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CHAPTER 1

INTRODUCTION

One o the mam assies - orthopedic suraery is the tr

joint discases affecting millons of people. Towl joint replacement using metaliic and

polymeric materials has eme

1as one of the success stories of modern orthopedic surg

Inserting artificial materials into (f

s human body, however, produces new problems. Among
these problems is the increasing recognition that, in the long term, total joint arthroplasty may

be associated with adverse local and remote tissue responses. These adverse effects are

mediated by the degradation products of implant materials. which may be present as
particulate wear debris, organometallic complexes or metals in ionic forms. The presence of
these products ultimately influences the bone tumover and remodeling locally in the

periprosthetic arca leading to an unbalanced bone metabolism caused by either increased

osteoclastic bone resorption or decreased osteoblastic bone formation resulting in less organic

bone matrix and mineral deposition. This process generates the clinically well-known
periprosthetic osteolysis contributing to aseptic implant loosening and leading ev entually to
implant failure and subsequently to revision joint surgery

This section will discuss some basic physiology of the osteoblast, the extracellular

bone matrix and bone remodeling. and gives a brief overview of the pathophysiology of

periprosthetic osteolysis

The osteoblast
Bone is a specialized active conncctive tissue that forms, along with cartilage. the

Total wvetom T1 sl

i aina i bune. Bone

comprises an exquisite assembly of functionally distinct cell populations that are essential to



o

support the structural. biochemical, and mechanical integrity of this mineralized tissue and ity
crucial role in mineral homeostasis. Stromal osteoprogenitor cells contribute 1o maintaining

cells. These cells are the

the populations of osteoblasts. osteoeytes and bone-surface lining

fundamental cells that mediate the bone forming processes of the skeleton. Progenitors of the

bone-forming cells are derved from the mesadermal germ cell laver this they hine

mesenchymal origin. The periosteum and bone  marrow are important sources  of

mesenchymal progenitor and  osteoprogenitor cells. These precursors with the right
stimulation  undergo  extensive  proliferation and  differentiate  into preosteoblasts.
Transcription factors and regulatory proteins that dircctly engage in protein-DNA as well as
in protein-protein interactions also are important for the development of bone-tissue and

asteoblast differentiation. Some of the eytokines. hormones. growth Tactors and various

transcription factors mediating commitment of stem cells to ostcoblast lineage. and

luencing prog growth and diffe . are shown in Table |
[ Phenotype " Transcriptional
| Developmental Stage ‘ Surface Marl Influcneing Factors | Factors
| Stem Cell o !Scal,Suol | BMPs, TGE-Bs | |
Stromal - Mesenchymal ~ Cell | [ § |
| Y . PDG |
| (inducible ostcoprogenitor) 1 SB10 [ HRFGRPDOE e Mo |
| Osteoprogenitor (determined) | SB PTI. 1.25(0H).D.
I p | PGE IGF-1L IGF-2 |
TGE-p.
Con itted Preosteoblast bal. c-fos
mmitted Preosteoblast e e Chtal, e-f

Osteopont
teopontin Cytokines

Collagen 1 and V. Bone

sialoprotein

‘ =11 SB-2 AP,
Osteoblast Fra-2un-D., DIv-5

| Osteopontin. Osteocalein |
Osteocyte _ISB-3.CD-44,0B-73

15 the stage of osteoblist

ble 1: Regulation of osteablast differentiation. The first column represes

istic Tor

ch are char

development. The sceond column shows the cell su
the phenotype. The third and fourth columns indicate the various soluble mediators and transeription factors

ace moleeules o proteins, wh
respectively. contributing to the phenotype
Committed preosteablasts in a nondividing phase arc localized in bone proximal to

surface osteoblasts and express histochemically detectable levels of alkaline phosphatase, one
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of the carliest markers of

sreosteoblast starts 10 proliferate

- osteob!

(proliferation stage) under the regulation of specific stimuli and a crucial signaling event

oceurs for the development of the farge cuboidal osteoblasts un the bone surface. Os
are usually found in clusters of cuboidal cells along the bone surface, lining the layer of bone

marrin that they are producing, before it is caleified. Activa cd mesenchymal cells and

preosteoblasts can usually be found behind the ostcoblast in one or two layers. Active
osteoblasts have been shown to express receptors for parathyroid hormone, various eytokines
and also exhibit different adhesion molecules (e.g. integrins) on their plasma membrane.
Receptors for various steroid molecules such as estrogens and vitamin-D; also can be
detected in osteoblasts. The active osteoblast is highly enriched in alkaline phosphatase
(Figure 1. and secrets a large amount of type I collagen and specialized bone-matrix proteins

as osteoid toward the mineralizing front of the tissue.

Figure 1.: Alkaline phosphatase activity of primary osteoblasts isolated from human bone
marrow aspirates (Chapter 2, Materials and methods). Attached cells were stained in sinu for
AP with either Fast-red violet LB (left) or Fast blue (right) reagents, fixed with 2% buffered
formalin (pH 7.4) and then analyzed by either fluorescent (Ieft) or light (right) microscopy

The collagen fibers must undergo a maturation process to support mineral deposition
The cytoskeleton transfers signals from the extracellular matrix through to the nucleus, which

provides responsiveness of bone tissue to systemic factors and mechanical forces. These

stimuli can influence the expression and regulation of bone-specific and bone-related gencs in

steoblasts. The sequential expression of proteins involved in cell adhesion, extracellular




matrix biosynthesis and matrix. mineralization: provides @ series of markers tat indicaie

stages of osteoblast differentiation (Figure

. Matriy
| Profiferation matration Mineratization
I B
L TN /

Fibroneetn | | [ Osteopontin

Collagen Fra2dunD | Ostcocalein

TGl Colal Bone sialoprorci)

cFos/clun
Preosteoblast - Osteoblast --- Preosteocyte -~ Osteocyte

Figure 2 Developmental phases of osteoblast. differentiation. Spatial

cxpression of osteoblasterelaed genes (structural malecaies,  growth
10 the phenatype and

fiactors and transeription factors) is shown in relat
functional stage”, (Figure is adopted with modifications from Stein G.S. ¢t

slating osteobist prodifen

1 Mechanisms ey

Principles of bone biology. San Diego. Academic Press,

The proliferation stage is inhibited by the accumulated extracellular matrix. As the
cell growth decreases the matriv-maturation stage emerges, when the extracellular matrix is

organized for mineral deposition by the induced expression of alkaline phosphatase and other

bone-specific proteins. The mineralization stage leads to the expression of markers of the

mature osteoblast (¢.g. osteocalcin and bone sialoprotein), which facilitate the mineralization

cell level by in situ

This developmental sequence of gene expression can be shown in a sing

methods. Many of the osteoblast phenotypic markers (e.¢. alkaline phosphatase and

oward the end of

osteocaleiny can be examined in serum as useful markers of bone funct

the mineralization period, the osteoblast becomes cither a flat lining cell or an osteocyte. The
osteoblast (osteocyte), however, may undergo apoptosis during this developmental process

controlled by multiple osteotrop factors

|
|
|




The organic extracellular bone matrix

Bone matrix s physiologically mneralized and is unique in that it 15 constantly
regenerated throughout life 45 a consequence of bone turnover Synthesis of the matrix
components and the mineralization of the matrix are the primary functions ot 1
The oroanic components of the bone mamix can be divided Into two major woups

collagenuus and non-collazenous proteins' '

Collagens
The basic component of the hone matrix fiber system is tpe 1 collagen (90 % of the

wo identical

organic extracellular bone matrix), which is a triple helical molecule contamit

aenctically different w21] chain. Collagen

{1} chains and a structurally simitar, but

chains are characterized by a Gly-X-Y repeating wiplet (where X 18 ustally Prolioe). nd by

several postiranslational modifications including (1) hydroxylation of certain prolyl and lysy!
residues, (2) glycosylation of certain lysyl or hydroxylysy! residues with alucose or galactose
residues or both and (3) formation of intra- and intermolecular covalent cross-links.
Measurement of these bone collagen cross-links in urine has proved to be good indicators of
bone resorption. Bone consists predominantly of type | collagen, however, small amounts of’

type 111, V., X collagens may he present during particular stages of bone formation’

Non-collagenous proteins

collagenous

Approximately 10% of the organic bone matrix is composed by non
proteins. One fourth of this fraction i abtained exogenouly from other tissues mainly
composed of albumin- and c>-HS-glycoprotein. These protems have impacts on matnx
mineralization and oa-HS-glycoprotein also may regulate bone. ecll proliferation The

remaming ee ft s
ino threc fourth of this nartian contains molecules produced locally by bone cells:




proteoglycans. glycosylated proteins. glycosylated proteins with potential celt attachment
s
activities and y-carboxylated (gla) proteins

I Proteoglycans and hyaluronan

macromolecnles that contain acidic polysaccharide side chains

Iyeans. e.e. inaluronan atiached 1o @ central core protein. and bone matrix

(glycosaming

contains several members o TS TMIY (VRN ICa aeconin s

heir exact role are vet to be fully explored. they are presumed to be

osteoadherin. Although
important for the integrity of most connective tissue matrices by anchoring extracellular
matrix molecules to each other and to bone cells, and also by facilitating mineralization'

2. Glycoproteins

The synthesis of high levels of alkaline phosphatase is one of the hallmarks of bone
formation. This cnzyme. primarily bound to the cell surface via a phosphoinozitol linkage
and can be cleaved from the cell surface and found within mineralized matrix. The exact
functions of this enzyme are still not completely known. Osteonectin is a phosphorylated

the non:

collagenous proteins

ycoprotein, which can be found in the greatest amount amor

of bone matrix. lts function in bone may be multiple. regulating osteoblast growth.

proliferation, and also matrix mineralization Tetranectin and tenascin also have been found
14,1520
in bone matrix, but their function is not yet known'*'**.

3. Glycosylated proteins with potential cell-attachment activities

Cells in all types of connective tissues interact with their extracellular milicu i

respanse fo stimuli that regulate specific cell functions. such as migration, proliferation and

differentiation. Bone cells synthesize at least nine proteins that may have specific roles in cell

attachment: ppe 1 collagen. fibronectin, thrombosponding (1 1111 1V).

oneetin, fibrilli

osteopontin, bone sialoprotein, BAG and DMP-1. All of these proteins contain RGD

(Arg-Gly-Asn) triplets. This consensus amino acid scquence binds o the eell surface

10




expressed integrins, Both osteopontin and bone sialoprotein are known to anchor osteoclasts

cell atachment, bind Ca™ with high affinity""*

o bone and in addition to supporting

4. y-carboxylated (gla) proteins

This group of non-collagenous proteins is characterized b

the presence

dicarboxylic glutamyl (gl residues: These protems, mareiv-gla-prorein asieocalcin (hone

gla-protein) and profein § are. posttranslationally modificd by the action of vitamin-K-

dependent y-carboxylases. The  production of dicarboxylic glutamyl residues enhances

calcium binding. They probably function in the inhibition of mineral deposition. Osteocalcin
deficient mice are reported to have increased bone mineral density. In human bone, it is
concentrated in osteoblasts osteocytes and its release can be significantly increased by
various osteotrop factors (c.g. vitamin-D). The sceretion of these proteins may be a signal in
the bone turnover cascade. Osteocalcin measurements in serum have proved valuable as a

20022

A :
r of bone wrnover'

marl

Bone remodeling
The adult skeleton is a highly specialized and dynamic organ that undergoes

sts on trabecular

continuous regeneration by the coordinate actions of osteoclasts and ostcobla

bone surfaces and in haversian system. Regeneration continues in the form of a periodic

replacement of old bone with new at the same location. This process is called remodeling and

is for the complete regencration of the adult skeleton in every 10 years. The most

likely purpose of bone remodeling is to prevent accumulation of old bone

The resorption of bone is the task of osteoclasts, and the formation of new bone

job of osteoblasts. All osteoclasts and osteoblasts belong to a unique temporary structure,

known as the basic multicellular unit (BMU). The BMU is approximately 1-2 mm long and

0.2-0.4 mm wide. comprises a team of osteoclasts in the front. a team of ostcoblasts i the



rear, a central vascular capillary. a nerve supply and associated connective tissue, In human

adults, 3-4 million BMUs are initiated per year, and about 1 million operating at any moment
The life span of the BMU is about 6 months. much longer than the life span of its cells

Therefore. contintons supply of osteoclast and osteoblasts from their progenitors is essential

for an uninterrupted remodeling sequence. In the normal adult skeleton bone formation tikes
place only where bone resorption has previously occurred. The sequence of events at the
remodeling site is the activation-resorption-formation order. Osteoclast activation is the

. a process, which is not yet fully understood'***

initial step in the remodeling sequenc

Recently, new members of the TNF family such as (1) the receptor activator of

nuclear factor-kappaB (RANK). (2) RANK ligand (RANKL) and (3) the decoy receptor
osteoprotegerin (OPG) tfor RANKL have been described and have been tound to be essential

regulators of bone remodeling, osteoclast differentiation and  osteoclast activation.

