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Abstract

Total joint arthroplasty has revolutionized the treatment of arthritic and degenerative conditions
for many joints in the body; however, wear debris is continuously generated with day-to-day use
of an artificial joint. Excessive production of wear by-products induces a foreign body and chronic
inflammatory reaction that accelerates periprosthetic bone destruction and inhibits bone formation.
The specific biologic reaction is dependent on the type, amount, and characteristics of the
byproducts of wear, along with individual genetic variations. For polymeric and ceramic particles,
the inflammatory reaction is generally nonspecific and nonimmune; however, with metallic by-
products, a type IV, T lymphocyte-mediated, antigen-dependent immune reaction can occur in
some patients. The production of proinflammatory cytokines, chemokines, reactive oxygen
species, and other mediators is upregulated by wear particles. Animal models have shown that the
biologic reaction to wear particles is systemic in nature, not a localized event. Mechanical stimuli
and the presence of endotoxin also appear to be important. Efficacious biologic treatments of
periprosthetic osteolysis are not yet available. Research continues with the hope that viable
strategies for preventing and treating particle-induced osteolysis will be introduced in the future,
thus mitigating the need for revision surgery.

Despite the advent of more modern implants and novel bearing surfaces for joint
arthroplasty, periprosthetic osteolysis and adverse tissue responses to the by-products of
wear are still of great interest to arthroplasty sur geons.! This statement is realistic based on
several facts. (1) Highly cross-linked polyethylene was introduced in North America
approximately 10 years ago. There are millions of total hip replacements with conventional
polyethylene that may have to be revised because of progressive wear and osteolysis. Many
total knee replacements performed during the previous decade and beyond often used very
thin polyethylene inserts that were sterilized in air and had suboptimal locking mechanisms
and designs; this has led to increased wear. (2) As the population ages and continues to be
physically active, implants for joint arthroplasty will be subjected to higher stresses for
longer periods. (3) Hard-on-hard bearings have created a new set of concerns. Metal-on-
metal articulations may be associated with the increased production of metal ions, wear
particulates, corrosion by-products, and adverse tissue reactions.2 Ceramic-on-ceramic
articulations may be associated with breakage, chipping, squeaking, edge loading, and stripe
wear.3 These and other tribologic-related issues underscore the continued importance of
wear by-products. (4) With the increased use of larger femoral heads to decrease the
dislocation rate of hip replacements, there is some evidence (although controversial) that
volumetric wear of polyethylene may be increased.# These larger femoral heads often use
thinner polyethylene liners than were previously used. (5) Disk replacement in the spine and
other joint replacements are in their infancy compared with hip and knee arthroplasty. Wear
particle-related inflammation and osteolysis have already been noted in these joints.>8
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How Do Cellular By-products Activate Cells?

When wear by-products are generated, ionic moieties become solubilized and smaller
particles form dispersions and aggregative complexes with serum proteins. Nearby cells are
presented with small nano-sized material (up to approximately 300 nm in diameter) that can
be pinocytosed (without cellular activation), particle-protein complexes that can be
phagocytosed (usually smaller than 10 pum in size), or larger composites that are not
phagocytosable. Particle phagocytosis leads to cellular activation; however, particle-protein
complexes do not have to be phagocytosed to activate cells.”® In the latter case, cell surface
receptors become stimulated by larger nonphagocytosable particle-protein complexes,
resulting in cellular activation. The inflammatory cascade is further stimulated by autocrine
and paracrine processes resulting from released proinflammatory factors and by the
stimulation of toll-like receptors and related pathways®10 (Figure 1). The presence of
endotoxin on particles may also play an important exacerbating role.11:12

Willert and Semlitsch3.14 were the first to recognize the importance of the biologic
response to wear debris and the association with adverse tissue responses, including
periprosthetic osteolysis. The local and regional biologic reaction to the presence of
excessive wear debris leads to a state of decompensation or tissue dysregulation. The
macrophage has traditionally been the focus of much research concerning the biology of
wear particulates; however, several observations have broadened the scope of the cellular
response. Tissues retrieved from revised joint arthroplasties with and without osteolysis
have many different cell types, which constitute a chronic inflammatory infiltrate. These
cells include monocyte/macrophage lineage cells (macrophages, foreign body giant cells,
and osteoclasts), fibroblasts, lymphocytes, and cells associated with vascular structures.
Histologic evidence also shows active bone remodeling in the adjacent bone bed, including
the presence of osteoprogenitor cells and osteoblasts. Kadoya et al® reported that active
bone formation was prominent in interface tissues and the adjacent bone of revised
aseptically loose joint arthroplasties, indicating ongoing repair. This finding is consistent
with a chronic inflammatory reaction, which consists of concurrent acute inflammation,
local tissue destruction, fibrosis, and active repair. Interestingly, different cell types (in
addition to cells of the monocyte/macrophage lineage) are capable of phagocytosis of wear
particles, including fibroblasts and osteoblasts.

Wear particle-associated aseptic chronic inflammation is also referred to as granulomatous
inflammation and may be of two general types. Nonimmune, nonspecific granulomatous
inflammation is generally associated with polymeric, ceramic, and other debris and results in
a histologic reaction dominated by macrophages and fibroblasts, with few lymphocytes. This
reaction is believed to be dependent on the general particle characteristics, including size,
shape, topography, and surface area.1® T lymphocytes are not a prominent histologic
finding.

