Calcif Tissue Int 60:63-70.

Rae T (1981) The toxicity of metals used in orthopaedic prosthesis: an
experimental study using cultured human synovial fibroblasts. J Bone Joint Surg
63-B:435-440.

Rambaldi A, Young DC, Griffin JD (1987) Expression of the M-CSF (CSF-1) gene by
human monocytes. Blood 69:L409-1'4L3.

Ray RA, Morton CC, Lipinski KK, Carson JM, Fletcher JA (1991) Cytogenetic
evidence of clonality in a case of pigmented villonodular synovitis. Cancer
67:727-125.

Reid IR (1989) Pathogenesis and treatment of steroid osteoporosis. Clin
Endocrinology 30:83-L03.

Rigby WFC (1988) The immunobiology of vitamin D. Immunol Today 9:54-58.

Rodan GA, Martin TJ (1981) Role of osteoblasts in hormonal control of bone
resorption - a hypothesis. Calcif Tissue Int 33:349-35L.

Rogers SD, Howie DW, Graves SE, Pearcy MJ, Haynes DR (1997) In vitro human
monocyte response to wear particles of titanium alloy containing vanadium or
niobium. J Bone J Surg 79-B:31.1,-315.

Rogers SD, Pearcy MJ, Hay Sj, Haynes DR, Bramley A, Howie DW (1993) A
method for the production and characterisation of metal prosthesis wear
particles. J Orthop Res 1L:856-864.

Romas E, Udagawa N, Zhou FI, Tamura T, Saito M, Taga T, Hilton D], Suda T, Ng
KW, Martin TJ $996) The role of gpl3O-mediated signals in osteoclast
development: regulation of interleukin LL production by osteoblasts and
distribution of its receptor in bone marrow cultures. I Exp Med 183:2581'-2591'.

Roodman GD (1991) Osteoclast differentiation. Critical Reviews in Oral Biology
and Medicine 2:389-409.

Roodman GD, Kurihara N, Ohsaki Y, Kukita A, Hosking D, Demulder A, Smith
JF, Singer FR (1992) Interleukin 6. A potential autocrine /parucrine factor in
Paget's disease of bone. J Clin Invest 89:46-52.

Roth P, Stanley ER (1992) The biology of CSF-1 and its receptor. Curr Top
Microbiol Immunol 181:1.4L-1.67.

t29



Rouleau MF, Warshawsky H, Goltzman D (L986) Parathyroid hormone binding
in vivo to renal, hepatic, and skeletal tissues of the rat using a radioautographic
approach. Endocrinoiogy 178:919-937.

Roussel MF, Downing JR, Rettenmeier CW, Sherr CI (1988) A point mutation in
the extracellular domain of the human CSF-1 receptor (c-fms product) activates
its transforming potential. Cell 55:979-984.

Rubin J, Biskobing DM, Jadhay L, Nanes MS, Perkins S, Fan X (1997)
Dexamethasone promotes expression of membrane bound macrophage colony
stimulating factor. ] Bone Miner Res L2 (Suppl 1):5191.

Russell RGG (1993) Cellular regulatory mechanisms that may underiie the effects
of corticosteroids on bone. Br J Rheumatology 32 (Suppl2):6-10.

Sabokbar A, Fujikawa Y, Murray DW, Athanasou NA (1997) Radio-opaque agents
in bone cement increase bone resorption. J Bone J Surg 79-B:129-134.

Sarma U, Edwards M, Flanagan AM (L997) Macrophage colony-stimulating factor
stimulates bone resorption by isolated osteoclasts disaggregated from human
foetal bones by increasing osteoclast survival. J Bone Miner Res 12 (Suppl 1):5126.

Sarma U, Flanagan AM (1996) Macrophage colony-stimulating factor induces
substantial osteoclast generation and bone resorption in human bone marrow
cultures. Blood 88:2531.-2540.

Sato K, Fujii Y, Kasono K, Saji M, Tsushima T, Shizume K (1986) Stimulation of
prostaglandin E, and bone resorption by recombinant human interleukin 1 alpha
in fetal mouse bones. Biochem Biophys Res Commun l-38:618-624.

Schmalzreid TP, Jasty M, Harris WH (1992) Periprosthetic bone loss in total hip
arthroplasty. Polyethylene wear debris and the concept of the effective joint space.

J Bone J Surg 74-A:849-863.

Shanbhag AS, Jacobs Jj, Black ], Galante JO, Glant TT (1995) F{uman monocyte
response to particulate biomaterials generated in vivo and in vitro. J Orthop Res

13:792-801..