Osteoclasts expre:

ss RANK, which interacts with cither RANKL or soluble RANKL leading

subsequently to osteoclast activation. RANKL is produced by a wide varicty of cell types

including osteoblasts, T cells and fibroblasts. The presence of OPG inhibits the interaction
between RANKL and RANK by neutralizing RANKL and soluble RANKL., thus diminishes
osteoclast development and function™

The osteoclast is the bone-lining cell responsible for bone resorption. The osteoclast is
a giant multinucleated cell derives from haemopoetic cells in the monocyte/macrophage

lincage. 1t is found in contact with a calcitied bone surface within the How ship’s Jacuna that

is the result of its own resorptive activity. This cell is rich in Golgi complexes, mitochondria,

transport vesicle:

loaded with 1y

sosomal enzymes. The cells are plentiful in ATPase, sodiuni-
potassium pumps and exchangers of HCO./Cl and Na'/H'. The osteoclast synthesizes and

excretes lysosomal enzymes and also metalloproteinases into the extracellular bone-resorbing

compartment. Simultancously. the osteoclast acidifies the extracellular compartment. The




extracellular bone-resorbing  compartment s therefore the functional cquivalent of a

sccondary lysosome with a low plLenzymes and the sibsiate Fiest e hydosyapa

crystals are mobilized by digestion of their ink to collagen (the non-collagenous protems)
and dissvived i Gie iow il ien e resiaual collagen noers are digested by enther
collagenases or cathepsins in the acidic microenvironment””. Therefore. the concentration of
hydroxyproline and N-terminal collagen peptides in the urine can be used as indirect
measurements of bone resorption (type | collagen is highly enriched in hydroxyproline and
pyrinidoline links). The resorptive phase has been shown to last approximately 10 days. This
period is followed by the repair of the defect by osteoblasts. which are attracted to site by
chemotaxis then start 1o proliferate and make new bone (reversal. ostcoid formation and
mineralization phases). The duration of these phases has been experimentally measured. and

it requires 3-6 months for the complete remodeling cycle (Figure 4).

150

200 Days

Resorption  Reversal Osteoid formation Mineralization

Figure 4. Duration and depth of the different phases of the cancellous
bone remodeling sequence, Axis x represents the duration and phases of
the remodeling, while axis y demonstrates the mean wall thickness of a
bone remodeling unit™, (Figure i adopted with maodifications from
Eriksen EF. et al: Bone histomorphometry, New York. Raven Press.
1994.,)




Although cortical bone is anatomically different. its remodeling follows the same

biological principles (Figure ).

e e
P o R o

2\ o o Q
\waﬁ o e W\m

Figure 5. The bone remodeling activity in cortieal bone as a longitudina
sequence. Osteoclasts resorb the bone creating a cutting cone followed by the
ation of new bone leading to the ereation of a new bone structural unit (i.c.
the haversian system)™. (Figure is adopted from Favus M.L: Primer on the
metaholic bone” discases and disorders of mineral metabolism. Philadelphia
Lippincott Williams and Wilkins. 1999.)

forn

Cortical bone and cancellous bone, however, do not change with age in exactly the

same way, thus they probably should be considered as two separate functional entitics. Bone

remodeling cells on cancellous bone surfaces are in dircet contact with the cells of the bone

marrow cavity, which produce a variety of ostcotropic factors. Thus, it scems that osteoblasts

and osteocla

s might be regulated primarily by these local compounds in cancellous bone. It

! is likely that cells in the cortical bone, which are more distant from the marrow cavity, are

controlled more by the systemic osteotrop hormones™?

‘The pathomechanism of periprosthetic osteolysis

Total joint replacement provides dramatic pain relief and improvement in joint

function for patients with a variety of end-stage joint discases. However, mode of
treatment s not without complications. The major long-term problems of total joint
arthroplasty are periprosthetic osteolysis and aseptic implant loosening resulting in implant
0.5

failure. bone stock deficiency. periprosthetic fracturcs and subsequent revision sirgery

(Figure 5)



Figure 5. Radiographs showing a well fixed (lef) and a loosened
(middle) femoral and acetabular components due to  periprosthetic
asteolysis. The right panel shows the situation after the revision of both
components.

In the past decade. various theories have emerged concerning the pathogenesis of
aseptic loosening and periprosthetic bone loss. These theories can be categorized into two
different groups: mechanical theories and biological theories. The basic principle of the

mechanical explanation is that micro- and macro-motions of the implant in concert with

transiently elevated hydrodynamic pressure ultimately lead to periprosthetic bone necro:

and osteolysis (i.e. stress shielding) The biological models are based on the adverse

cellular response to degradation products of implant materials due to corrosion or adhesive.

abrasive and fatigue wear, which results in the generation of millions of particles (both

polymeric and metal) annually”™** and in the relcase of metal ions into the periprosthetic

space®™. Multiple studies have inv

stigated the properties of wear debris retrieved from
failed cases. They found that the vast majority of particles are in the micron and sub-micron
size range™ 4 with a wide variety of different shapes, and that approximately 20.000-
40.000 particles are generated by cach step (based on the volume loss of a polyethylene cup

15



of 55 mm'/ycar)'” Furthermore, it has also been demonstrated that osteolytic arcas
contain ten times more particles that osteolysis-free arcas from the same case (3-dx10
particles/g tissue vs. 30-40x10° particles/g tissuc)'”

At revision surgery the presence of a eranulomatous soft tissue membrane at the
nterface of bone and prosthesis (interfacial membrane, 1FM) has been well-deseribed™
This hyper-vascularized, aggressive, fibrotic tissuc has unique propertics resembling to
rheumatoid synovial tissue, hence it is also called synovium-like membrane (SLM)
Histological examination of this membrane has shown that there are distinet 7ones in [FM
(1) a synovial-like layer facing the cement/prosthesis surface, (2) the granulomatous stroma,
which is a cell-rich arca, and (3) a fibrous inner zone with collagen fibers and fibroblasts
facing the bone bed. It has been revealed that the IFM is composed predominantly of
macrophages, foreign body giant cells, histiocytes and fibroblasts, which contain or are in
39-42,54,55

interaction with particles (Figure 6, next page).

It is obvious that particle-cell interactions and particle phagocytosis is a prevalent

phenomenon in  the periprosthetic space in-vivo*®*’. Phagocytosis is a host defense
mechanism by which particles of different kinds can be climinated®*®. However, the

presenc

of non-degradable particles results in a constant state of

ctivation of all types of
cells in the periprosthetic space. Furthermore, high levels of different metals (in various ionic
forms) have been detected in 1FMs and in the serum of patients having loosencd prosthetic
component/s, contributing to further alterations of various cell functions™***** These
activated cells launch a cascade of “inflammatory processes™ resulting in the formation of the

above-described 1FM.

16



Prosthesis .

Figure 6.: Histology of IFM retrieved from failed total hip arthroplasty. ‘This is @ granulomaious highly
e arived tissue with fibroblasts (B), osteoclasts (C. arrows). macrophageshistiocytes (E. G) foreign body
giant cells (F). Fibrotic arcas (A. B. D: blue) alternate with macrophage-rich arcas that are adjacent to the
Drothesis, (A) or bone (C). Panel G shows macrophages with phagocytosed metal particles Panel H
Hemonstrates PE. particles phagocytosed also by macrophages analyzed with polarized-light microscopy
Sections of pancls A. B. D and E were stained with Weigert's trichrome staining.in order to differcntiate cells
i extracellalar matrix. Sections of C. F. G and H were stained with hematoxylin and eosin. Bars indicate size

resolution in microns (pum).



Many studics have investigated the effects of particulate wear debris on the functions
of ‘monocytes/macrophages, fibroblasts and osteoclasts, all of which present in the
periimplant space and are in contact with implant materials. It has been demonstrated that
macrophages and fibroblasts produce proinflammatory cytokines (e.o. TNF-c 11-1. 11-6)
chemokines (MCP-1, IL-8), prostaglandins (PGL2) and matrix metalloproteases (MMPs: ¢

MMP-1, MMP-3) %70 These factors are cither activators of osteoclasts (¢.g. TNF-, 11

7580

6)"*" or are direetly responsible for bone matrix degradation (MMPs)* ™. More importantly,
all of these mediators have been proved to present within the 1FM retrieved from patients
with failed implants confirming that similar events should take place in-vivo. Osteoclasts

have been shown to be able to engulf particles, which results in their activation”

Taken
together, the degradation of bone matrix by cither osteoclasts or enzymes results in increased

bone resorption in the periprosthetic milicu

Hypothesi

While increased osteoblastic bone formation could replace the resorbed bone leading
to a higher bone turnover but a normal density, this apparently does not happen in-vivo as the
periprosthetic  osteolytic process progresses. Therefore, we hypothesized that altered
osteoblast function plays a crucial role in the development of periprosthetic bone loss in the
presence of particulate wear debris, corrosion products and various cytokines. We tested this
hypothesis by monitoring particle uptake of ostcoblasts and by determining the effects of
ditferent particles, metal jons and cytokines/growth factors on several osteoblast functions. In
Chapter 2, we analyzed the phagocytic activity, the expression of osteoblast-specific genes.

tor release

production of bone matrix proteins. proliferation, viability and cytokine/growth
of human osteoblasts in the presence of various particulate wear debris and different

cytokines‘growth factors. Hene, we specified the basic behaviors of human osteoblasts in the

18



presence of implant degradation products. In Chapter 3, we identified basic intracellular
signaling pathways responsible for those altered gene expression profiles and other distorted
osteoblast functions

In this study. it is suguested that the osteoblast mav plav a eritical role in the
pathogenesis of periprosthetic osteolysis by virtae of 1) vstcoblasts it botie o1 osicoblast

precursors in - bone marrow

in closc proximity or dircct contact with prosthetic
components or their degradation products; 2) altered osteoblast functions, induced by either
prosthetic degradation products or soluble factors within the periprosthetic space, may
contribute to bone loss by producing less matrix: and 3) stimulated osteoblasts may promote

osteoclast differentiation and activation resulting in further bone loss.
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Abstract
Background: Particle-challenged cells release cytokines, chemokines and cicosanoids,

which contribute to periprosthetic osteolysis. The particle-induced activation of macropha

and monocytes has been extensively studied. but only limited information is available on the
response of osteoblasts to particulate wear debris. This study examines the cffects of
particulate wear debris and/or proinflammatory cytokines and growth factors on osteoblast
functions.