Immune granulomas are associated with excessive metallic by-products and have a more
prominent widespread lymphocytic reaction that also may be located in a perivascular
location (so-called perivascular cuffing).1” It is believed that in some patients, the metal
particle-protein complex can function as a hapten, evoking a type IV T lymphocyte-
mediated immune reaction. Nonmetallic wear debris (such as polymers and ceramics)
primarily stimulate the innate immune system and are nonspecific, whereas metal
particulates and ions can stimulate both the innate and the adaptive (T lymphocyte-
mediated) immune systems.18 Recently, it has become apparent that there are idiosyncratic,
genetically based differences in an individual patient's response to different particle
burdens.19:20
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The Particle-Induced Inflammatory Cascade

After stimulation, cells of the monocyte/macrophage lineage, polymorphonuclear
leukocytes, fibroblasts, osteoblasts, and other cells increase the transcription of
proinflammatory substances, including cytokines, chemokines (chemotactic cytokines),
reactive oxygen intermediates (nitric oxide and peroxide), prostaglandins,
metalloproteinases, lysosomal enzymes, and other factors.1921-25 These inflammatory
mediators are under direct transcriptional control of nuclear factor kappa-light-chain-
enhancer of activated B cells, nuclear factor interleukin-6 (IL-6), and other factors.824 In
addition to activation of the innate immune system by toll-like receptors on the cell surface,
some particle types (especially metals) can activate the inflammasome, a subset of the
nucleotide oligomerization domain (NOD)-like receptors (NLRS). These moieties assemble
into a complex multimolecular structure called NLRP (nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain-containing), which activates the caspase-1
cascade, leading to proinflammatory factor production, especially IL-1 and 1L-18.22:26

Particle-associated cross-talk among macrophages, fibroblasts, osteoblasts and their
progenitors, and other cells leads to the production of inflammatory factors that act in an
autocrine and paracrine fashion. Osteoclast differentiation, maturation, and function are
upregulated by these released factors, leading to the local destruction of bone. Some of the
main inflammatory factors involved in these processes include tumor necrosis factor-a,
IL-1, IL-6, IL-8, receptor activator of nuclear factor-kappaB ligand (RANKL), macrophage
chemotactic protein-1, and others.27:28

Numerous in vitro, in vivo, and tissue retrieval studies have demonstrated that wear particles
stimulate acute and chronic inflammation, as well as bone destruction (osteolysis).29:30
Recent studies have shown that retrieved interface tissues from loose implants demonstrate
an imbalance in the receptor activator of nuclear factor-kappaB (RANK)-RANKL-
osteoprotegerin axis, favoring bone resorption.3! Particle-induced upregulation of the
inflammatory cascade is also influenced by other factors, including mechanical forces and
endotoxin.1132 The relative contribution of wear particles, endotoxin, mechanical forces,
and other factors to the production of osteolysis is controversial; it is probably most useful to
consider these factors as co-contributory, not as separate entities.33

Wear particles not only stimulate bone resorption but also interfere with bone formation.
Recent studies have shown that both metallic and polymeric particles interfere with the
proliferation, differentiation, and function of mesenchymal stem cells, osteoprogenitor cells,
and osteoblasts.34-39 These adverse effects also have been shown in animal models of bone
ingrowth in the presence of wear particles.0

Wear Particles Induce a Systemic Immune Response

It had been surmised that wear particles from joint implants stimulate a local or perhaps a
limited regional inflammatory reaction. However, based on recent animal models, it has
been concluded that wear debris stimulates a systemic immune reaction, with the
mobilization and trafficking of remote macrophages to the local area of particle
deposition.#1-43 Macrophage chemotactic protein-1 appears to play a critical role in the
chemotactic response of macrophages to wear debris. The depletion of macrophages
diminishes this immune response and osteolysis.** These findings suggest potential
opportunities for mitigation of the macrophage-associated chronic inflammatory response.
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Do Wear Particles Stimulate Antigen-Specific Immune Reactions?

Summary

The subject of immune reactions to wear particles has been briefly mentioned in this chapter
and reviewed in detail elsewhere.*> However, recent evidence suggests that metallic ions
and complexes may stimulate different types of tissue reactions, ranging from benign-
appearing localized fibrosis and inflammation to a type IV immune reaction that can lead to
severe pain, as well as bone and soft-tissue destruction.17:18:46-48 More recent accounts of
pseudotumors associated with metal-on-metal implants, especially specific types of
resurfacing and total hip arthroplasties, have caused concern.1848 Patients with these
implants should be followed closely, with serial clinical, radiographic, and laboratory
examinations as indicated.

Wear in total joint arthroplasties is inevitable and dependent on the use of the joint during
daily activities. Excessive wear particles stimulate a cascade of biologic events that may
lead to degradation of bone and inhibition of bone formation (osteolysis). Newer, more
wear-resistant bearing surfaces and implant designs have introduced new opportunities for
limiting the production of particulate debris and subsequent adverse biologic reactions.
However, concerns exist with some hard-on-hard bearing couples that have led to severe
adverse reactions in some patients. Successful biologic treatments for managing osteolysis
are not yet available. Continued mechanistic preclinical research studies may potentially
yield viable strategies for prevention and treatment of particle-associated osteolysis.
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Figure 1.
Illustration of the main biologic principles involved in wear particle-induced periprosthetic

osteolysis. IL =

interleukin, PG = prostaglandins, TLRs = toll-like receptors, NLRs = nod-

like receptors, ROS = reactive oxygen species, NF-kB = nuclear factor kappaB, MCP-1 =
macrophage chemotactic protein-1, TNF-a = tumor necrosis factor-a, RANKL = receptor
activator of nuclear factor-kappaB ligand.
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