Shanbhag AS, Jacobs JJ, Black J, Galante JO, Glant TT (1997) Effects of particles on
fibroblast proliferation and bone resorption in vitro. Clin Orthop 342:205-217.

Shanbhag AS, Jacobs J], Glant TT, Gilbert JL, Black j, Galante IO (1994)

Composition and morphology of wear debris in failed uncemented total hip
replacement. J Bone ] Surg 76-8:60-67.

Shinar DM, Sato M, Rodan GA (1990) The effect of hemopoietic growth factors on
the generation of osteoclast-like cells in mouse bone marrow cultures.
Endocrinolo gy 126 :17 28 -17 35.

130



Shioi A, Teitelbaum SL, Ross FP, Welgus HG, Suzuki H, Ohara J,Lacey DL (1991')

Interleukin 4 inhibits murine osteoclast formation in vitro. I Cell Biochem
47:272-277.

Spector M, Shortkoff S, Hsu H-P, Lane N, Sledge CB, Thornhill TS (1990) Tissue
changes around loose prostheses. A canine model to investigate the effects of an
anti inflammatory agent. Clin Orthop 261.:1.40-1'52.

Stanley ER, Heard PM (1977) Factors regulating macrophage production and
growth: purification and some properties of the colony-stimulating factor from
medium conditioned by mouse L cells. ] Biol Chem 252:4305-4312.

Stein GS, Lian ]8, Owen TA (1990) Relationship of cell growth to the regulation of
tissue-specific gene expression during osteoblast differentiation. FASEB J 4:3177-
3123.

Suda T, Nakamura I, Jimi E, Takahashi N (1997) Regulation of osteoclast
function. J Bone Miner Res \2:869-879.

Suda T, Takahashi N, Martin TI Q992) Modulation of osteoclast differentiation.
Endocrine Reviews 13:66-80.

Suda T, Udagawa N, Nakamura I, Miyaura C, Takahashi N (L995) Modulation of
Osteoclast differentiation by local factors. Bone 77:875-9L5.

Sun B-h, Yao G-Q, Hammond E, Spencer E, Insogna K, Weir E (1997) The cell-
surface form of colony-stimulating factor-l (CSF-1) supports formation of
multinucleated osteoclast-like cells. J Bone Miner Res 1,2 (Suppl 1):5313.

Taga T, Hibi M, Hirata Y, Yamasaki K, Yasukawa K, Matsuda T, Hirano T,
Kishimoto T (1939) Interleukin-6 triggers the association of its receptor with a

possible signal transducer, 9p130. Cell 58:573-581.

Takahashi N, Akatsu T, Udagawa N, Sasaki T, Yamaguchi A, Moseley JM, Martin
TJ, Suda T (19BSb) Osteoblastic cells are involved in osteoclast formation.
End o crino lo gy 123 :2600 -2602.

Takahashi N, Udagawa N, Akatsu T, Tanaka S, Shiopnome M, Suda T (1991) Role
of colony-stimulating factors in osteoclast development. J Bone Miner Pies 6:977-

985.

Takahashi N, Yamama FI, Yoshiki S, Roodman DG, Mundy GR, Jones SJ, Boyde
A, Suda T (1988a) Osteoclast-like formation and its regulation by osteotropic
hormones in mouse marrow cultures. Endocrinology 122:1373-1382.

Tamura T, Udagawa N, Takahashi N, Miyaura C, Tanaka S, Yamada Y, Akatsu T,

Koishihara Y, Ohsugi Y, Kumaki K, Taga T, Kishmoto T, Suda T (1993) Soluble
interleukin-6 receptor triggers osteoclast formation by interleukin 6. Proc Natl
Acad Sci USA 90:11924-1,L928.

131



Tanaka S, Takahashi N, Udagawa N, Tamura T, Akatsu T, Stanley ER, Kurokawa
T, Suda T (7993) Macrophage colony-stimulating factor is indispensable for both
proliferation and differentiation of osteoclast progenitors. J Clin Invest 97:257-263.

Tashjian AH Jr, Voelkel EF, Lazzaro M, Goad D, Bosma T, Levine L (7987) Tumor

necrosis factor-cr (cachectin) stimulates bone resorption in mouse calvaria via a

prostaglandin mediated mechanism. Endocrinology 120:2029 -2036.

Teitelbaum SL, Stewart CC, Kahn AJ 0979) Rodent peritoneal macrophages as

bone resorbing cells. Calcif Tissue Int27:255-261'.

Teti A, Marchisio PC and Zallone AZ (1991) Clear zone in osteoclast function: role
of podosomes in regulation of bone resorbing activity. Am J Physiol 261: C7-7.

Thomson BM, Mundy GR, Chambers TI Q987) Tumor necrosis factor cr and B

induce osteoblastic cells to stimulate osteoclastic bone resorption. J Immunol
138:775-9.