Methods: MG-63 osteoblasts were treated with metal (titanium, titanium-alloy and
chromium orthophosphate) or polymeric particles (polyethylene and polystyrene) of
phagocytosable sizes. or with exogenous cytokines and growth factors. The kinetics of
particle phagocytosis and the number of engulfed particles were assessed using fluorescinated

particles. Cell proliferation was determined by *H-thymidine incorporation and ccll viability

by cither fluorescein diacetate uptake or trypane blue exclusion. Expressions of osteoblast-
specific genes were quantified by Northern blot hybridization, and the scerctions of
osteoblast-specific proteins and cytokines were analyzed by enzyme-linked immunosorbent
assays

Resultss MG-63 nsteohlasts phago

ytosed partieles and hecome saturated atter 24
hours. A maximum of 50-60 particles per cell were phagocytosed. Each type of particle
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significantly  (p=0.05) suppressed procollagen a1} gene expression. whercas oih
osteoblast-specific: genes (osteoneeting osteocalein and alkaline phosphatase) did not show

Kin 6 (1L 6) ¢

Sienificant changes. Particle-sumulated osteoblasts refeased interlcukin € e 0.03) and

a smaller amount of transforming growth factor-f 1 (TGE-PI. Particies reduces

o tumor

proliferation in a dose dependent manner without arfecting eedl viability. |

necrosis factor-o. (TNF-a) also enhanced 11-6 (p=<0.01) and TGF-BL (p 0.05) release

whereas TGFE-B1 seerction was increased by 1GF-1 and prostaglandin-1:2 as well. 1GF-1 and

TGE-pI significantly (p<0.05) increased, while TNF-o and prostaglandin-E2 significantly
(p<0.01) suppressed procollagen o1[1] gene expression 1 osteoblasts. In contrast. neither

exogenous nor endogenous 1L-6 had any effect on other eytokine secretion. proliferation or

on procollagen al[l] gene expression in MG-03 osteoblasts. Transeription pibitor

seription and IL-6 production. Inhibitors

actinomycin D reduced both procollagen o 1{1] tran

of protein synthesis (cyclohexamide) and intracellular protein transport (brefeldin
monensin) blocked 1L-6 relcase, but none of these compounds influenced the suppressive
effect of titanium on procollagen a1{1] gene expression

Conclusions: MG-63 osteoblasts phagocytose particulate wear debris, and this process
induces 1L-6 production and suppresses type | collagen synthesis Osteoblast-derived 1L-6
may induce osteoclast differentiation and/or activation, but the resorbed bone cannot be

replaced by new bone due to diminished ostcoblast function (reduced type I collagen

synthesis). Exogenous cytokines (TNF-o and IL-19). growth factors (IGF-F and [GF-p1) and
prostaglandin-22 can modify particulate-induced aliered ostcoblast functions

Clinical relevance:  Altered  osteoblast functions  probably — contribute 10 the

progression of periprosthetic osteolysis. Suppressed osteoblast functions, however. could be

01, These arowth factors. if

compensated by certam growtn factors sucin as iGi-




delivered locally. may have therapeutic potential to prevent or reverse periprosthetic

osteolysis.

Introduction

Periprosthetic vsteolysis is a major clinical problem, which may jeopardize the long term

v

success of total joint arthroplasty . Typically, & granulomatous tissue of fibroblasts,

ma

ophages and foreign body giant cells develops at the interface of bone and prostheses or

bone and bone cement™. All cell types of this interfacial tissue contain wear debris from

914

prosthetic components” ", and particle phagocytosis is a central event in the pathogenesis of

periprosthetic osteolysis'™ '™

Phagacytosis is 4 non-specific defense mechanism for the elimination of tissue debris

bacteria and foreign particles. The phagocytic process r

and the protein coat (specific or non-specific proteins, immunoglobulins, complement) on the

surface of particles binds to “phagocytosis receptors™ (e.g. Fey receptors, complement or

mannose receptors, Bl integrins) and this interaction activates intracellular signaling

pathways that lead to cy d formation and the ingestion of

reorganization.

i
quires the opsonization of particles 1

|

i

1

|

1921
particles This phagocytosis-induced signaling process may simultaneously result in up-

or downregulation of a number of gencs via the action of various nuclear transcription

factors However, the normal phagocytic process may be altered when tissuc
macrophages. or other cells. are continuously exposed to non-degradable wear debris

The phagocytosis of particulate wear debris stimulates macrophages/monocytes to

-
seerete mediators of bone resorption such as eicosanoids, interleukin-1 (IL-1), tumor necrosis
3 factor-alpha (TNF-) and interleukin-6 (IL-6) in vitro'*'***>% These compounds have also
been shown to be present in the periprosthetic soft tissue in vivo™>*"
2 Osteablasts. a key cell tvne involved in bone remodeling. also phagoevtose particles

This process upregulates the release of eytokines™ and prostaglandin-1:2*" inducing bone loss
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via osteoclast activation. In addition.  particle-stimulated osteoblasts exhibit suppressed
procollagen a1[1] gene expression followed by reduced type 1 collagen synthesis'”>, which
may result in decreased bone formation. Thus, particle-induced aliered osteoblast functions
may play a ertical role m pathological bone resorption via both osteoclist activation and
reduced osteoblustic bone formation. I previous studies we have dentified the upstream
signaling events in particle-stimulated osteoblasts™, which ultimately led to the suppression
of procollagen « 1[I} gene’ . Activation of protein tyrosine kinases seems 1o be the carlicst
cellular event resulting in the activation of nuclear transcription factor-kappaB3 (NF-kB)* in
osteoblasts, and this transcription factor was shown 1o be activated in particle-challenged

human macrophages as well”. NF-xB, however, is a general transeription factor, which ma

suppress procollagen o 1] mRNA™, while simultancously upregulating many other

enes
including the genes of proinflammatory cytokines such as IL-1. 1L-6 and TNF-o>* in particle-
challenged cells. Since these mediators are continuously seereted by particle-challenged cells,

their effects are probably crucial in the development of periprosthetic osteolys

s by altering

osteobl

and osteoclast functions

We hypothesize that besides the direct effects of particulate wear debris on osteoblasts

5 releas

(increased IL.

and suppressed type I collagen synthesis)™ there is a paracrine

regulation of cytokines. prostaglandins and growth factors. which contribute to bone

resorption by alteration of osteoblast functions. We inve:

tigated this  hypothesis by
monitoring the kinetics of particle phagocytosis in osteoblasts and determining the effects of
proinflammatory eytokines and growth factors on osteoblast specific gene expressions, cell

proliferation and cytokine release



Materials and Methods
Particles

Al metal and - polymeric particles used in - these studies wered

cribed

previously 3

Particles of commercially pure titanium with 13 micrometer nominal

diameter and chrominm-orthophosphate (CrPOXAH.0: 142 1 0.83 micrometers)™ were
purchased from Johnson Matthey (Danvers, MA). Titanium-alloy (6 percent aluminum-4

pereent vanadium) particles (Sulzer Plasma Technik, Troy, MI) were ground from a 150-300

micrometer size grinding particles™. Conventional medical erade ultra high molecular weight

polyethylene (GUR 415, Hocecht-Celanese, Houston, TX) was pulverized by in liquid

nitrogen””. Particles were sedimented and filtrated for size separation. Particles exhibited a
Comparable size diswribution. At least 90 pereent were smaller than three micrometers in

diameter. Polystyrene (114 + 0.01 micrometers) and polystyrene based fluorescent

Fluoresbrites (0.926 + 0.027 micrometers) particles were purchased from Polyscience
(Warrington, PA). Based upon the size distribution, a 0.1 percent (volume/volume) particle
suspension contained approximately 2.2-6.7x10" particles/milliliter. Particles were sterilized
by irradiation with 2.2 megarad (22,000 gray) from a Cs-137 source (model 143: J.I.

Sheppherd Irradiator, San Fernando, CA). opsonized in 10 percent human type AB serum

and stored in sterile phosphate-buffered saline (pH 7.2). Endotoxin contamination of particles

was excluded by limulus assay (1

loxate, Sigma Chemical, St. Louis, MO),

Cells and cell cultures
The MG-63 osteoblast cell line was purchased from the American Type Cuiture
Collection (ATCC, Rockville, MD). Cells were cultured in monolayer in Dulbeeeo's modified

Lagle medium (GIBCO, Grand Island, N.Y.) containing [0 percent fetal bovine serum
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(Hyclone Laboratories, Inc.. Logan. UT) in humidified athmosphere of § percent carbon

dioxide in airat 37 degrees centigrade

Treatment of cells with particles. cviokines and arowth foetoe

Confluent cultures of colls ware subjected 10 serm stanation (0.3 pereent et
bovine serum) for 24 hours prior to treatment. Culture media were then replaced with fresh

medium containing 0.3 percent fetal bovine serum and particles, cytokines or growth factors.

Proliferation and viability assays. phagocytosis analysis and total RNA extraction were

carried out on the cultured cells. Tis

sue culture media were collected at various time points

centrifuged, filtered through a 0.22 micrometer polycarbonate filter (Spin-x; Costar.
Cambridge, MA) and stored at -80 degrecs centigrade. All experiments were performed in

duplicate or triplicat

¢ in at least five independent experiments.
Reagents were purchased from Calbiochem (La Jolla, CA) or R&D Systems

(Minncapolis, MN).  Insulin-like growth factor-1 (IGF-I; 30 nanogram per milliliter) and

transtorming growth factor-betal (TGF-B1, 20 picogram per milliliter) were used to stimulate

collagen production™**. TNF-ct, IL-6 and IL-1f} were added to the cultures at concentrations
of 10 nanogram per milliliter, 500 picogram per milliliter and 30 picogram per milliliter

Prost

slandin-E2 (100 nanogram per milliliter; prostaglandin-E2) is an cicos

anoid, which
was shown to regulate collagen synthesis™. Actinomycin D (1 microgram per milliliter) was

used to block transcriptional events, cy

lohexamide (35.5 micromolar) to inhibit protein

translation and synthesis. hrefeldin A (0.1 micromolar) to inhibit the transport of freshly
synthesized proteins from the endoplasmatic reticulum to Golgi apparatus, monensin (1.5

micromolar) to block the release of newly synthesized proteins from Golgi, and Cytochalasin

D (1 micromolar) 1o destabilize the cvtoskeleton. thus inhibiting phagocytosis All of the




above listed concentrations were selected after serial dilutions of cach compound tested in

MG-03 cell culture.

Viabilin: tests and “H-thymidine incorporaion

Ihe trypan blue exelusion test was used w determine the viability of cells, Smee the

presence of phagoeytosed titanium particles, especially at higher concentrations, preeluded

precise: evaluation of dye-exclusion, cell viability was also determined with fluorescein

%

diacetate (Molecular Probes. Eugene. ORY”. Viability tests were performed in duplicate and

at least 200 cells were counted using transmission light (for trypan blue exclusion) or
fluorescent microscopy (for fluorescein diacetate) in a Nikon Microphot-FXA microscope
(Nikon, Tokyo, Japan)

Proliferation of cells was measured by *H-thymidine (Amersham International,
Arlington Heights, IL) incorporation into DNA in a 96-well microplate system. Trypsinized
cells were harvested (Tomtec Inc., Orange. CT) at different time points after a 12 hour H

thyimidine (1 micro-Curic of *H-thymidine per well) incubation

RNA extraction and Northern blot hybridization

Total RNA samples were isolated from monolayer cultures as described'!”
Approximately 10 micrograms of total RNA was denatured in 50 percent formamide and 17.5
percent formaldehyde, dissolved in MOPS buffer (20 millimolar 3-[N-morpholino|propanc-

sulfonic acid

S millimolar sodium acetate and | millimolar cthylenediaminetetraacetic acid at

pH 7.0), separated by clectrophoresis in | percent agarose gel and then transferred to
GeneScreen Plus membranes (New England Nuclear, Boston, MA). Blots were hybridized
with “P-dCTP-labeled specific cDNA probes at a concentration of 3x10° counts per minute

per milliliter (specific activitics: 2-6x10% counts per minute per microgram cDNA)™. Human-
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specific <DNA probes (plasmids) were purchased from ATCC. The following recombinant

plasmid DNAs were used as probes: a 1.8 kilobase long ¢cDNA probe for procollagen ¢ 1[1]

(6770 ATCC #61322), 2 2.0 kilobase probe for osteocalein (ATCC #86269). a 1.8 kilobase

nrahe for asteaneetin CATCCT #7R103 andd o oo i allaling shochar.
(ATCC 759633, Following hybridization, the blots were washed and exposed 10 kodak
XAR-S film (Kodak, Rochester, NY) at -70 degrees centigrade for photographic

documentation or the original Northern blot was analyzed by STORM Phosphorimiger using

nnyvale, CA).

ImigeQuant software (Molecular Dynamics, S

Measurement of particle phagocriosis

s i osteoblast  function,  we

To further understand  particle-induced  chang
characterized the Kinetics of particle uptake by MG-63 cells. In initial experiments, cells
grown in monolayers were treated with 0.1 percent (volume/volume) titanium particles for
various time periods, harvested by trypsinization, washed, and allowed to attached to

coverslips. Trypsinization and repeated washing of cells removed non-phagocytosed and/or

surface attached particles, and cell-free areas of the coverslip had essentially no particles
I'wo hundred particle-treated cells from different arcas on the coverslip were examined by

h we could casily identify cells containing particles, it was

light microscopy (Nikon). Althoug
difficult to determine the exact particle number in a single cell due to intracellular

aggregation of titanium particles.

To circumvent this problem and to be able to quantify the number of phag
particles within a single cell. we used fluorescent particles (Fluoreshrite) as an alternative
particle source. Two different methods were applicd 1o determine the number of engulfed
particles i osteoblasts. First, the number of Fluoreshrite particles in cells was counted

direetly in epifluorescence mode using Nikon Microphot-FXA microscope. However, this



method could only be applied to cells treated for short time periods (less than 12 hours), as
the large number of phagocytosed particles in cells treated for longer periods of time formed
intracellular aggregates precluding accurate particle counts. The second method involved
preparing serial dilutions of Fluoresbrite particles. Particle numbers were counted in o

m determined by a

hemoeytometer and the

seencentensity o cach coneentra

fluorescent plate reader (Vietor 1420 Multilabel Counter, Wallg MD).

Gaithersburg,

Particle numbers and the corresponding fluorescence intensities were plotied 1o generate a
standard curve, which then was used to determine the number of fluorescent particles (based
on the fluorescence intensities) in cell lysates from osteoblasts treated with Fluoresbrite. Cells

containing phagocytosed Fluoresbrite were trypsinized, washed, counted and lysed by

ultrasomeation (Virtis, Gardina, NY) at 20 kilohertz for 2 minutes on ice

Mea of cviokines and -specific proteins in culture media
Cytokine concentrations in supernatants of osteoblast cultures were mcasured by

sandwich enzyme-linked immunosorbent ass

ays (ELISA) in 96-well microtitration plates

following the manufacturer’s instructions

High sensitivity assa

y kits for TNF- (assay range
from 0.5 to 32 picogram per milliliter), IL-1f, IL-6 (sensitivity range for both from 0.12 to

8.0 picogram per milliliter) and TC

=B (range from 31 to 2000 pic

ram per milliliter)

were purchased from R&D Systems. Secreted osteocalein was measured by NovoCalein and

type | collagen by Procollagen-C ELISAs purchased from Metra Biosystems (Mountain

View, CA)

Statistical analvsis

Descrintive statistics were used to determine gronp means and standard deviations

The Pillai’s trac

(similar to Wilks™ lambda or Hotelling-Lawley’s trace) criterion was used to



detect multivariate significance. Subsequently, paired Student's t tests were performed

between groups of interest. The level of significance was set at p<0.05. All statistical

analyses were performed using computer-based statistical software (SPSS/PCH v 4.0 1. SPSS

Ine. Chicago. 11.)

Results
Particle phagocyiosis by osteoblasts

Osteoblasts phagocytosed particles in a time-dependent fashion (1 ig. 1. To determine
the number of phagocytosed particles, however, is a difficult issue due to the indiscernible

location of phagocytosed, partially engulfed or surface-"attached” particles, and the

mtracellular aggregation of phagocytosed particles. The use of fluorescent particles
(Fluoresbrite) is a method for determining the number of engulfed particles. The average
particle number per cell, measured by fluorescent intensity in MG-63 cell lysates, ranged

from 0 to 2 (mean 0.4 + 0.6 S.D.) after one hour, 3-12 (5 + 2) after 2 hours, 7-19 (13+3)

after 6 hours, 16-28 (23 & 2) after 12 hours, 53 + 5 after 24 hours, 60

6 after 48 hours and

58 45 afier 72 hours (Fig. 1-C). A maximum of 40-60 Fluoresbrite particles phagocytosed
within 24 hours scems to be the saturation level for MG-63 cells. The number of engulfed
particles could be precisely determined only when fluorcscent-labeled particles were used

Cytochalasin D, which destabilizes the cytoskeleton and inhibits phagocytosis. s

ificantly

reduced (2

3: after 48 hours), but did not completely abolish the phagocytosis of

particles (Figs 1-A2 and 1-B2)

Effect of particulate wear debris on cell viabilin: and proliferation
We next addressed how the phagocviosed particles influenced cell functions and

hether differing composition of particles can initiate distinet cell responses, Particulate wear
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ton celb viability of MG-63 cells. which remained higher than 95 percent

debris had no ef

even in long-term (7296 hours) experiments over a wide range of particle composition

polvethylene.  polystvrene  or

(ttanum,  titanium - alloy. chromium — orthophospha
Fluoresbrite) and concentrations (0.0125-0.2 pereent volume volume). Tn contrast to viability

he effect was dose

ed to untreated ¢

cell proliferation was reduced  compa
dependent. (Fig. 2-A). Interestingly, suppressed proliferation became normalized at low

particle concentrations (0.0125 percent to 0.03 percent) by 48 hours (Fig. 2-A)

ects of exogenous cviokines on cell viability and proliferation

Exogenous cytokines (IL-1( and 1L-6). prostaglandin-E2 and growth factors TGE-p1

had no cttect on cell viability over a wide range of concentrations (data not

and 1GE
shown). Only TNF-o reduced significantly cell viability (p<0.01) when higher concentrations
(over 100 nanogram per milliliter) were used, especially in long-term (grater than 72 hours)

experiments. As shown in Fig. 2-B, TNF-oc (at a non-toxic concentration of 10 nanogram per

increased cell

milliliter) and prostaglandin-E2 decreased, while TGF-Bl and 1G

proliferation. Neither IL-1p nor 1L-6 affected cell proliferation

Cyiokine release in osteoblasts induced by either titanium particles or exogenous cviokines
The carliest cytokine release in culture media of titanium-stimulated MG-63 cells was

detected after 12 hours and it was restricted to 1L-6 (Fig. 3-A). There were undetectable

NFeu i culture media of either untreated or particle-challenged MG-

amounts of 1L-1 and T
63 cells. A basal TGF-B1 sceretion was enhanced in particle-treated cultures after 72 hours

(Fig. 3-B).

msstimuiaied MG-03 cuitures, oniv i -6 and TGE-Bi seeretion

As Hou i iiad

were modified by exogenous mediators. Only TNF-a at a non-toxic (10 nanogram per
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milliliter) concentration had a significant (p<0.01) effect on [L-6 release (Fig. 4-A), whereas

the basal TGE-HI seerction was inereased (p<0.05) by exogenous TNF-.

ndin-

prostag 2 (Fig 4-B)
Suppreasion af osteoblast-pecific genes by particutate wear debris

We have reported a 40-60 percent suppression of procollagen «1{1] mRNA
expression in MG-63 osteoblasts exposed to titanium particles'’**. To further characterize the
effect of particles on osteoblast-specific gene expression and protein synthesis, MG-63 cells
were exposed  totitanium, titanium alloy, chromium orthophosphate, polystyrene,

polyethylene and Fluore

brite particl

s for 48 hours. Particles, regardless of composition,

significantly (p=0.03) suppre;

sed procollagen c1[1] mRNA expression in MGi-63 osteoblasts
(Fig. 5). This downregulation of collagen gene expression was accompanicd by reduced type

I collagen protein synthesis. In contrast to procollagen gene expression, none of the particles

enificantly altered the expression of os a or other osteoblast-specific genes such as

osteonectin or alkaline phosphatase (Fig. 5). These data demonstrate that particles

diff

affect gene expression in (for example procollagen 1[I} versus

osteocalein) and the gene-specific effect is a general response to particles and not specific to

particles of a particular compc

sition

Effect of exogenous eviokines upon procollagen alf1] gene expression

Anincreased 1L-6 secretion in titanium-stimulated osteoblasts (Fig. 3-A) corrclated
inversely with the suppression of procollagen e 1{1] mRNA and reduced collagen synthesis in
all particulate-stimulated - osteoblast cultures. Neither exogenous 11L-6 (Fig. 6-A) nor

ueih geiic eapiessivi cither i

the presence or absence of titanium particles indicating that procollagen o 1[1] gene regulation
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was independent of [L-6 or 1L-6 induced transcription factors in osteoblasts. In contrast. the

“on procoltagen w11

effect of exogenous TN ene expression was highly comparable to

the effect of titanium particles (Fig. 6-A) and this correlated with reduced type I collagen

svnthests . Prostaelandin-F2 also inhibited procollagen ¢1111 eene expression (not shown)

en i

Fxogenous 1-1{ significantly (p-0.0%) reversed titaninm induced procolls

ificantly (p<0.03) increased

suppression (Fig. 6-A). Growth factors IGF-1 and TGE-1

¢ expression and could completely reverse the tit: duced

the coll.

n ge

of procollagen «1[1] mRNA (Fig. 6-B)

The effect of transcriptional, translational and protein transport inhibitors on cviokine
release and procollagen al[1] gene expression

In order to determine whether an effect of a freshly synthesized cytokine was
involved in the titanium-induced procollagen «1{1] gene suppression and to distinguish the

mechanism of titanium-induced 1L-6 production from procollagen «l[1] gene suppression at

the molecular level, MG-63 cells were treated with various inhibitors prior to stimulation

with titanium particles. Actinomycin D, a potent inhibitor of transcriptional events by
inhibiting RNA polymerase 11 was used as a positive control. This compound blocked both
the procollagen «I[I] mRNA transcription and IL-6 production. Translational (protein
synthesis) inhibitor cyclohexamide. protein transport inhibitor brefeldin A. and monensin, a
non-selective inhibitor of the release of newly synthesized protein from the Golgi apparatus,

uniformly blocked the 1L-6 release. In contrast, none of these chemicals modified titanium

A level (Fig

particle-induced suppression of procollagen u1{1] mR? 7). confirming our

particle phagocytosis has a direct effect at the transeriptional level upon procollagen a1[1]
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mMRNA. whereas particle-induced cytokine release requires factors for protein synthesis and

intracetlular traffickin

Discussion
Particulute wear debris from prosthenic components are contmuously sencrared and

phagoeytosed by cells of the periprosthetic soft tissue. Pha

ylosis is a strong signal for

cells. firstinducing a series of upstream events of cell stimulation via the activation of protein
tyrosine kinases™"*" " Activation of protein tyrosine kinases leads to the activation of
nuclear transcription factors, which then are translocated into the nucleus with the result of
upregulation of various genes. including proinflammatory eytokines. In a broader sense. all

cell types of the periprosthetic soft tissue (macrophages, fibroblasts, osteoclasts and

osteoblasts) are able to phagoeytose particulate wear debris and virtually all cells can reach

an activated state. These cells produce a number of cytokines, chemokines and
prostaglandins, which may further affect the function of cells in cither an autocrine or
paracrine manner using distinct signaling mechanisms.

Bone is a dynamic tissue with a well-balanced homeostasis preserved by coupled
bone formation and bone resorption. Normal bone turnover, however, can be unbalanced by
cither increased osteoclast activity or diminished osteoblast function; either or both
mechanisms may result in net bone loss. Both cell types (osteoclasts and osteoblasts)
phagoceytose particles in virro, and it is assumed that this may oceur in vive as well

Osteoblasts, while phagocytose particles become  activated and produce 16 and

andin-E2", simultancously loosing their capacity to synthesize type | collagen

The seereted 11-6™ " and prostaglandin E2*% then activate osteoclasts in a paracrine

shion, which cells are assumed to be already in an activated state duc to phagoeytosed

st an b oo ST . TR
particles at the nterfuce Otlici Cytohines sucias T and TNF-oL seerete

by particle-

p §.12.15.22.26-30
stimulated macrophages/monocytes’ . are also present in the periprosthetic tissue.