Thomson BM, Saklatvala J, Chambers TT (1986) Osteoblasts mediate interleukin l-

responsiveness of bone resorption by rat osteoclasts. J Exp Med 164:104-1'12.

Tonna EA, Cronkite EP (1961) Use of tritiated thymidine for the study of the
origin of the osteoclast. Nature 190:459-460.

Udagawa N, Katagiri T, Takahashi N, Murakami H, Nakamural, Zl;'angD,
Tamura T, Martin TJ, Suda T (1995) The activity of IL-6 induced osteociast
differentiation depends on the presence of IL-6 receptors expressed on osteoblastic
cells. Bone 16'925.

Udagawa N, Takahashi N, Akatsu T, Sasaki T, Yamaguchi A, Kodama H, Martin
TJ, Suda T (1989) The bone marrow-derived stromal cell lines MC3T3-G2/PA6
and ST2 support osteoclast-iike cell differentiation in co-cultures with mouse
spleen cells. Endocrinology L25:1805-1813.

Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihari T, Kosa T,

Martin TJ, Suda T (1990) Origin of osteoclasts: mature monocytes and
macrophages are capable of differentiating into osteoclasts under a suitable
microenvironment prepared by bone manow-derived stromal cells. Proc Natl
Acad Sci87:7260-7264.

Vaes G (1938) Cellular biology and biochemical mechanism of bone resorption. A
review of recent developments on the formation, activation, and mode of action
of osteoclasts. Clin Orthop 231:239-271.

van Furth R (1989) Origin and turnover of monocytes and macrophages. Curr
Topics Pathol 79:725-750.

Vernon-Roberts B and Freeman MAR (1977) The tissue response to total joint
replacement prostheses. In: The Scientific Basis of Joint Replacement, Swanson

132



SAV, Freeman MAR, eds. Tunbridge Wells, Kent, Pitman Medical Publishinç,PP
86-129

Weir EC, Horowitz}y'rC, Baron R, Centrella M, Kacinski BM, Insogna KL (1993)

Macrophage colony-stimulating factor release and receptor expression in bone
cells. J Bone Miner Res 8:1507-1518.

Willert HG and Semlitsch M (L977) Reactions of the articular capsule to wear
products of artificial joint prostheses. J Biomed Mater Res L1: 157-164.

Xu WD, Firestein GS, Taetle R, Kaushansky K, Zvaifler NJ (1989) Cytokines in
chronic inflammatory arthritis. II. Granulocyte-macrophage colony-stimulating
factor in rheumatoid synovial effusions. J Clin Invest 83:876-882.

Yang S, Zhang Y, Rodriguiz RM, Ries WL, Key LL (1996) Functions of the M-CSF
receptor on osteoclasts. Bone 18:355-360.

Yao J, Glant TT, Lark MW, Mikecz K, Jacobs JJ, Hutchinson NI, Hoerrner LA,
Kuettner KE, Galante JO (1995) The potential role of fibroblasts in periprosthetic
osteolysis: Fibroblast response to titanium particles. J Bone Miner Res 10:1417-

1427.

Yates AJ, GutierrezGE, Smolens P, Travis PS,Katz MS, Aufdemorte TB, Boyce
BF, Hymer TK, Poser JW, Mundy GR (1983) Effects of a synthetic peptide of a
parathyroid hormone-related protein on calcium homeostasis, renal tubular
èalcium reabsorption, and bone metabolism in vivo and in vitro in rodents. J

Clin Inve st 81:932-938.

Yoneda T, Alsina MM, Garcia JL, Mundy GR (799L) Differentiation of HL-60 ceils
into cells with the osteoclast phenotype. Endocrinology 129:683-689.

Yoshida H, Hayashi S-I, Kunisada T, Ogawa M, Nishikawa S, Okamura H, Sudo T,

Shultz LD, Nishikawa S (1990) The murine mutation osteopetrosis is in the
coding region of the macrophage colony stimulating factor gene. Nature 345:442-

444.

ZaidiM, Kerby ], Huang CL, Alam T, Rathod H, Chambers T] and Moonga BS

(1991) Divalent cations mimic the inhibitory effect of extracellular ionised
calcium on bone resorption by isolated rat osteoclasts: further evidence for a
'calcium receptor'. J Cell Physiol 149: 422-427.

Z}ru!-F, Valente AJ, Lorenzo!A, Carnes D, Graves DT (1994) Expression of
monocyte chemoattractant protein 1 in human osteoblastic cells stimulated by
proinflammatory mediators. j Bone Miner Res 9:L123-1130.

133