2450
INF-z can activate osteoblasts to secrete 1L-6 and suppress type | collagen synthesis .

t described for particle phagocytosis (Figs. 3-A. 4-A and 6-A). In addition.

similar to the ¢
both TL-1B and “INF-u induce osteoclast differentiation from precursors and activate

differentiated  osteoclasts i vigo ™ Faken together. phacocvtosis - directly. and

itfect the hone tumover negatively

phagoeviosis-induced eviokme release indirectly
alteration of osteoblast and osteoclast functions.
From the osteoblast side, a phagoeytosis-induced direet signal and exogenous TNF-u
(paracrine effect) seem to be the most potent inducers of diminished type I collagen
synthesis. The particle- and TNF-u-induced signaling mechanisms, however, must be
independent because (1) we were unable to detect TNF-a in cither particle-treated MG-63
(F1g. 3) or bone marrow derived primary human osteoblast cultures™. (2) neutralizing anti-

-0 effect but did not modify the ostcoblast

TNF-a antibody could abolish the exogenous TN

shown), and (3) protein synthesis inhibitors. while

response to titanium particles (not

blocking cytokine release, had no influence on particle-induced procollagen {1} gene

suppression (Fig. 7).
While neither exogenous nor endogenous 1L-6 can affect osteoblast-specific
functions, IL-6 along with 1L-6 soluble receptor could enhance different osteoblast
responses’”™. The 1L-6 receptor complex consists of two transmembrane proteins: a ligand-
binding chain (IL-6 receptor) and a non-ligand binding signal transducer, glicoprotein 130

ers the heterodimerization of the two

(2p130). 11.-6 binding to the ligand-binding chain trig;

chains, and then the cytoplasmic domain of the gp130 chain transduces the signal. The

soluble form of the ligand binding chain (soluble I1.-6 receptor) is also able to activate gpl30

when IL-6 binds to it. It is likely that MG-63 osteoblasts express gp130, but not the ligand
binding chain'”*. therefore neither seereted nor exogenous 1L-6 can bind 1o 1L-6 receptor,

sferred from the cell surface t the celt'

her
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Among a number of cytokines and growth factors. 1GF-

and TGE-B1 were able to

completely reverse the suppressive effect of particles on procollagen «1]1] gene expr

ssion

Ihese growth factors, when used alone, significantly upregulated the procollagen « 1[I} gene

exnression (1o 6-RY and type T oentlagen conthocic Frsthormars o il B

increased osteoblast proliferation without affecting cell viability and inducing substantal 11.-
6 seeretion. Thus IGE-1 and TGF-B1 scem (o be potent inducers of bone matrix formation

One of the most important findings of this study is that, in addition 1o a dircct effect of

particles on osteoblast functions

", the proinflammat cytokine TNF-u also exhibits a

massive and substantial effect on procollagen «l[I] gene expression, cell proliferation, cell
viability and IL-6 secretion in osteoblasts. While this proinflammatory eytokine induces bone
resorption via osteoclast activation, it also contributes to bone loss via reduced bone

formation by osteoblasts. Since TNF-c., IL-13 and 116 are present and continuously scereted

by particl lated cells in the per
Y P F

space, their long-term in vivo autocrine and

paracrine effects are critical in the pathog of the periprosth

. Eventually.

local delivery of certain growth factors (1G

~Lor TGF-B1), protein tyrosine kinase or NF-xB

inhibitors™, all of which can reverse the suppressive effect of cither proinflammatory
cytokines or wear particles on type I collagen synthesis in osteoblasts. may have a therapeutic

potential to prevent or treat periprosthetic bone loss
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igures and figure legends
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Figure 1.: Phagocytosis of particles by MG-63 osteoblast cells. Cells were cultured in Petri-
dishes. serum deprived and then exposed to cither Fluoresbrite (A) or titanium (B) particles
for 2 hours (A1 and B1). or for 48 hours in the presence (A2 and B2) or absence (A3 and B3)

of Cytochalasin D. Cells were harvested. washed. s

eded on coverslips and fixed in 10
percent formalin. Fixed cells were counterstained with crystal-violet and examined by

fluorescence microscopy (panels A and B). The number of phagocytosed Fluoresbri

particles in a single cell is shown in panel C at different time points.
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Figure The effect of titanium particles and exogenous mediators on MG-63 cell
proliferation. Cells were untreated or treated cither with different concentrations of titanium

particles (panel A) or exogenous eytokines and growth factors (pancl B). The

evel of
proliferation was measured by “H-thymidine incorporation and was normalized to untreated
samples (100 percent) at each time poit. Error bars are omitted for clarity, but broken line
indicates significance at a minimum of p<0.05 level on pancl A. Levels of significance

(relative to untreated cells) on panel B are shown: * p<0.05 and ** p<0.01
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Figure 3.0 Effect of titanium particles on IL-6 and TGF-B1 production by MG-63 cells

Confluent osteoblast cultures were cither untreated or treated with 0.1 percent

(volume/volume) titanium particles, and levels of 1L-6, TNF-c, IL-1f and TGF-f1 were

measured by ELISA at various time points. Note that only IL-6 (panel A) and TGE-p1 (panel

B) reached detectable and sig

ificantly clevated levels as indicated: * p<0.05 and ** p<0.01
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Figure 4.0 Effect of exogenous cytokines on the release of cytokines by MG-63 cells

Confluent osteoblast cultures were untreated or treated with exogenous 1L-6, TNF-cr, IL-1f,
TGE-B1, IGF-1 or prostaglandin-E2 as described in Methods. Conditioned media were

collected at various time points, and cytokine levels measured by ELISA. Note that only 11.-6

(panel A) and TGF-B1 (panel B) reached detectable and significantly clevated levels as

indicated-* p<0.05 and ** p<0.01
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Figure S.: The effect of various particles on procollagen « {1} and osteocalcin gene

expressions in MG-63 cells. Confluent cell cultures were serum deprived for 24 hours and

left cither untreated (lanes 1 and 10) or treated with different particles for 48 hours at the
various concentrations as indicated. The level of gene expression was compared to untreated

samples. Columns represent means of duplicates of at least five independent experiments

standard deviation of procollagen «1[1] gene expression. Levels of significance are indicated

* p=0.05 and ** p<0.01. The osteocalcin gene expression in particle-treated MG-63 cells

showed no significant differency

s and a representative hybridization panel (OC) is shown

Note that all types of particles significantly reduced the procolla agen w1 mRNA expression
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Figure 6.: Northern blot analysis of procollagen c1[1] mRNA expression in MG-63 cells

treated with different cytokines (panel A) or growth factors (panel B) in the presence or

absence of phagocytosable-size titanium particles. Confluent osteoblast cultures were serum

deprived for 24 hours, pretreated with cytokine/growth factor for 3 hours and then titanium

particles (0.1 pereent, volume/volume) were added where indicated. Bottom pancls show the

amounts of total (ribosomal) RNA on an ethidium bromide-stained membrane prior to

hybridization. Columns represent means of duplicates of at least five independent

cexperiments + standard deviation. Data are normalized to the mRNA level measured in non-

stimulated MG-63 cells (lanc 1 on both panels). Levels of significance are indicated: *

P0.05 and ** p<0.01. Note that neither 11-6 nor 111 had an off

et on proce

gene expression in particle-free condition. although 11 -1

[} could partially compensate for the

suppressive effect of titanium on procollagen «1{1] gene expression.
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Figure 7.: Effect of protein synthesis and transport inhibitors on procollagen «[1] gene

expression. Confluent MG-63 osteoblast cultures were serum deprived for 24 hours, left
untreated or pretreated with the indicated compound for 3 hours and then titanium particles
(0.1 percent volume/volume) were added where shown. The level of gene expression was
analyzed by Northern blots and compared to untreated samples (lane 1). Columns represent
means of duplicates of at least five independent experiments + standard deviation. Levels of’
significance are indicated: * p<0.05 and ** p<0.01. Note that none of the compounds were

able t reverse the particle treatment induced gene suppression.
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CHAPTER 3
Particulate Wear Debris Activates Protein Tyrosine Kinases and

Nuclear Factor-kappa B which Down-regulates Type I Collagen Synthesis

in Human Ostcoblasts
Csaba Vermes, Kenneth A. Rocbuck, Raman Chandrasekaran, Jozsef G. Dobai.
Joshua J. Jacobs and Tibor I Glant

Published m Journal of Bone and Mineral Rescarch. 2000: 15:1756-1765

Particulate wear debris - gencrated mechanically  from prosthetic materials 15

phagocytosed by a variety of cell types within the periprosthetic space including osteoblasts,

which cells with an altered function may contribute to periprosthetic osteolysis. Exposure of
osteoblast-like osteosarcoma cells or bone marrow-derived primary osteoblasts to either

metallic or polymeric particles of phagocytosable sizes resulted in a marked decrease in the

steady-state mRNA levels of procollagen a1[1] and procollagen «1{I11]. In contrast, no

genes, such as ostconcctin and

significant effect was observed for the osteoblast-specif
osteocalcin. In- kinetic studies, particles once phagocytosed, maintained a significant
suppressive effect on collagen gene expression and type I collagen synthesis for up to five
passages. Large particles of a size that cannot be phagocytosed also downregulated collagen

gene expression suggesting that an initial contact between cells and particles can generate

aene resy signals ind of the phagoeytosis process. With re

signaling. titanium particles rapidly increased protein tyrosine phosphorylation and nuclear
transeription factor-kappa B (NF-xB) binding activity prior to the phagocytosis of particles

Protein tyrosine kinase (PTK) inhibitors such as genistein and the NF-xB  inhibitor
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pyrrolidine dithiocarbamate (PDTC) significantly reduced the suppressive effect of titanium

ting particles suppress collagen gene expression through

on collagen gene expression sugg
the NF-k1B signaling pathway. These results provide a meehanism by which particuiate wear
debris ean antasonize the transeription of the procollagen «1{1} gene m osteoblasts, which

may contribute to reduced bone formation and progressive periprosthetic osteolysis

Introduction

Particulate wear debris and corrosion products from prosthetic materials can activate a

wide varicty of cell types within the periprosthetic soft tissue including fibroblasts,

osteoclasts, osteoblasts and macrophages. The phagocytosis of particulate wear debris

ercosanoids.

stimulate macrophages to  scerete  bone-resorbing  mediators, - ncluds

interleukin-1 (IL-1). tumor

metalloproteinases and proinflammatory  cytokines, such

necrosis factor-alpha (TNF-0) and interleukin-6 (IL-6)"""". Fibroblasts of periprosthetic soft

tissue (interfacial membrane) constitutively express high levels of metalloproteinases.

whereas resting fibroblasts in skin or normal synovial tissue express much lower levels unless
exposed to titanium particulates'™". Phagocytosis of particulate biomaterials promotes a

) - s
signal for osteoclast differentiation and subsequent activation '3, Osteoblasts can also

phagoeytose particles, which induces 11-6 release and the downregulation of type I coll:

synthesis' ™", As the particulate wear debris is continuously gencrated, all these cells at the
interface of bone and prosthesis are forced into a constant state of activation'”. In addition to

their direct activation by phagocytosis. there are contributing autoerine and paracrine cffects

that create a complex milicu within the periprosthetic space, which ultimately governs ¢

development of osteolysis.,

Phagocytosis is @ non-specific defense mechanism for climination of tissuc debris,

foreign particles, bacteria ctc.. whereby the engulfed material is immediately degraded within
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phagosomes. Phagocytosis induces the phosphorylation of tyrosine and/or serine residucs of

the eytoplasmic tails of phagocytosis receptors. In turn, phagocytosis activates PTKs' ™" and

protein kinase ¢ (PKC)'"" pathways. which signaling processes result in aliered sene

expression via the activation of nuclear transeription factors. The most well characterized in

virre cell response to particulate wear debris s the cytokine and prostaglandin rekease by

macrophages and - monocytes™” This particulate  phagoeytosis-induced  cytokine
release, however, is the consequence of carlier (i.c.. more upstream) signaling events.

The aim of this study was to characterize the altered gene TESPONSES A8 A consequence
of particulate phagocytosis in bone marrow-derived primary osteoblasts and transformed
osteosarcoma cell lines. We studied the effeet of phagocytosable small-size (less than 3 um in
diameter) to non-phagocytosable large-size (greater than 20 um) particles of different
compositions (metal and polymeric particles) on osteoblast signaling and gene responses
identifying the NF-xB signaling pathway as a major target of the particle cffect. These
findings indicate that osteoblasts also possess an inflammatory signaling response similar to

that of macroph Particulate wear debris-induced NF-xB activation and 1L-6 release

accompanied with diminished collagen synthesis may significantly contribute to, and may

potentially initiate, the cascade of periprosthetic osteolytic events.

Materials and Methods
Particles

Metal and polymeric particles used in these studies were described previously' ™'
Metal particles of commercially pure titanium with 1-3 um nominal diameter and chromium-

orthophosphate (CrPOX4H0; 142 um 1 0.83)" were purchased from Johnson Matthey

m

60 aluminain

“o vanadium pariicies (Suizer Piasma Technik

Troy, M1y were ground from a 150-300 pm size grinding media’. Conventional medical arade



ultra high moleeular weight polyethylene base resin (GUR 415, Hocehst-Celanese, Houston.
I'X) was pulverized by cryogenic attrition in liquid nitrogen and filtrated for size separation”
Ihese particles exhibited a comparable size distribution with at least 90% heing smaller than
three micrometer in diameter. Polvstvrene (114 um = 0,011 particles were mirchased from
Polyscience (Warrington, PA). Based upon the size distribution 0.1 (volume volume: v vy

particle suspension contained approximately 2.2-6.7x10% particles/ml. In addition to these

small-size particles, large-size titanium particles (21-83

pm) from Johnson Matthey and
monodisperse polystyrene particles (21.1 pm = 4.1) from Polyscience were utilized. Particles

were sterilized by irradiation with 2.2 megarad (22,000 gray) from a Cs-137 source (model

143: J.L. Sheppherd Irradiator, San Fernando, CA) and stored in sterile phosphate-buffered
saline (PBS: pH 7.2). Endotoxin contamination of particles was excluded by limulus assay

(E-Toxate, Sigma Chemical, St. Louis, MO).

Cells and cell cultures

Human osteoblast-like cell lines MG-63, SaOS-2 and HOS were purchased from the

American Type Culture Collection (ATCC, Rockville, MD). The cells were cultured in
monolayer in Dulbeceo's modified Eagle medium (GIBCO, Grand Island, N.Y ) containing
10% fetal bovine serum (FBS: Hyclone Laboratories, Inc., Logan. UT) in a standard tissuc
culture condition'*'*

Primary osteoblasts were isolated from bone marrow samples of iliac crest bone
obtained during spine fusion procedures from patients of either sex, at age range from 25 to

69 years. Collection of hone marrow was approved by the Institutional Review Board and

written consent forms were obtained from cach patient. Culture conditions, isolation and

characterization of cells were exactly the same as described by Mueschler and colleagues™

Briefly, buffy coat-separated nucleated bone marrow cells (2x1077175 tissue culture flasks:
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Coming Ine., Coming, NY) were cultured in alpha-minimal essential medim  (Gibeo)
containing 10% FBS, 10 nM dexamethasone. S0 wg/ml ascorbic acid, 100 U/ml penicillin.
100 ug/mi streptomycin. 0.25 pg/ml amphotericin 1B and 50 p/mi gentamie, aii purchased

from Siema Chemical Company. The first medium change was performed on day 7, aiso

containing 5 M beta-glycerophosphate. Semiconfluent cultures were rypamized. 1%10° eells

plated in 10 cm size Petri-dishes (Coming). and cultured to obtain a confluent monolayer

culture. All experiments with primary osteoblasts were carried out using these first pass
cultures. At the time of the first passage. aliquots of cells were also sceded in 24- and 96-well
plates (Coming) for viability tests. cell proliferation and measuring alkaline phosphatase

(ALP) activities.

Treatment of cells with particles and various reagents, and sample collection

Confluent cultures of cclls were subjected to serum deprivation for 24 h prior to
wreatment and then the culture media replaced with fresh medium containing 0.3% FBS with
particles and/or various compounds at the desired final concentration. Tissue culture media
were collected at various time points, centrifuged, filtered through a 0.22 pm polycarbonate
filier (Spin-x; Costar, Cambridge, MA) and stored at -80°C. The cell layers were used for
RNA, protein and nuclear extractions. All experiments were performed in duplicate: or
triplicate for at least three independent experiments.

Reagents for targeting specific signal transduction pathways were purchased from

Calbiochem (La Jolla. CA) and R&D Systems (Minneapolis. MN). Genistein (20 uM) was

used for inhibition of PTK to block the phosphorylation of tyrosme residues. Insulin

growth factor-1 (1GF-1; 30 ng ml) was used as a PTK activator. H-89 (0.1 uM) was applied to

CAMP (10 M) r dibutyl-c AMP (0 S mM) to activate cAMP-dependent protein

kinase A (PKA). Calphostin C (75 nM) was uscd to inhibit PKC, while phorbol myristate

o
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acetate (PMA: 25 ng/ml) activates the PKC signaling pathway by binding to PKC. PDTC
(100 M) was applied as an anti-oxidant 1o block the activation of the NF-kB. Transforming
rowth factor-betal (TGE-(1, 20 pg/ml) was used as a positive control 1o actvate collagen

PNE G0 i -0 (00 primt and -1y (o0 pemi) were

proinflammatory cytokines  that increase tyrosine phosphorylation and NE-xB hinding
activity”™. Cytochalasin D (1 M) was used to destabilize the cytoskeleton, thus inhibiting
phagocytosis. All of the above listed concentrations were selected afier serial dilutions (using

at least three concentrations) of each compound tested in MG-63 cell cultures.

Viability tests

The trypan blue exclusion was routinely used to determine cell viability®. Since the
presence of phagocytosed titanium particles, especially at higher concentrations, precluded a
precise evaluation of dye-exclusion, cell viability also was determined with fluorescein
diacetate (Molecular Probes, Fugene, OR) according to a method previously described®
Viability tests were routinely performed in duplicate and at least 200 cells were counted in
transmission (for trypan blue exclusion) or epifluorescent mode (for fluorescein diacetate) in

a Nikon Microphot

XA microscope (Nikon, Tokyo, Japan)

RN extraction and Northern blot hybridizetion
Total RNAsamples were isolated from monolayer cultures as described’ ™

Approximately 10 pg of total RNA was denatured in 50% formamide. 17.5% for maldchyde

and MOPS butfer (20 mM 3-[N-morpholino]propane-sulfonic acid at pH 7.0, 5 mM sodium

acctate and T mM EDTA at pH 8.0), electrophoresed in 1% agarose gel and transferred to

GenBaeen Pius membranes (New Fngtand Nuelear. Boston, MA). Membranes were stained

with cthidium bromide and the level of 288 and 18S ribosomal RNA quantified by Imagel
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Software package (Meta Imaging Series, Universal Imaging Comp.. West Chester, PA). Blots

2 . . a1
were hybridized with “P-dCTP-labeled speeific ¢cDNA probes at a concentration of 3x10

epm/ml (specific activities: 2-6510% cpm/ug ¢DNA)Y. Human-specific ¢DNA probes
(plasmids) were purchased from ATCC The folloning wmbinant nluomid BNy
used s probes. a 1.8 Kilobuse (k) Tong ¢ONA probe tor procollagen o {1} (HE677: ATCC

ATCC #61324), a 2.0 kB

#01322), u 1.3 kB ¢DNA probe for procollagen «I[111] (Hf934;

probe for osteocalein (ATCC #86269), a 1.8 kB probe for ostconcetin (ATCC #78193), a 1.5

kB probe for ALP (ATCC #39633) and a 0.8 kB probe for

yeeraldehyde-3-phosphate

dehydrogenase (GAPDH: ATCC#57234) Following hybridization, the blots were washed

and exposed to Kodak XAR-5 film (Kodak, Rochester, NY) at -70°C or the original Northern
blotanalyzed by STORM Phosphorlmiger using ImigeQuant image analysis software
(Molecular Dynamics, Sunnyvale, CA). Probes were frequently paired (c.g. procollagen o 1{1]
and GAPDH) for hybridization and the same membrane was rehybridized with an another
pair of probes (for example, OC and ALP) after stripping the membrane. We found that using
different activators and stimulators of various signaling pathways, cytokines, growth factors

and their inhibitors, alone and in combination with particle wear debris, the housckeeping

genes (for example GAPDH) was occasionally also altered. For this reason, and for

comparison of our previous' '™ and current studies, we preferentially used and normalized

all Northern hybridization results to the levels of 288 and 18S ribosomal RNA

Measurement of cytokines and osicoblast-specific proteins in culiure media

Cytokine concentrations in supernatants of osteoblast cultures were measured by

sandwich enzyme-linked immunosorbent assays (ELISA) in 96-well microtitration platcs

factirer's inety v Rits for TNF-a (assay rang

followino the mar




(range from 31 10 2000 pg/ml) were purchased from R&D Systems. Seereted ostcocalein was
measured by NovoCalein and type | collagen by Procollagen-C' FI 1SAs purchased from

Metra Biosystems (Mountain View, CA). ALP activity was measured by Sigmi’s Alkaline

Phasphitise Calivintric Futpaing s

ent (Siema) following manufacture's

cultres stamed for ALP positivity using Fast-blue

instructions,

Western blot analvsis of tvrosine phosphorviation

is bufter (50 mM Tris-HCI [pll

Treated and untreated cells were lysed in i
0], 150 mM NaCl, 0.1% SDS and 1% NP-40) containing protease inhibitors (1 mM PMSF
and I U/ml aprotinin), phosphatase inhibitors (50 mM NaH2PO4, 10 mM Na-pyrophosphate.
50 mM KF and | mM Na3VO4) and 0.1% NaN3 for 1 h at 4°C. Cell lysates were cleared by
centrifugation and 15 g of protein per lane was separated by 10% SDS-PAGE in reducing

d onto a nitrocellulose membrane (Bio-Rad Laboratorics,

condition. Samples were trans
Hercules, CA), and the free binding capacity of the membranc was blocked with 5%
skimmed milk in PBS (pH 7.4) for 2 h at room temperature. Phosphorylated tyrosine residucs
were detected with biotinylated monoclonal anti-phosphotyrosine antibody 4G10 (1:1,000
dilution, Upstate Biotechnology. Lake Placid, NY) followed by Streptavidin-peroxidase

(1:4.000 dilution). The reaction was developed by enhanced chemiluminescence (Amersham:

Piscataway, NJ).

Electrophoretic mobility shiff assays

T'ranscription factor binding activity was determined by clectrophoretic mobility shift

assavs (EMSA) as described previously™ Briefly nnclear protein eviracts (36 g pro

prepared from MG-63 cells and primary osteoblasts by the method of Osborn et al. were
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incubated with 50,000 cpm of *p

end-labeled oligonucleotide probes for 20-30 min at room

temperature in 10 or 20 pl reaction volumes. containing 12°

o glycerol,

mM HEPES-NaOH
(pH 7.9). 60 mM KCL S mM MoC2. 4 mM Tris-HC| (PH 7.9).0.6 mM EDTA (pl1 7.9). 0.6

M- dithiothreitol and 025 1o of naly (e Ol d

i i G N D 0
AGTTGAGGGGACTTTCCCAGGC-3") was used 1o assess binding acuvity of the nuclear
extracts. To demonstrate binding specificity, 100-fold molar excess (10 ng) of the specific or
nonspecific (5-GCAGAGCATATAAGGTGAGGTAGGA-3") oligonucleotides  were
included in the binding reaction. For supershift analysis, antibodies (1-3 ug) against NF-xB
subunits (Rel A, ps0. cRel) (Santa Cruz Biotechnology. Santa Cruz, CA) were included in the

binding reaction. Protein-DNA complexes were resolved in 5% polyacrylamide gels. Gels

were dried and exposed to radiographic film at - 70°C

Statistical analysis

Descriptive statistics were used to determine group means and standard deviations
(SD). The Pillai's trace criterion was used to detect multivariate significance. Subsequently,

paired Student's "t" tests were performed between

oups of interest. S

ificance levels are

indicated in figures. All statistical analyses were performed using personal computer-based

statistical software (SPSS/PC i v 4.0.1. SPSS Inc, Chicago. L)

Results
Suppression of osteoblast-specific genes by particulate wear debris

We previously reported a consistently 40-60% suppression of procollagen «1[1]
MRNA expression in MG-63 osteoblastoid cells afier a 48 h exposure 10 0.1% titanium

particles (1-3 um)'. To further characterize the particle offoet o osteobly

expression and protein synthesis, MG-63, Sa0S-2 and HOS osteosarcoma cells and bone.
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marrow-derived primary osteoblasts were exposed for 48 h to various metallic and polymeric
particles including titanium, titanium alloy, chromium orthophosphate. polystyrene and

polyethylene. As shown in Fig. 1. particles. regardless of type. suppressed steady state levels

of procollaven e THTand (1T mRN A sy precsion in hath A0 63

bone marrow-derived primary osicoblasis, | his downregulation of collagen sene expression

was accompanied by reduced type 1 collagen synthesis (Figs. 2 and 3B). In contrast to the

affects on procollagen expression, the various particles did not alter significantly the

2. 1), or other osteoblast-specific genes such as ostconeetin and

expression of osteocalcin (F

ct was also observed in Sa0S-2 and HOS

ALP (data not shown). A similar particle ¢
osteoblastoid cell lines (data not shown) representing that this phenomenon was not limited to

one cell line. These data demonstrate that particles differentially affect gene expression in

osteoblasts and indicate that the gene-specific effects are in response to particulates in gencral
and not to a specific type of particle or cell type

To determine if phagocytosis of the particle was critical for the suppression of

collagen gene expression, we assessed the effects of the cytoskeleton inhibitor cytochalasin

D, which interferes with the phagocytosis process. F of the cells with

D markedly reversed, albeit not completely, the tit: duced suppression of procollagen
al[l] genc expression. To further assess the role of phagocytosis, we exposed the cells 10
large particles that were too large 1o be phagocytosed by osteoblasts (Fig. 1). Although lare

particles suppressed collagen gene expression significantly, this effect was modest compared

o the suppression produced by small particles. Together, these data suggest that although

phagocytosis clearly plays the major role in the suppression of collagen gene expression, the

oeytosis independent

particle effect appears to also be mediated. at least in part, by a pha
mechanism. Thus. particle interactions with the cell prior to phagacytosis of the particle can

likely also clicit gene responsive signals
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The long-term effect of phagocviosed particles

term effeets of phagocytosed particles on osteoblast function. M-

To assess the long
63 cells were exposed to small-size titanium particles for 72 h and cither harvested for RNA

FRE wirhonr frhos noriele

ivalatinn o naveaoed in ctandard canditiane cantaining 100
treatment. |he medium and newly passaged MG-03 cells were harvested atter 45 b, and an

aliquot of cells was passaged again. Procollagen (1] mRNA expression was assessed by

ype 1 collagen measured by ELISA at cach 48 h time

Northern blot analysis and secreted

point. As shown in Fig. 2, the initially suppressed procollagen «l{i] mRNA  gradually

increased from passage 1o passage and reached a level close to normal afier 3 passages, i.c

13 days after the particle exposure. Secretion of type 1 collagen, while delayed. essentially

ept after the first passage, after which cells were

paralleled with mRNA levels (Fig. 2

cultured again in 10% FBS-containing medium, This relatively long recovery period, even

under optimal culture conditions, suggests that few particles, retained intracellularly
(confirmed by microscopic evaluation), can continue to suppress type I collagen expression

and synthesis.

Criokine release by osteoblasts and the effect of exogenous cviokines upon procollagen al{l]
gene expression

To further characterize the cffects of particles on ostcoblast function. we next
examined cytokine release from particle-treated cells. The carliest cytokine release that could
be detected i culture medium was 12 h. However, of the cytokines and growth factors

examined, the only cytokine we were able o detect was 1L-6 (Fig. 3A) with primary

osteoblasts secreting approximately three times more [L-6 than the MG-63 cells (data not




As TNF-« is a known NF-kB activator, this promtlammatory cytokine increases 11.-6

release and suppresses procollagen gene. expression and type | synthesis via NF-xB

activation™ ", this cytokine was used as a positive control in most experiments. However.,

MO-A3 enlle wore trentod abes with variows cytakine (1 PO gromadn e i Gi -

BLAGE-D. As a summary of these experiments. onfy TNF-o: had a significant effect on 116

sceretion by MG-63 cells (Fig 3A). Similarly, only

N

F-ct had a strong effeet on type |

procollagen expression suppressing collagen synthesis even better than titanium particles (Fig

3B). When titanium particles and TNF-o. wer

added together the suppression was even

greater. in both MG-63 and primary osteoblasts, and their effect seemed to be additive but not

N

synergistic (manuscript in preparation). The TNF-cc suppression of collagen is consistent with

While increased 11-6 secr

previous reports in other cell typ tion correlated inversely

with procollagen a1{1] expr

ion, neither exogenous 11L-6 nor neutralizing antibodies to 1L-6

altered the collagen gene expression (data not shown). In contrast to TNF-¢ and titanium

particles, IGF-I and TGF-B1, which had no effect on the seeretion of other cytokines in any

osteoblast cultures te

ed, markedly increased collagen gene expression and could completely

reverse the titanium-induced suppression of procollagen «!{I] mRNA (data not shown).

Particle-induced signaling in osteoblasts
Because particle-cell interactions appeared to initiate gene responses prior to particle
engulfment, we next investigated whether ostcoblasts exposed to titanium particles could

rapidly stimulate intracellular sig

aling cvents and activate nuclear transeription factors
Because tyrosine phosphorylation is an early signaling response in the activation of several

inducible transeription factors such as activator protein-1 (AP-1) and NF-kB, we first

assessed the: ctieet of utamum particles on PTK activity. To directly demonstrate that
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titanium particles activate PTK activity in osteoblasts, MG-63 cells were exposed to titanium

particles for 10, 30, 60, and 120 min and tyrosine-phosphorylated proteins were detected by

Western blotting using an anti-phosphotvrosine antibodv (4G 10) As shov
titanium particles increased the tvrosine phosphorviation of a number of proteins by 120 min

orylation of at least one protein (with approximately 32

More importantly. tyrosine phosph

kDa) could be detected as carly as 10-30 min (Fig. 4.) demonstrating that osteoblasts exposed
1o titanium particles can elicit an activation signal well before phagocytosis of the particle.
Many transcription factors can be activated via PTK, including NF-xB™* Titanium
particles induced two specific NF-kB binding complexes within 2-3 h of particle exposure in
cither MG-63 (Fig.5A) or primary osteoblasts (Fig. 5B). The activation of NF-kB was
refatively specific since titanium particles did not activate other transcription factors, such as

AP-1 o Spl (data not shown). Consistent with the gene responses. large-size particles also

activated NF-kB (Fig. SA, lane 10) demonstrating that particle-cell interactions can activate

signal transd y of phagocytosis

To identify the NF-kB subunit composition of the NF-kB gel shift complexes induced
by titanium particles, we performed a supershift analysis using antibodies against NF-xB1
(pS0). Rel A (p65) and cRel. As shown in Fig. 5, both anti-Rel A and anti-NF-xB1 but not

anti-cRel . produced @ that the NF-xB binding complexes are
composed of cither NF-kBI and Rel A homodimers or NF-kBI/Rel A heicrodimers.
Collectively, the DNA binding studics indicate that titanium particles can activate the NF-xB

signaling pathway in osteoblasts providing a direct mechanism by which particulate wean

debris can generate specific gene responses
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Particle suppression of collagen gene expression is dependent on the NF-xB. signaling
pathway

To determine whether the activation of PTK pathway and NF-kB was necessary for
{ikianiunm priicheinduced g suppieosivin we assvsond i wiiveis of FTR and NI ol
inhibitors on procollagen «1{1] gene expression and NF-xB activation. PTK inhibitors
eenistein (Fig. 6) and herbimycein A (data not shown). and NF-kB inhibitors PDTC (Fig. 6)
and TPCK (data not shown) essentially abolished the suppressive effect of titanium particles.
More clearly. neither NF-kB activation nor procollagen «I]1] mRNA suppression were
detected when MG-63 or primary osteoblast cells were pre- and co-treated with cither
eenistein or PDTC during particle treatment. These data suggest not only a correlation but

also a dircct linkage between tyrosine phosphorylation, NF-xB activation, and procollagen

(1] gene supy in titanium-ct

In contrast to PTK and NF-xB inhibitors, the inhibition of cAMP-dependent PKA
cither increased or did not alter the procollagen o 1[1] gene expression. and had absolutely no
effect upon titanium-induced suppression of the gene (Fig. 6). Like PKA, the PKC pathway
also appears not to be involved in collagen gene suppression since the PKC activator PMA

and the PKC inhibitor calphostin C had no significant effect on titanium particle treatment-

induced gene suppression (Fig. 6). As PMA is a potent NF-xB activator via PKC in various

cell types, we also tested the PMA effect on NF-kB activation in MG-63 cells. PMA, in a

wide range of concentration (from nanomolar to micromolar), exhibited only a very modest

effect upon NF-kB activation, which was at least S-10-fold less than found in cither titanium
particle- or TNF-u—stimulated MG-63 cells. Furthermore, the PMA-induced  subunit

composition of the NF-kB complex seemed 1o be different by EMSA than shown in Fig. 6.

(manuscript in preparation). In summary, PMA-induced NF-xB activation did not influcnee
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procollagen «1[1] gene expression likely due to the insufficient level of activation and/or to

the activation of specific complexes which were distinet from the complexes activated by

cither titanium or TNF-or through PTKs.  In conclusion, we find a striking correlation

Bt sonnrecion af el T I—

signalimg pathway

Discussion
In this study, we investigated the specific gene responses induced in osteoblasts
exposed to particulate wear debris. We demonstrated that particles, regardless of their type.

can downregulate collagen gene expression in cither human osteosarcoma cell lines or bone

marrow-derived primary osteoblasts. The particle effect in osteoblasts was gene-specific
since particles had little or no cffect on several ostcoblast-specific genes including

osteonectin and osteocalein. This differential gene expression in response to phagocytosed

articles

indicates that particle-cell interactions activate specific signaling events and

transcription factors in osteoblasts leading to the upregulation of 11.-6 and downregulation of
procollagen al[1]. Indeed, we found that particles rapidly activate protein tyrosine

phosphorylation and induce the nuclear transcription factor NF-xB. The rapid kineties of the

activation suggest the particles can clicit signals prior to the phagocytosis process. Along

these lines, we demonstrated that particles too large 1o be phagoeytosed could also suppress

collagen gene expression though to a lesser degree. Consistent with these data large-size
titanium particles can also activate NF-kB. Inhibition of NF-kB function by cither tyrosine

Kinase inhibitors or anti-oxidants reversed the suppressive eftect of titanium particles on

procollagen o 1{1] gene expr wocsting a func ionship in osteoblasts between
i wiosine phosphorviation. Ni-kis activation, and collagen sene expression. Thus, particle-cell

interactions prior to their phagoceytosis appear to initiate an  intracellular tyrosine

67

22




phosphorylation cascade that targets the nuclear activation of the inducible transcription
factor NF-kB.
The transeription factor NF-kB is activated by a wide variety of extracellular stimuli

wind fao it ged ws o by rigubuion il die inilatnay o i INA g

studies. two induced gel shift complexes were detected, suggesting litanium particles activate

at least two NF-kB subunits. Supershift analysis identified Rel A and NF-kB1 (ps0) as

subunit components of the induced NF-xB binding complexes. Although NF-xB generally

activates gene transcription, titanium particle mduction of NF-kB in osteoblasts paradoxically

leads to the suppression of collagen gene expression. However, TNF-a, one of the most

potent activators of the NF-xB pathway. also leads to the suppression of collagen in

osteoblasts as well as other cell types™ ™. Recently, it was shown that NF-kB activation was

TNF-a suppression of procollagen «2[1] mRNA expression in fibroblasts’

involved in the

that NF-xB interaci s with the promoter could mediate downregulation of

collagen. In that study, a TNF-« responsive element that binds NF-xB was localized to a

ulatory sequence in the proximal promoter of the procollagen 2[1] gene. We recently

site which

found that the procollagen o 1[1] gene also contains similar, variant NIF-kB binding
also bind Rel A and NF-kBI (p50) subunits (manuscript in preparation). NF-xB1 lacks an
activation domain and homodimers of NF-kB1 have been reported to act as a negative
transcription factor capable of downregulating gene expression from NE-k13 binding sites™. It
is possible that titanium downregulates procollagen a1{1] gene expression via these upstream

F-kB binding sites in a manner analogous to the TNF-u downregulation of procollagen

«2[1] gene expression. Indeed, recently it was shown that the murine procollagen «1{1] gene

A subuinit ol NE-aB via an interaction with the ranscriptic

»
| the human procollagen «i{I] gene promoter also contains Spi binding

Interestingly
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sites the mouse and human genes may be downregulated through similar

mechanisms.

One of the most important observations of this study was that aitered ostcobiast
function could be achieved by erther an il and carly particulate-cell mieraction (farge-size
particles without phagoeytosis) or the long-term presence of previously  pliagocytosed
particles. Thus. particles can initiate gene responses in- osteoblasts independently of
phagocytosis, although a long-term cell response appears o require particle phagocytosis. In

support of a dircet role of phagoeytosis, we found that eytochalasin D, which disrupts actin

cytoskeleton filaments critical for the phagocytosis process. significantly reduced  the

suppression of procollagen «1[1] gene expression i osteoblasts.  Phagocytosis i

macrophages, which are pr al phagoeytic cells ™", activates NF-kB. However, other
H 1 q t 21548

cells (e and asts) can also phagocytose non-degradable particles

forcing them into a chronic state of activation. Thus, particulate wear debris can directly

and di

activate amatically alter blast function by both inducing IL-6

seeretion and suppressing collagen synthesis. Consequently osteoblast-scereted [L-6 can
s o

further activate osteoclasts* ", Clinically, this chronic cell activation may upset the delicate

balance between bone formation (diminished osteoblast function) and bone resorption

(activated osteoclast function) leading to periprosthetic osteolysis.
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Figures and figure legends
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Figure 1.: Effect of particles on procollagen {1, eI [111] and osteocalcin mRNA expression

in osteoblasts. Confluent monolayer cultures of MG-63 cells (left side panel) and bone-
marrow-derived primary osteoblasts (right side panel) were serum deprived, exposed to

particles for 48 h, and gene-specific mRNAs detected by Northern blot hybridization. Bottom

gure shows the amounts of total RNA on ethidium bromide-stained membrane: prior to
hybridization. The membrane was hybridized with osteocalcin, type 111 and then type I
collagen ¢DNA probes as described in Methods. Osteoblasts were untreated (lane 1) or
treated with 0.1% titanium (lane 2). 0.1% polystyrenc (lane 3), 0.1% chromium
orthophosphate (fane d). In Tane 3. cells were treated with cytochalasin D 1 M for 3 h
followed by 0.1% titanium (1-3 um). In lane 6, MG-63 cells were treated with farge-size

polystyrene and in lane 7 both MG-63 and primary osteoblasts with large-size titanium

particles (grater than 20 um). Columns at the top of the figure represent means of duplicates

of at least three independent evperiments + SD, |

and ¥ p<0.01
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re 2. Long term effect of particles on procollagen o1[1] mRNA expression and type |

2ui
collagen secretion in MG-63 cells. MG-63 cells were either untreated (0) or initially treated with
0.1% titanium (1-3 pm) for 72 h (1) and then passaged in every 48 h. Aliquots of cells were
harvested for RNA extraction and culture media for ELISA at the time of each passage.
Numbers represent passage numbers (2-5). The mRNA level was normalized 10 total RNA and
secreted type | collagen (measured as type I procollagen-C) to cell number of identically
cultured but untreated MG-63 cells. Data represent the mean of duplicates of at least three

independent experiments + SD. Levels of significance, relative to untreated samples, are

indicated: *p<0.05, **p<0.01
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Figure 3. IL-6 (A) and type | collagen (B) production by MG-63 cells in the presence or
absence of 0.1% titanium particles (1-3 um) or exogenous TNF-o: (10 ng/ml). Conditioned
media were collected at various time points and both collagen (as type 1 procollagen-C) and
116 were measured by ELISA. Levels of significance, relative to untreated cultures, are

indicated: * p<0.05 and ** p<0.01. Error bars arc omitted for clarity

76




30— <

-+

30 min

Coe o+

Titanium| -+
60 min | 120 min|

| 10 min

Figure 4.: Effect of titanium particles on protein tyrosine phosphorylation in MG-63
osteoblasts. Cells were exposed to 0.1% titanium particles (1-3 um) for various time periods.
Samples were prepared as described in Methods. Arrows show titanium-induced protein
tyrosine phosphorylation at different time points as indicated. Molecular weight standards in

kDa are specified on left.
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Figure 5.: EMSA and supershift analysis of NF-kB binding activity in osteoblasts. MG-63
(A) and primary human ostcoblast (B) cells were untreated (lanes 1 and 9) or treated with
small-size 0.1% titanium particles (lane 2), large-size titanium particles (lane 10) or 10 ng/ml
TNF-« (lane 8) for 2 h. Arrows indicate the titanium-induced NF-kB binding complexes
(NI-kBi and NI-kB2). In competitive systems, specific (lane 3) and non-specific (lane 4)
unlabeled oligonucleotides were mixed in 100-fold molar excess with nuclear extracts from
I'NF-c-stimulated cells to demonstrate that the induced NF-kB complexes were specific. For
supershift (SS) analysis. the presence of pS0 and Rel A (lanes § and 7) but not cRel (lanc 6)
was detected by subunit specific antibodies. The free unbound oligonucleotide probe that

: migrates i the bottom of the gel is not shown
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Figure 6.: Effect of inhibitors/activators of various sig n ol [l]

aling pathways on procollag

mRNA expression in MG-63 cells. Confluent cultures of osteoblasts were serum deprived for

24 h, pretreated with the indicated compound for 3 h. Titanium particles (0.1%, 1-3 um) were
then added to the pretreated cultures for an additional 48 h. The last two columns show the

procollagen a1{1] mRNA expression in MG-63 cells either untreated (lane 11) or treated with

0.1% titanium (lanc 12) without any additional agent. Other lanes represent treatments with
genistein (Gen), PDTC, cAMP, PMA and calphostin C (Cal-C) in the presence or absence of
0.1% titanium particles as indicated. Middle pancl shows a representative autoradiograph of
Northern hybridization with the corresponding total RNA (bottom pancl) on - cthidium
bromide-stained membrane prior to hybridization. Columns represent means of duplicates of
at least three independent experiments + SD. Levels of significance are indicated: * p=0.05

and ** p<0.01. Note that only PTK inhibitor genistein (fane 2) and NF-xR inhibitor PDTC

(lane 4) were able to reverse titanium-induced procollagen «1[1] gene suppression.




CHAPTER 4

UMMARY

Discussion

While the joint replacement procedure has provided dramatic pain relief and
improvement of quality of life for millions of people with end-stage joint discase. the
problem of these patients may only be solved temporarily. Artificial joints, even of the most
optimal metal and polymeric materials, have initiated a unique pathological condition. With

the implantation of these artificial materials, we expose patients o a new biological problem.

Billions of ultra fine non-degradable particles are generated in-vivo. which accumulate
adjacent to the implant and bone, eliciting chronic tissue reaction leading 1o osteolysis in the

bone structure

urrounding the implant. Despite the success of joint replacements, ascptic

loosening frequently with peripros steolysis pard: the long-term

suceess of both cemented and cementless total hip replacements.
Bone is a dynamic tissuc and its’ homcostasis is preserved by coupled bone formation
and resorption. However, in pathological situations the balance between formation and

Such a state exists in the

resorption could be shifed 1o the latter resulting in bone loss.

periprosthetic milieu in the presence of implant-derived corrosion products and wear debris

Osteoclasts and osteoblasts phagocytose particles in-vitro, and it is assumed that this occurs

in-vivo as well. During particle phagocytosis. osteoblasts become activated and produce 1L

6" 8T MCP-1

and PGE2". Simultancously. ostcoblasts loosc their capacity to synthesize

type I collagen in the presence of particulate wear debris'™ ™, because of the suppression of

procollagen ¢1{1] gene transcription mediated by NF-kB activation. The seereted 1L-6” and
| PGE2'" then activate osteoclasts in a paracrine fashion. Other cytokines such as [L-1f and
I'NF-c are also present in the periprosthetic tissuc. TNF-¢ can activate osteoblasts to seercte

11.-6 and suppress type 1 collagen synthesis and proliferation'. In addition, both IL-1f and
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INF-¢t induce osteoclast differentiation from precursor cells and activate differentiated

1
osteoclasts in-virro

Taken together, phagoeytosis directly. and phagoeytosis-induced
cytokine release indirectly. negatively affect bone tumover via alteration of osteoblast and
osteoclast functions

¢
able to

actors. 1GEF | and TGE

Among a4 numher of cytokines and growth

completely reverse the suppressive effect of particles on procollagen w1{1] gene expression”

These growth factors, when used alone, significantly up-regulated the procollagen «1]1] gene

expression® and type T collagen synthesis. Furthermore, these erowth factors increased

osteoblast proliferation without affecting cell viability or inducing substantial IL-6 sccretion”
Thus, 1GF-I and TGF-f1 might be potent inducers of bone matrix formation even in the
presenice of wear debris. Likewise. compounds inhibiting intracellufar signalimg mechanisms

(PTK-NF-kB) of the ostcoblast triggered by particulate wear debris and cytokines had the

ability to normalize many of the altered functions of human osteoblasts'

Eventually, local delivery of certain growth factors (e. g. IGF-1 or TGF-B1Y’, protein

tyrosine kinase inhibitors (e. g. Genistein) or NF-kB inhibitors (¢, g. PDTC)" (all of which

can reverse the suppressive effect of either proinflammatory cytokines or wear particles on

osteoblast functions) may have a therapeutic role in the prevention and/or treatment o

periprosthetic bone loss.

We hypothesized that osteoblast may play an important role in the ctiopathogenesis of
periprosthetic osteolysis. In these studics. our hypothesis has been proved by the data we
have gamed following having summarized the effects of the components of the periprosthetic
milicu on the functions of human osteoblasts. Furthermore, we have specified intracellular




to be unique and novel in this research field. According to this, we can conclude that

s direetly and soluble factors released by other

periimplant cells via a paracrine manner negatively influences the functions of human
osteviiasts, These ceils fouse it apacity w systhesie cuiipniciite of the antmeellutar
bone matrix and simultancously produce osteoclast activating tactors resulimg m a significant
shift of the bone metabolism to bone resorption in the periprosthetic space.

One of the most important findings of this study is that, besides the detailed

exploration of a highly unique bone cell hehavior. this study provides not only the d

cription

¢ periimplant osteolysis, but also points out moleeules that could

of

be potential targets for pharmacological intervention of aseptic implant loosening by

restoring the functions of the osteoblast in the periprosthetic area.

We believe that this work contains s

ignificant information in this ficld, provides a

deeper insight into the complexity of periprosthetic  osteolysis and contributes to the

P of feasible Py for aseptic implant loosening in the future.
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